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~ ABSTRACT ~

Prior to this work, there was little systematic information about the suitability of different
precursors for the photolytic generation of carbocations. The use of phosphonium salts and
other onium salts for this purpose extends the scope of accessible carbocations, as well as the

scope of tolerable reaction conditions for kinetic experiments.

CHAPTER 1. lon-Pairing of Phosphonium Salts in Solution: C—-H--Halogen and C-H-rx
Hydrogen Bonds. The 'H-NMR chemical shifts of the C(a)-H protons of benzhydryl
triphenylphosphonium salts Ph,CH-PPh;" X in CD,Cl, solution strongly depend on the
counter-anions X (e. g., oy = 8.25 ppm for X~ = CI', oy = 6.23 ppm for X = BF4, oy =5.72
ppm for X~ = BPhy4 ). Similar, albeit weaker, counterion-induced shifts are also observed for
the ortho-protons of the benzhydryl and triphenylphosphonium groups. Concentration-
dependent NMR studies show that the large shifts result from the deshielding of the protons
by the anions, which decreases in the order CI" > Br >> BF, > SbFs >> BPhy = 0

(Fig. A.1).
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Figure A.1. Concentration-dependent 'H-NMR (600 MHz, 27 °C) chemical shifts &; of the
benzylic C(a)-H protons of Ph,CH-PPh;" X~ with different counter-anions X = CI” (e), Br
(D), BF4 (*), SbF¢~ (O), or BPhy (A) in CD,Cl,.



ABSTRACT

This observation contradicts literature reports that the shifts originate mainly from the ring
current of the BPhs anions. The concentration dependence of the "H-NMR chemical shifts
allowed to determine the dissociation constants of the phosphonium salts in CD,Cl, solution.
The cation-anion interactions increase with the acidity of the C(«)—H protons and the basicity
of the anion. In the case of the phosphonium tetrafluoroborate, the interaction can also be
observed in the '"F-NMR spectra of BF,. The NMR data are explained by C-H-X"
hydrogen bonds between the cations and anions, which is confirmed by quantum chemical
calculations of the ion pair structures, as well by the crystal structures.

Similar C-H--X" hydrogen bonds are observed for benzyl triphenylphosphonium salts
PhCH,—-PPh;" X. For this phosphonium ion, we also find C—H:--Ph interactions between the
C(a)-H group and a phenyl group of the BPhy anion, which result in upfield shifts of the
C(a)-H protons in the NMR spectra. C—H---Ph interactions are also observed in solution as
well as crystals of (p-CF3-C4H4)CH,—PPh;" BPh, (Fig. A.2). However, the dominant effect
causing the counterion-induced shifts in the NMR spectra are the C—H:--X" hydrogen bonds
between the phosphonium ion and anions such as Cl or Br, which are good hydrogen bond
acceptors. The IR spectra of the phosphonium chlorides and bromides in CD,Cl, solution
show strong red-shifts of the aliphatic C—H stretch vibrations. The C-H stretch bands of the
tetrafluoroborate salt PhCH,—PPh;" BF4 in CD,Cl,, however, show a blue-shift compared to

the corresponding tetraphenylborate salt.

disordered
CF, [d] Symmetry code: 0.5+x, 0.5-y, 0.5+z.

Figure A.2. Interactions between the (p-CF3-C¢Hs)CH,—PPh;" cation (bottom) and two BPhy~
anions (top) in crystals of 1b BPhs . The dashed lines indicate the distances between the
a-protons (H1A and H1B) and the centers of the phenyl groups.



ABSTRACT

CHAPTER 2. Photolytic Generation of Benzhydryl Cations and Radicals from Quaternary
Phosphonium Salts: How Highly Reactive Carbocations Survive Their First Nanoseconds.
UV irradiation (266 or 280 nm) of benzhydryl triarylphosphonium salts Ar,CH-PAr;" X~
yields benzhydryl cations Ar,CH" and/or benzhydryl radicals Ar,CH'. The efficiency and
mechanism (Scheme A.1) of the photo-cleavage were studied by nanosecond laser flash
photolysis and by ultrafast spectroscopy with a state-of-the-art femtosecond transient
spectrometer. The influences of the photoelectrofuge (Ar,CH"), the photo-nucleofuge (PPh;
or P(p-Cl-C¢Ha)s), the counterion (X = BF4 , SbFs , Cl', or Br ), and the solvent (CH,Cl, or
CH;CN) were investigated. Photogeneration of carbocations from Ar,CH-PAr;" BF,; or
SbF¢ is considerably more efficient than from typical neutral precursors (e.g., benzhydryl

chlorides or bromides).

Scheme A.1. Generation of Benzhydryl Cations E" and Benzhydryl Radicals E by Photolysis
of Phosphonium Salts E-PR;" X (R = Ph or p-Cl-C¢Hy): (a) Reactions of Unpaired
Phosphonium Ions (Predominant Mechanism in CH3;CN) and (b) Reactions of Paired
Phosphonium Ions (Predominant Mechanism in CH,Cl,).”

a) PR, B ion pairing PR, ~ b)
Ar'” A2 A Ar?
back
electron transfer
/ <\\§ \ hv / Q& hv |
* * * * PR3
| )Pf;; | PR; - PET 10 x
geminate AT A2 geminate AT AR ” Ar'” AR
recombination r r recombination r r (X~ oxidizable)
/ \ / \ "dark intermediate"
. . . . |
heterolysis homolysis heterolysis homolysis dissociation
PR PRy PR PRy’ PR
+ 3| (SET) . 3 + 3 | (SET) . 3 . 3,
{ A OAR } - [ AT AR ] l AOAR X } <= [ AT ar X AT AR X
| | /N | /
cage escape cage escape cage escape combination cage Tscape cage e,s/cape
. N X reaction of
. - . " . .
ATOAR AW PR AT L AR PR A e ok,
< X —) with X

“ For the sake of simplicity, the geminate recombination reactions for the radical pairs are not shown. ” Radical
combination or electron transfer.

The photochemistry of the phosphonium salts is controlled by the degree of ion pairing,
which depends on the solvent and the concentration of the phosphonium salts (Figure A.3).
High yields of carbocations are obtained by photolyses of phosphonium salts with complex

counterions (X = BF4 or SbF ), while photolyses of phosphonium halides Ar,CH-PPh;" X~
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(X" =CI'or Br) in CH,Cl, yield benzhydryl radicals Ar,CH" due to photo-electron transfer in
the excited phosphonium halide ion pair (Scheme A.1, green pathway). At low concentrations
in CH3CN, the precursor salts are mostly unpaired, and the photo-cleavage mechanism is

independent of the nature of the counter-anions.

300 350 400 450 500
Al nm —

Figure A.3. Transient spectra obtained by irradiation of Ph,CH-PPh;" X (A266 nm = 0.5,
(1.0-1.2) x 10" m) with different counterions X = BF, (black), SbFs (blue), Br (red) or CI”

(green) in CH,Cl, with a 7-ns laser pulse (Aexc = 266 nm, gate width: 10 ns).

Dichloromethane is better suited for generating the more reactive benzhydryl cations than the
more polar and more nucleophilic solvents CH3;CN or CF;CH,OH. Efficient photo-generation
of the most reactive benzhydryl cations (3,5-F»-CsH3),CH" and (4-(CF3)-C¢H4).CH" was only
achieved using the photo-leaving group P(p-CI-CsHs); and the counter-anion SbF¢ in
CH,Cl.

The lifetimes of the photogenerated benzhydryl cations depend greatly on the decay
mechanisms, which can be reactions with the solvent, with the photo-leaving group PArs, or

with the counter-anion X of the precursor salt (Figure A.4).

a) i b) 0.10
A I CHCI, ,
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Figure A.4. Time-dependent absorbances of Ph,CH' obtained after 7-ns irradiation of
PhoCH-PPhs" X~ (4266 am = 0.5, (1.0-1.2) x 10 M) with different counter-anions X = BF4

(black), SbFs (blue), Br (red) or C1 (green) with a 7-ns laser pulse: (a) in CH3CN and (b) in
CH,Cl; (inset: enlarged decay curves for Ph,CH" from precursors with halide counterions).
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However, the nature of the photo-leaving group and the counterion of the precursor
phosphonium salt do not affect the rates of the reactions of the obtained benzhydryl cations

toward added nucleophiles (Figure A.5).
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Figure A.5. Plots of the pseudo-first-order rate constants kops (s'l) for the reactions of PhyCH"
with allyltrimethylsilane in CH,Cl, when Ph,CH" was generated by irradiation of 1.0 x 10™
M solutions of the precursors PhCH-PPh;" X~ with different counter-anions X = BF, (black
squares), SbF¢ (blue squares), Br (red squares), or Cl (green squares) against the
concentration of allyltrimethylsilane. The small graphs show the absorbance decays of
Ph,CH" in presence of 5.4 x 102 M allyltrimethylsilane (black curve, X = BF4 ; red curve,
X =Br).

The method presented in this work allows us to generate a wide range of donor- and acceptor-
substituted benzhydryl cations Ar,CH' for the purpose of studying their electrophilic

reactivities.

CHAPTER 3. Free Energy Relationships for Reactions of Substituted Benzhydrylium Ions:
From Enthalpy- over Entropy- to Diffusion-Control. Second-order rate constants k, for the
reactions of various donor- and acceptor-substituted benzhydrylium ions Ar,CH' with
m-nucleophiles in CH,Cl, were determined by laser flash irradiation of benzhydryl
triarylphosphonium salts Ar,CH-PAr;" X in the presence of a large excess of the
nucleophiles. This method allowed us to investigate fast reactions up to the diffusional limit

including reactions of highly reactive benzhydrylium ions with m-fluoro and
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p-(trifluoromethyl) substituents. The rate constants determined in this work and relevant
literature data were jointly subjected to a correlation analysis to derive the electrophilicity
parameters £ for acceptor-substituted benzhydrylium ions, as defined by the linear free energy
relationship log £»(20 °C) = sx(N + E). The new correlation analysis also leads to the N and sy
parameters of 18 z-nucleophiles, which have only vaguely been characterized previously. The
correlations of log k, versus E (Figure A.6) are linear well beyond the range where the
activation enthalpies AH* of the reactions are extrapolated to reach the value of AH* =0,
showing that the change from enthalpy control to entropy control does not cause a bend in the
linear free energy relationship, a novel manifestation of the compensation effect. A flattening

of the correlation lines only occurs for k, > 10° M s™ when the diffusion limit is approached.
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Figure A.6. Plot of log k, versus E for the reactions of benzhydryl cations E° with
z-nucleophiles N. Open symbols indicate rate constants k, > 10° M s™'. The blue-shaded area
indicates the region where the activation enthalpy reaches the value AH* = 0 (see text). For
the substitution patterns of the benzhydrylium ions E(1-33)" in this and the following Figures,
see Table 3.1 in CHAPTER 3.

The consistency of the newly determined £ values was demonstrated by showing that the
electrophilicity parameters derived from reactions with w-nucleophiles are also applicable to
reactions of these carbenium ions with other types of nucleophiles, such as triethylsilane,

acetonitrile, or trifluoroethanol.
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CHAPTER 4. Solvent Nucleophilicities of Hexafluoroisopropanol/Water Mixtures. First-order
rate constants k; for the trapping of various donor- and acceptor-substituted benzhydrylium
ions in mixtures of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and water ranging from 50 to
99 % HFIP (w/w) were determined by laser flash photolytic generation of benzhydrylium ions
from benzhydryl triarylphosphonium salts in these solvents. From these rate constants, we
derived the solvent-specific reactivity parameters N; and sy for HFIP/water mixtures as

defined by the linar free energy relationship log k(20 °C) = sn(N; + E) (Figure A.7).
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Figure A.7. Plot of Ig k; versus E for the reactions of benzhydryl cations E" with HFIP/water
mixtures (filled symbols). For comparison, data for I00W and trifluoroethanol are also shown
(open symbols; only a part of the correlation line is shown).

CHAPTER 5. Substituent Effects on Intrinsic Barriers: A Closer Look on the Basic Principles
Behind Linear Free Energy Relationships. In our previous work, we have investigated
reactions of benzhydrylium ions Ar,CH' with different kinds of nucleophiles, including
various 7-systems, triethyl silane (hydride donor), trifluoroethanol, and different
hexafluoroisopropanol/water mixtures. Despite the large structural variations of the
nucleophiles, we always found linear correlations of Ig & versus E in reaction series which

included reactions of both donor- and acceptor-substituted systems (Fig. A.8).



ABSTRACT

8 -
donor substituents
7 L
T
T" 6 F
w
-
o 2T &
o (@)
o D
S 40t O
2 o
' -
2 3l %)
« ‘Q}"_) R c
2 P =l
[e)) \e\ -, 'q)'_
- 2 B Pres —_
o’ c
D
1t >/// f %
o 1 1 1 1 1 1 1 1 1 1

electrophilicity E —

Figure A.8. Plots of lg & for the reactions of benzhydrylium ions with different nucleophiles
against the electrophilicity parameters £ of the benzhydrylium ions. Green: Benzhydrylium
ions with donor substituents such as p-methyl or p-alkoxy. Red: Benzhydrylium ions with
acceptor substituents such as m-fluoro or p-(trifluoromethyl). In between: Parent compound
and benzhydrylium ions with substituents that combine electron-donating resonance effects
with electron-withdrawing inductive effects (e.g., p-fluoro).

Gibbs free energy profiles for the reactions of benzhydrylium ions with znucleophiles
illustrate that for the series of the donor-substituted benzhydrylium ions, the separations of the
transition states are much smaller than the stability differences of the carbocations (shown in
Fig. A.9 for reactions of 2-methylpent-1-ene with E15" to E20"). In the series of the acceptor-
substituted benzhydrylium ions, on the other hand, the separations of the transition states are
comparably large and almost of the same magnitude as the stability differences of the
carbocations (shown in Fig. A.9 for reactions of 2-methylpent-1-ene with E25" to E30"). This
behavior is due to the different dependence of the intrinsic barriers on the substitution of the
benzhydrylium ions. While the intrinsic barriers AGy* for the reactions of E(15-25)" with
2-methylpent-1-ene in CH)Cl, increase linearly with the thermodynamic stabilities of
E(15-25)", the intrinsic barriers for the reactions of N8 with E(25-30)" are almost constant
(AGy* =~ 45 + 2 kJ mol™). This behavior is rationalized by the principle of non-perfect
synchronization, which states that the early loss of the resonance stabilization of the donor

substituents in E" causes an increase of the intrinsic barrier.
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Figure A.9. Gibbs free energy profiles for the reactions of benzhydrylium ions E” with 1 M
2-methylpent-1-ene (N8) in CH,Cl, at 20 °C.

The increasing intrinsic barriers in the reactions of benzhydrylium ions with stronger donor
substituents also explain the curvatures of plots of £ or Er versus the calculated gas phase
methyl anion affinities AGya of the benzhydrylium ions.

From the linear correlations of Ig k> vs E for reactions of benzhydrylium ions with a variety of
structurally different nucleophiles, we conclude that the transition state imbalances resulting
from the resonance effects of the substituents in the benzhydryl moiety do not affect the

reorganization energy of the nucleophile, but only that of the benzhydryl moiety.
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CHAPTER 6. Electrophilic Reactivity of the o, a-Dimethylbenzyl (Cumyl) Cation. The cumyl
cation was generated by laser flash photolysis of cumyl tris(4-chlorophenyl)phosphonium

tetrafluoroborate in CH,Cl, and identified by its UV spectrum (Figure A.10).

Figure A.10. Transient spectra obtained 0 ns, 200 ns, 400 ns, and 2 ps after 266 nm
irradiation of cumyl tris(4-chlorophenyl)phosphonium tetrafluororoborate (8.9 x 107 M,
Az66nm = 0.9) in CH,Cl,. The inset shows the decay at 335 nm during the first 1.8 ps.

From the decay of its absorbance at A = 335 nm in the presence of variable concentrations of
several nucleophiles with CC double bonds, rate constants for the reactions of the cumyl
cation with these nucleophiles were determined. The linear free energy relationship log
k2(20°C) = sn(N + E) was used to calculate the electrophilicity parameter £ = 5.74 of the
cumyl cation from the rate constants determined in this work and the previously reported N
and sy parameters of the nucleophilic reaction partners. Substitution of £ of the cumyl cation
and of the previously reported N and s parameters of a-methylstyrene into the linear free
energy relationship predicts the temperature-independent rate constant of the addition of the

-1

cumyl cation to a-methylstyrene (1.2 x 10° mM" s™), which is relevant for the cationic

polymerization of a~-methylstyrene.
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CHAPTER 7. Generation of o, f-Unsaturated Iminium Ions by Laser Flash Photolysis. Iminium
ions Im(1-3) derived from cinnamaldehyde and imidazolidinones (Chart A.1) were generated

by laser flash photolysis of their adducts with tributylphosphine (Figure A.11a).

Chart A.1. Iminium ions derived from cinnamaldehyde and imidazolidinones.

/

I SR ¢

Ph Ph
Im1 Im3

Ph
Im2
From the decay of the absorbances of the iminium ions in the presence of variable
concentrations of added amines or phosphines (Figure A.11b), the rate constants for the

reactions of the iminium ions with these nucleophiles were determined (Figure A.11c).
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Figure A.11. (a) UV/vis spectrum of 1m2 immediately after the laser pulse in CH;CN.
(b) Decay of the absorbance of m2 obtained after irradiation of a 1.51 x 10 M solution of its
tributylphosphine adduct in CH;CN in the presence of piperidine (1.86 x 10~ m). (c) Plot of
the pseudo-first-order rate constants kqs (s*) versus the concentration of piperidine.

The data from the laser flash photolysis measurements agree well with the rate constants for
the reactions of the isolated (E)-isomers of the iminium salts with weaker nucleophiles, which
were determined by convential UV spectrophotometry and stopped-flow techniques. The rate
constants obtained by the different methods and the previously reported N and sy parameters
of the nucleophiles were substituted into the linear free energy relationship log £2(20°C) =
SN(N + E) to calculate the electrophilicity parameters £ of the iminium ions (Figure A.12).
The iminium ion Im2 derived from MacMillan’s second-generation catalyst is about 107
times more reactive than the iminium ions 1m(1,3), which explains the greater scope of

organocatalytic reactions accessible with MacMillan’s second-generation catalyst.
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Figure A.12. Correlation of (Ig k»)/sx against the nucleophilicity parameters N of the
nucleophiles for their reactions with the iminium ions Im1 and Im2 and the benzhydrylium
ion E9".

CHAPTER 8. Electrophilic Reactivity of the 2-Phenyl-3,4-dihydroisoquinolinium Ion. The
2-phenyl-3,4-dihydroisoquinolinium ion (Im4) was generated by laser flash photolysis of its
tributylphosphine adduct in CH3CN. The second-order rate constant for the reaction of Im4
with P(nBu); was determined by generating 1m4 in presence of varying concentrations of
PBu3 and following the decay of its absorbance at 320 nm (Scheme A.2). The rate constants
for the reactions of Im4 with other nucleophiles could not be studied by the laser flash
photolysis method, because the phosphonium salt precursor was not stable in the presence of
added nucleophiles (irreversible trapping of the small equilibrium concentration of the

iminium ion Im4).

Scheme A.2. Photogeneration of |m4 by irradiation of its tributylphosphine adduct in CH;CN
and reaction of |m4 with P(nBu); to regenerate the phosphonium salt.
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—_— —~ —_—
CH4CN K
(nBu)sP* \© 20°C \© 2 (nBu)sP” \©
Im4
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Together with further second-order rate constants for the reactions of | m4 with nucleophiles,
which were determined by stopped-flow UV/vis spectrophotometry, the rate constant for the
reaction of Im4 with P(nBu); and the previously reported N and sy parameters of the
nucleophiles were substituted into the linear free energy relationship log £2(20°C) = sn(N + E)
to obtain the electrophilicity parameter £ = —6.79 of Im4 (Figure A.13). Rate constants for the
reactions of Im4 with chiral enamines were measured and compared with the values
calculated by substituting the £ parameter of m4 determined in this work into the linear free

energy relationship.
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Figure A.13. Plot of (Ig k»)/sn versus N for reactions of | m4 with nucleophiles.

CHAPTER 9. Nucleophilic Reactivities of Tertiary Alkylamines. The kinetics of the reactions of
triethylamine, N-methylpyrrolidine, N-methylpiperidine, and N-methylmorpholine with
benzhydrylium ions have been studied in acetonitrile and dichloromethane. The benzhydryl
cations were generated by laser flash photolysis of quaternary phosphonium and ammonium
tetrafluoroborates. For most reactions, exponential decays of the absorbances of the
benzhydryl cations were observed because the carbocations were generated in the presence of
a high excess of the amines (pseudo-first-order conditions). From the linear plots of kqps
versus the amine concentrations, the second-order rate constants k, were obtained, which

allowed us to calculate N and sy for these amines in CH3CN and CH,Cl,. The linear free

13
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energy relationship log £2(20°C) = sn(N + E) was then used to integrate the tertiary amines

into our comprehensive nucleophilicity scales (Figure A.14).
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Figure A.14. Correlation of log k; for the reactions of triethylamine (4), N-methylpyrrolidine
(A), and N-methylpiperidine (M) with benzhydrylium ions E” in CH3CN at 20 °C with the
electrophilicity parameters £ of the benzhydrylium ions

CHAPTER 10. Photogeneration of Benzhydryl Cations by Near-UV Laser Flash Photolysis of
Pyridinium Salts. Laser flash irradiation of substituted N-benzhydryl pyridinium salts yields
benzhydryl cations and/or benzhydryl radicals. The use of 3.,4,5-triamino-substituted
pyridines as photoleaving groups allowed us to employ the third harmonic of a Nd/YAG laser
(355 nm) for the photogeneration of benzhydryl cations (Scheme A.3). In this way,
benzhydryl cations can also be photogenerated in the presence of aromatic compounds and in

solvents which are opaque at the wavelength of the quadrupled Nd/YAG laser (266 nm).

Scheme A.3. Generation of Benzhydrylium Ions by 355 nm Laser Flash Photolysis of
Pyridinium Ions.

14
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To demonstrate scope and limitations of this method, we determined the rate constants for the
bimolecular reactions of benzhydryl cations with several substituted pyridines in acetonitrile
and with water in acetone. The obtained data agree with results obtained by stopped-flow
UV/vis spectroscopic measurements. The rate constants for the reaction of the
4,4'-bis[methyl(2,2,2-trifluoroethyl)amino]benzhydrylium ion with 4-(dimethylamino)-
pyridine were also determined in dimethyl sulfoxide, N,N-dimethylformamide, and acetone.
From the second-order rate constants, we derived the nucleophilicity parameters N and sy for
the substituted pyridines, as defined by the linear free energy relationship, log k»(20°C) =
sn(N + E) (Figure A.15).
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Figure A.15. Plot of log k; for reactions of benzhydrylium ions E” with substituted pyridines
vs the electrophilicity parameters E of the benzhydrylium ions.

CHAPTER 11. Towards a Rational Design of Precursors for the Photogeneration of
Carbocations. While the previous chapters mostly focus on the chemistry of the
photogenerated carbocations, this review chapter provides a summary of the aspects of this
work which are relevant for the rational design of precursors for the photogeneration of
carbocations, and offers some guidelines for the use of laser flash photolysis in kinetic

experiments.
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~ INTRODUCTION ~

Studying Carbocations by Laser Flash Photolysis

The time-resolved spectroscopic observation of photo-generated transients has been of
fundamental importance for the understanding of chemical reactivity. The development of this
technique has been awarded with the Nobel Prize in Chemistry on two occasions: In 1967, for
the early progress in flash photolysis,!' and in 1999, for the experimental observation of
transition states of chemical reactions by femtosecond spectroscopy.!!

Almost a century ago, Lifschitz and Joffé reported the heterolytic photocleavage of amino-
substituted 2,2,2-triphenylacetonitriles 1 to the corresponding tritylium ions 2 and cyanide,
and observed the subsequent slow disappearance of the carbocations 2 (Scheme B.la).¥
However, it is easier to measure the rate constant for the reaction of 2 with cyanide by simply

mixing a solution of 2 with a solution of CN"."*!

R1
hv k2
1/ N\ cC colorless
R o CN products
= (a) EtOH or MeOH (a) slow
\\I (b) 33% aq. CHCN s (b) < 0.5ms
R2
1 2 (colored)

(@ R'=NH, NMe, R2?=pR'H
(o) R'=H R2 = p-OMe, 0-OMe

Scheme B.1. Photocleavage of triarylacetonitriles to tritylium ions and cyanide.

When shorter light pulses and faster measurement techniques became available, the photolytic
generation of carbocations also became attractive from the viewpoint of a physical organic
chemist who is interested in the kinetics of the subsequent reactions of the generated
carbocations. The earliest example, where the flash photolysis technique was employed to
study carbocations, was a reaction very similar to that described by Lifschitz and Joffé. In
1972, Ivanov et al. reported the flash-photolytic generation of methoxy-substituted tritylium
ions (2) from the corresponding triarylacetonitriles 1 (Scheme B.1b).[ These carbocations

could not have been investigated under the same reaction conditions by conventional
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methods, since their lifetimes were considerably shorter (a few hundred ps) than the time
required for the mixing of the reagents.

Other early flash photolysis studies of carbocations focused on triarylmethyl,'®® retinyl,"”’
and triarylvinyl'” cations, which were generated from the corresponding nitriles, acetates,

halides, alcohols or p-cyanophenyl ethers (Chart B.1a).

Chart B.1. Substrates R—X which were reported to yield carbocations R" upon irradiation.

a
(a) Ar Ar, Ar
Ar~‘—x X >:<
AN Ar X
Ar
X =CN, OAc, O@CN X =0Ac, OH X =Br, Cl
X
(b) )X\ for Ar = Ph: o
A" Ar X=Cl,BrF, 04 OOCN
CF3
for donor-substituted systems also: OMe

X = OAc, NO,, NCS, NCO, PPh; CI",N_"N BF,
» T2 RS T MY AR X = Br, NMe, BF,, OAc

O  Ph S_ Ph
Ek k
0
=\ NO
X= CHz@ ’ X = OMe, :sc:)—@lvle , SOCI X = OH

Since the late 1980s, a large number of studies have employed nanosecond laser flash
photolysis!'"! to study the generation and the decay kinetics of carbocations." Some of the
substrates that were successfully employed for the photogeneration of carbocations are shown
in Chart B.1b.!*""*! Valuable information about the formation of carbocationic intermediates
in photoreactions has also been derived indirectly from analyses of the products.’*”

Many rate constants for bimolecular reactions of carbocations with added nucleophiles have

(8:18:21] and, more recently, by Mayr in collaboration

been determined by McClelland’s group
with various other researchers.'” The preferred substrates used by these laboratories feature
anionic photo-leaving groups such as acetates and p-cyanophenolates in alcoholic and
aqueous media, as well as halides and pseudohalides in acetonitrile.

Systematic investigations dealing with the question which precursors R—X and reaction

conditions are suitable for the generation of a particular carbocation R are rare. Steenken and
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coworkers compared the efficiency of different anionic photo-leaving groups for the
generation of Ph,CH" in CH3CN and achieved the highest yields of PhoCH" using Ph,CH-CI

[15]

or Ph,CH-Br as precursors. It is generally assumed that the photogeneration of

carbocations requires solvents of high polarity such as acetonitrile or aqueous solvents.!'*>?%
Highly reactive carbocations such as arylethyl, arylallyl, and donor-substituted benzyl cations
could be observed in fluorinated alcohols like 2,2,2-trifluoroethanol or 1,1,1,3,3,3-hexafluoro-

2-propanol.['*-1%22

As onium salts are common photoinitiators in cationic polymerizations,*”’

one may find it
surprising that prior to this work there were only a handful of laser flash photolysis studies
that employed onium salts as precursors for the generation of carbocations.!'*'*'*! This can in
part be explained by the fact that the typical photoinitiation mechanisms do not involve the
formation of carbocations from the precursor salts.”*! However, several examples are known
where carbocations were thought to be one of the initial cleavage products of onium salt

[24]

photoinitiators,” and there is also clear evidence of carbocation-derived products from

preparative photolyses of onium salts.***"]

One objective of this work is to learn about the factors which control the efficiency of
carbocation formation in laser flash photolysis experiments, and to use this knowledge to
extend the scope of accessible carbocations, as well as the scope of tolerable reaction
conditions for the kinetic experiments. It quickly became apparent that for this purpose, a
detailed investigation of the photochemistry of onium salts would be worthwhile. Another
objective of this work is to apply the technique to study the reactivities of the generated
carbocations towards nucleophiles and acquire quantitative information about the
electrophilic reactivities of such carbocations.

For the study of bimolecular reactions of carbocations in solution, a nanosecond laser flash
photolysis setup is usually sufficient because the rates of such reactions are limited by
diffusion (10° to 10" M s™). Figure B.1 shows a schematic representation of the instrument
employed in this work. A light pulse with a pulse width of a few nanoseconds is generated
from a Nd/YAG laser. The fundamental emission is converted to the third or fourth harmonics
to obtain laser pulses in the UV with a wavelength of 355 nm or 266 nm, respectively. In a
typical experiment, the 266-nm pulses are employed to irradiate 10™ to 10 M solutions of the
precursor molecules, and the UV/vis absorbances of the photogenerated carbocations are
monitored. The probe light originates from a xenon short-arc lamp and is collected by an

ICCD camera or a photomultiplier. The setup is described in detail in CHAPTER 2.
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266 nm

Nd/YAG Laser | frequency  mirror
fundamental: 1064 nm | conversion
or 355 nm
pump
pulse
Probe | Probelight Iil UV/Vis

lamp detector

Sample cell

Figure B.1. Schematic setup of the nanosecond laser flash photolysis instrument.

It will be demonstrated that, in many cases, the use of charged precursors such as
phosphonium ions is preferable over uncharged precursors which were employed in most of
the previous investigations (see above).

Alkyl triarylphosphonium salts. CHAPTER 1 provides information about the structure of
triarylphosphonium salts in solution, which forms the basis for an in-depth analysis of the
photochemistry of benzhydryl triarylphosphonium salts in CHAPTER 2. This knowledge is
used to generate acceptor-substituted benzhydrylium ions and to characterize their
electrophilic reactivities towards z-nucleophiles in CHAPTER 3, which provides an extension
of the linear free energy relationship Ig &, = sn(N + E)*°! towards more electrophilic systems.
By studying the rates of the reactions of photogenerated benzhydrylium ions in
hexafluoroisopropanol/water mixtures, CHAPTER 4 demonstrates once more that the
electrophilicity parameters E, which were derived from reactions of the benzhydrylium ions
with z=nucleophiles in CH,Cl,, are also applicable for reactions with other classes of
nucleophiles. Taking advantage of the newly determined electrophilicities of the acceptor-
substituted benzhydrylium ions, CHAPTER 5 makes a digression to look at substituent effects
in linear free energy relationships. In CHAPTER 6, it is shown that the cumyl cation
PhC(CH3)," can only be generated photolytically when tris(p-chlorophenyl)phosphine is
employed as photo-leaving group, and its electrophilic reactivity is investigated to provide an
estimate of the propagation rate in the cationic polymerization of a-methylstyrene.

Other phosphonium, ammonium, and pyridinium salts. Stabilized «,f-unsaturated iminium
ions, which are of relevance as intermediates in organocatalytic cycles, are generated by laser
flash photolysis of their adducts with tributylphosphine in CHAPTER 7. The same method is

employed in CHAPTER 8 to determine the electrophilic reactivity of the 2-phenyl-
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3.,4-dihydroisoquinolinium ion, which plays a role in oxidative coupling reactions, but the
method reaches its limits due to the low Lewis acidity of the iminium ion. In CHAPTER 9,
benzhydrylium ions are generated by photolysis of quaternary ammonium salts, and their
reactivities towards tertiary amines are studied. Substituted pyridinium salts are employed as
precursors for the generation of benzhydrylium ions by 355 nm irradiation in CHAPTER 10,
and the usefulness of this approach is demonstrated by measuring the rates of the reactions of
benzhydrylium ions with pyridines or acetone/water mixtures.

While the previous chapters focus on the practical applications, CHAPTER 11 provides a
summary of the aspects which are relevant for the rational design of precursors for the
photogeneration of carbocations, and offers some guidelines for the use of laser flash
photolysis in kinetic experiments.

Many collaborators from my own and other research groups contributed to the success of this
work, and their names are listed at the beginning of each chapter. To identify my own
contributions to the investigations, the Experimental Sections report only those experiments

which were performed by me.
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~ CHAPTER 1 ~

| on-Pairing of Phosphonium Saltsin Solution:
C—H---Halogen and C—H -7 Hydr ogen Bonds

Johannes Ammer, Christoph Nolte, Konstantin Karaghiosoff, Sebastian Thallmair,

Peter Mayer, Regina de Vivie-Riedle, and Herbert Mayr, 2013, submitted

1.1 Introduction

Hydrogen bonds involving C—H donors have attracted considerable interest in the last two
decades," and only recently it became generally recognized that, in many cases, these
interactions have to be classified as moderate or even strong hydrogen bonds.!"!

The C(a)-H protons of alkyl triphenylphosphonium salts are particularly acidic™® so that
C(a)-H--X" hydrogen bonds between the phosphonium ion and its counter-ion X should be
quite favorable. The importance of such hydrogen bonds in crystals as well as in solutions of
phosphonium halides was already demonstrated in a 1964 report that received only little
attention.””! For example, the CH, stretching vibrations of PhCH,-PPh;" CI (la CI',
Chart 1.1) in chloroform solution (2853 and 2780 cm™) are red-shifted (A; ~ —80 cm™)
compared to those of the corresponding BPhy salt (2937 and 2857 cm™). Likewise, the CH,
signals in the "H-NMR spectrum of the chloride salt 1a ClI” were reported to be shifted
downfield relative to those of the tetraphenylborate 1a BPhy™ (A ~ +0.4 ppm in CH;CN).!"!

Spectral shifts as those observed for 1a Cl” are classical criteria for a hydrogen bond.™

Chart 1.1. Structures of the phosphonium ions 1a and 2a.

N
PPh;
N
o U0
1a 2a

Schiemenz and coworkers have collected an enormous wealth of data on 'H-NMR spectra of

phosphonium salts and found analogous trends, i. e., that the a~protons of phosphonium ions
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in chloroform or dichloromethane solution undergo upfield shifts of up to Ady =~ —3 ppm when

190 Similar results were found

the counter-ion is exchanged from halide to tetraphenylborate.
for other onium salts.!"'"*! According to their view, the “ordinary” anion effect resulting from
the interaction between the onium cations and “normal” inorganic anions such as halide ions
plays only a minor role and is related to the phenomenon of solvation.””’ Instead, the large
upfield shifts for the BPhy salts (e.g., Aoy = —1.41 ppm for 1la BPhy compared to 1la Br in
CD,CL)"! are predominantly due to the ring current of the BPh, anion’s phenyl rings, which
reside above the C(«@)—H protons of the phosphonium ion as the centers of charge approach
each other as closely as possible due to Coulomb attraction.”"'*'*'"] Based on this effect,
many applications of the BPhs anion as shift reagent in NMR spectroscopy have been
described.[>-!-1>18]

One of the examples used by Schiemenz to illustrate the usefulness of the “BPhy effect” was
the possibility to determine “Jiip for the a-proton of PhyCH—PPh;" (2a)."”! This could not be
achieved in the absence of BPhs due to the overlap of the C(a)-H signals with the aromatic
protons in the NMR spectra of the corresponding halide salts. In the course of our studies of

phosphonium salts as precursors for the photogeneration of carbocations, "

we required
knowledge about the ion pairing of the phosphonium salt 2a X in solution. Much to our
surprise, our data clearly showed that the C(a)-H protons of 2a BPhs do not experience any
significant ring current effect in CD,Cl, solution. Considering the relevance of phosphonium

[22]

. . . . . . . 21 . ..
ion — anion interactions in crystal engineering,*!! anion recognition,*? salt-based solvent

23,24] [19,20,25] [10,26] 27,28]

systems,! photochemistry, structure determination, and organic synthesis,!
we decided to carry out a more detailed investigation of the ion pairing in 2a X~ and related

phosphonium salts.

1.2 Benzhydryl Triphenylphosphonium Salts

1.2.1 Syntheses. The phosphonium salts Ar,CH-PR;" X (2: R = Ph, 3: R = p-CI-C¢H,),
which we have previously used as substrates for the laser flash photolytic generation of
benzhydrylium ions (Ar,CH"),!">?% were obtained by heating the benzhydrols Ar,CH-OH (4)
with Ph;PH" X or by treating the benzhydryl bromides Ar,CH-Br (5) with PR3 and
subsequent anion exchange. The syntheses are straightforward but have not yet been

described in detail. As the analytical data for these phosphonium salts are relevant for this

26



CHAPTER 1 — lon Pairing of Phosphonium Salts

investigation, the synthetic procedures and product characterization are now reported in this

work (see section 1.S.3).

1.2.2 NMR Investigation of Benzhydryl Triphenylphosphonium Salts (2 X") in Solution.
"H-NMR signals for the C(a)—H protons of 2a in CD,Cl. Ion pairing of the salt Ph,CH-PPh;"
X (2aX") in CD,Cl; solution is evident from the fact that the NMR spectra of 2a depend on
the counterion X (Table 1.1).

Table 1.1. *'P-NMR (162 MHz), 'H-NMR (400 MHz) and *C-NMR (100 MHz) data for the
phosphonium ion 2a in CD,Cl,. Data for 2a X~ were determined at concentrations where the
phosphonium salts exist as ion pairs.

pP* CHP" 0-CHPh, m-CHPh, p-CHPh, o0-PPh; m-PPh, p-PPh;
Su/ppm M/

salt o / ppm (o /Hz)  Hz Su/ppm  Su/ppm  Su/ppm  Su/ppm  Su/ppm S/ ppm
2aCl 22.1 (51;_822) 1313 7.55-7.6017.20-7.30™7.20-7.30"" 7.79-7.84 7.55-7.60" 7.72-7.77
2aBr 2.1 (f'gl 8) 1311 7.53-7.61M721-7.31M7.21-7.3107.74-7.797.53-7.61% 7 74-7.79
2aBF, 21.8 (?'722) 1302 7.19-7.22 7.28-7.33 7.35-7.40 7.43-749 7.59-7.65 7.81-7.85
2a SbFs 21.7 (?'792) 1293 7.15-7.17 7.30-7.34 7.38-7.441"7.38-7.44"™ 7.61-7.66 7.82-7.87
2aBPh, 21.6 (?'77% 1287  7.05-7.10 7.27-7.361! 7.39-7.47 7.27-7.361 7.55-7.62 7.79-7.86
“free” 24 L (?'77(7)) 709711 7.33-737™ 7.42-7.45 7.33-7.37™ 7.62-7.65 7.85-7.89
o +2.53 S
A (CDH +0.6 (+1.2) +2.6 ~4050 ~-0.07 ~-0.18 ~+050 ~ %0 ~-0.08

QHPJr l-CHP_h2 0-CHP_h2 m-CHP_h2 p-CHP_hZ i-PP_h3 0—PP_h3 m-PP_h3 p-PP_h3
oc/ppm oc/ppm Oc/ppm  Sc/ppm  oc/ppm  Sc/ppm  oc/ppm  oc/ppm S/ ppm

salt (Jep ! H2)Jep | H2) Clep | Hz) (Jep | Hz) Cep / Hz) (Jep/Hz) (Jep/ Hz) Clep ! Hz) (Jep / Hz)
oa Ol 453 1343 1317 1294 129.0 1192 135.7 1303 1352
(418)  (4.0) (6.9) (1.5) 2.7) (82.3) 9.2) (12.3) (3.1)
oa B 45.9 1341 1316 129.5 1292 119.0 135.7 1303 1353
423)  (4.0) (6.8) (1.7) 2.5) (82.4) 9.3) (12.4) G.1)
oa BF.- 49.6 1329 131.1 130.0 129.9 118.3 135.3 130.8 135.9
4 43.9) (4.1 (6.6) (1.7) (2.6) (82.5) ©.1) (12.4) G.1)
oaspp. 503 1326 130.9 130.1 130.0 118.1 135.2 130.8 136.0
S 442) (42 (6.6) (1.8) 2.5) (82.7) ©.1) (12.4) (3.1)
oapph, 513 1323 1308 13025 13032  117.9 135.2 131.0 136.3
AP 43 (42 (6.6) (1.7) (2.5) (82.6) 9.1) (12.2) (3.1)
A(CIY® -6.0 +2.0 +0.9 -0.8 -1.3 +1.3 +0.5 -0.7 -1.1

(25)  (02) (+0.3) (02)  (+02)  (03)  (+0.1)  (+0.1) (+0)

[a] 'Juc determined from BC-satellites in the 'H-NMR (600 MHz) spectra. [b] Two signals superimposed. [c]
Superimposed with o-protons of BPh, . [d] 'H-NMR (600 MHz) spectrum of a 2.13 x 10° M solution of 2a
SbFs in CD,Cl,. At this concentration, the phosphonium salt predominantly exists in the form of the free
(unpaired) ions. [e] Not available. [f] Difference between 2a Cl” and 2a BPh, (the latter has virtually the same
'H-NMR spectrum as “free” 2a).
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The most obvious effect is the large change of the '"H-NMR chemical shifts (Ady = +2.53
ppm) for the C(a)-H protons (CHP") when X is varied from BPh, via SbFs , BF4, and Br
to C1” (Table 1.1). Figure 1.1 shows how this effect depends on the concentration of 2a X.

8.5
8.0 [

75F

&/ ppm >

70[

6.5F

6.0
5.77 ¢

5 L . . .
0.00 0.02 0.04 0.06
[Ph,CH-PPh,* X-]/M —

Figure 1.1. Concentration-dependent 'H-NMR (600 MHz, 27 °C) chemical shifts &y of the
benzylic C(a)-H protons of 2a X~ with different counter-anions X~ = Cl" (e), Br (0), BF4
(%), SbF¢ (0), or BPhy (4) in CD,Cl,.

The oy values of the C(a)—H protons of 2a BPhy in CD,Cl, are virtually independent of the
salt concentration (oy = 5.78 ppm, Table 1.2). Moreover, the values for 2a BPh, differ by
only 0.2 ppm or less from those of 2a SbFs. These observations clearly rule out any
significant influence of the ring current of the BPhs anions’ phenyl rings on the chemical
shifts of the C(a)—H protons of 2a, as suggested by Schiemenz."”’

Figure 1.1 shows that the oy values of the C(«)-H protons of 2a X~ with X™ = Cl, Br, BF,,
or SbFs reach plateaus at concentrations of [2a X'] > 0.02 M and we can conclude that at
these concentrations we observe ion pairs almost exclusively. Literature NMR spectra of
phosphonium salts in CD,Cl, or CDCI; solution, which were recorded under typical
conditions of NMR measurements, can thus be expected to characterize the ion pairs.

At lower concentrations (< 5 x 10~ M), the chemical shifts of the C(a)-H protons of 2a X~
with all investigated anions except BPhs decrease markedly and approach oy of the

tetraphenylborate salt (Fig. 1.1). Finally, at a concentration of 2.13 x 10 M, the chemical
shift of the C(a)—H proton of 2a SbFs reaches a value of oy = 5.77 ppm (Table 1.2), which is
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Table 1.2. Concentration-dependent '"H-NMR chemical shifts oy (600 MHz, CD,Cl,) for the
C(a)-H protons of Ph,CH-PPh;" ions (2a) and estimated dissociation constants Kp (M) for 2a
X salts with different counterions X in CD,Cl.

[2aX7] S
/M / ppm

2aBPh, 1.75x10° 5.80 - -

1.03 x10*  5.75 -

4.07 x 10*  5.76 -

1.76 x 10°  5.81 —

8.25x 107 5.80 —

2.08 x 107 5.76 —

547 %102 575 -

averagedy 5.78

[a] [b]
salt Xpaired, exp KD /M Xpaired, calc

2aSbFs 2.13x10° 577  0.00 0.03
1.07 x 10*  5.80 0.16 0.13
1.02x10° 586 047 6x10* (0.47)
544 %107 591 0.74 0.72
1.23x 1027 5.92 0.79 0.80
3.68 <102 594  0.89 0.88
5.68 <102  5.96 1.00 0.90

2aBF, 2.12x10° 5.81 0.08 0.08
422 x10° 5.85 0.17 0.14
1.03x 10  5.96 0.40 0.26
336x10% 599 046 22x10% (0.46)
891 x10* 6.06  0.60 0.61
2.01x10°  6.13 0.75 0.72
426x10°  6.15 0.79 0.80
1.13x10%  6.19 088 0.87
2.87%10%  6.22 0.94 0.92
6.06 x 102 6.25 1.00 0.94

2aBr 1.81x10° 6.07 0.13 0.17
3.58 x10°  6.28 0.22 0.26
1.03x10* 677 043 7.6x10° (0.43)
3.04x 10*  7.18 0.61 0.61
6.09 x 10*  7.46 0.73 0.70
1.83x107° (7.6)  0.80 0.82
1.12x 102 7.95 0.95 0.92
251102 8.02 0.98 0.95
6.62 <102 8.07 1.00 0.97

2aCl” 231x10° 6.38 0.23 0.32
1.00x 10" 724 057 34x10° (0.57)
7.13 x10*  7.87 0.81 0.81
1.76 x 10> 8.01 0.86 0.87
445x10° 829 0.97 0.92
1.14x 102 828 0.97 0.95
2.61x102 832 0.98 0.96
5.83x 102 837 1.00 0.98

[a] Estimate of Kp derived from the data for phosphonium salt concentrations where Xpired, oxp = 0.5.
[b] Calculated using Kp from this table. [c] Superimposed with signals of aryl protons.
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practically identical to oy = 5.78 ppm for 2a BPhs . We can therefore assume that this oy
value corresponds to the unpaired Ph,CH—PPh;" ions (2a).

The assumption that the phosphonium salt 2a SbFs mostly exists in the form of the free ions
at this concentration is corroborated by the excellent agreement between the 'H-NMR
spectrum obtained from 2.13 x 10” M 2a SbF¢ and the concentration-independent 'H-NMR
chemical shifts measured for 2a BPhs (Table 1.1). The determination of the Kp values listed

in Table 1.2 will be discussed below.

Other NMR signals of 2a in CD,ClI, solution. Besides the large change in oy for the C(a)-H
protons, Table 1.1 also shows the effect of the counter-anion X on other 3'P_NMR, 'H-NMR,
and ">C-NMR signals of 2a in CD,Cl.

In presence of the Cl anion, the bond between the o-C and o-H atoms becomes more
polarized (Ady = +2.53 ppm, Adc = —6.0 ppm), while the effect on the positively charged
phosphorus atom itself is rather small (A% = +0.6 ppm). The coupling constant 'Jiyc =
128.7 Hz for the C(a)-H of 2a BPh, is typical for sp® carbons,*” and increases slightly in
the presence of the hydrogen-bond acceptor Cl™ (A'Jc = +2.6 Hz). A slight increase of 'Ji ¢
by a few Hz was previously observed for other C—H---X hydrogen bonds and may result from
the additional electric field component along the C—H bond in presence of the hydrogen bond

3% The 'J and J coupling constants between C(a)-H and P change by AlJcp =

acceptor.
—2.5 Hz and A’Jyp = +1.2 Hz, respectively.

The ortho-protons of the aromatic rings are also deshielded substantially (Ady = +0.50 ppm),
especially if one considers that the effect of the CI” counter-anion is averaged over six o-PPhs;
protons or four o-CHPh, protons, respectively. Other effects are small: The i- and o-carbons
are also deshielded slightly (Adc = +0.5 to +2 ppm) in the presence of CI, while the m- and
p-positions of the aromatic rings, on the other hand, are slightly shielded (Ady = 0 to
—0.18 ppm, Adc = —0.7 to —1.3 ppm). The effects of the Br, BFs and SbFs anions on the

NMR signals of 2a are similar but less pronounced than those of CI".

NMR signals of the anions X in CD,Cl, solution. In order to further characterize the
interaction between the phosphonium ions and the anions, we also measured the NMR spectra
of the anions. Figure 1.2a shows the "F-NMR (376 MHz) spectrum of 2a BF, in CD,Cl, at a

concentration where the salt exists as ion pairs (6 x 10> M). We observed a 1:1:1:1 quartet
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(IJF,B ~ 1.2 Hz) at & = —152.0 ppm for the main isotopomer, ''BF, (I = */, for the ''B
nucleus), together with the unresolved signal for the '°B (I = 3) isotopomer ca. 0.05 ppm

further downfield. The corresponding signal of the boron atom in the ''B-NMR (128 MHz)

spectrum is at o =—2.0 ppm.

a) —151.92 -1561.97

| /h\ 1.2 Hz

N

-151.92 -151.95 -151.98

— o/ ppm
b) -153.37 -153.42
| |
-153.37 -153.40 -153.43
— o0/ ppm

Figure 1.2. "F-NMR-spectrum (376 MHz) of 2a BF; in CD,Cl, at concentrations of
(a) 6 x 102 M, or (b) 2 x 10™ M.

The "F-NMR is sensitive enough so that we could also determine the fluorine chemical shift
of the BF4 anion at a concentration of 2 X 107 M, where 2a BF4 exists as free ions in CD,Cl,
(Fig. 1.2b). Under these conditions, the signal for the main isotopomer is found at o =
—153.4 ppm, which is shifted upfield by Adr =—1.4 ppm compared to the paired 2a BF, salt.

Figure 1.3 shows the heteronuclear NMR spectra of a ca. 6 x 10> M solution of 2a SbFs in
CDyCl,. The antimony isotopes 12lgp, = 5/2) and '2Sb = 7/2) have similar natural

-1
and

abundances and comparable gyromagnetic ratios (y = 6.4435 x 10’ rad T s
7=3.4668 x 10" rad T s, respectively). The "F-NMR spectrum of 2a SbFs in CD,Cl,

(Fig. 1.3a) thus features two superimposed signals at o = —123.6 ppm: a sextet with
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1JF,Sb ~ 1950 Hz for meF{ and an octet with 1JF’Sb ~ 1020 Hz for 123SbF{. The ratio of the
'Jk.so coupling constants of the two isotopomers corresponds to the ratio of the gyromagnetic
ratios of the antimony isotopes (i. e., the reduced coupling constants, 'Jg.sp/7 are the same for
both isotopomers). The coupling constant of 'Js,r = 1960 Hz is also found in the '*'Sb-NMR
(65 MHz) spectrum, in which five peaks of the septet at s, = 86.2 ppm are resolved (Fig.
1.3b). Due to the broadness of the signal, we could not detect the PF.NMR signal of 2a SbFs~

at lower concentrations, where the salt is mostly unpaired.

a) 12356
"215pF,” %W\ ~1950 Hz

Bsprys 7 ~1020 Hz

-100 -110 -120 -130 -140

«— J¢/ ppm
b) 86.2

FoToTaTaTaT ] ~1960Hz

200 120 40 -20

«— dg,/ PPM

Figure 1.3. (a) ""F-NMR-spectrum (376 MHz) and (b) '*'Sb-NMR-spectrum (65 MHz) of 2a
SbFs~ in CD,Cl, (ca. 0.06 m).

The NMR data for the BF4 and SbF¢ anions shown in Figures 1.2a and 1.3 indicate a very

high symmetry of the anions despite the fact that these spectra were recorded under conditions
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where the phosphonium salts predominantly exist as ion pairs. This indicates that all fluorine
atoms are equivalent on the NMR time scale. The interaction between the BF4 anion and the
phosphonium ion 2a can only be noticed by the slight downfield shift of the signal by Adr =

—1.4 ppm, which indicates the averaged effect over four fluorine atoms.

Dissociation constants of 2a X in CD,Cl,. From the C(a)-H proton chemical shift of the
unpaired phosphonium ions ( Oy, unpaired = 5.77 ppm) and the chemical shifts of the fully paired
phosphonium ions (Ju, pared = maximum oy for the a-proton measured at the highest
concentration of 2a X', Table 1.2), we can derive the mole fraction of paired phosphonium

ions, Xpaired, exp (Eq. 1).

5, -0

_ H, unpaired
xpaired, exp S (1)
H

, paired - 5H, unpaired

At phosphonium salt concentrations where Xpaired, exp = 0.5, we estimated the association

constants Kp (M) as defined by Eq. 2 in which [R4P" X ]y is the total salt concentration.

_ [R4P+]unpaired [X—]

) 1—x_. 2
unpalred — ( palred, exp ) . [R4P+ X— ]0 (2)
[R,P* X]

paired xpaired, exp

D

The obtained dissociation constants Kp for 2a X~ in CD,Cl, are listed in Table 2; the mole
fractions of unpaired 10nS Xpaired, cale Calculated from these Kp values are in fair agreement with
the experimental values Xpaired, exp- The dissociation constants Kp determined in this manner
decrease in the order SbFs > BF4 > Br > CI. Thus, the degree of association of the salts 2a
X" increases with the deshielding of the C(a)—H protons in the respective ion pairs (SbFs <

BF, <Br <CI).

Effect of the solvent: '"H-NMR signals for a-protons of 2a in CD;CN solution. In CD3;CN,
variation of the counter-anion X has a much lower effect on the "H-NMR chemical shifts of
the C(a)—H protons of 2a X" than in CD,Cl; (Fig. 1.4 and Table 1.S.1 in Section 1.S.1). As in
CDyCl,, the oy values for 2a BPhs do not vary with the concentration (oy = 6.27 ppm,
Fig. 1.4). The very similar ¢y values for 2a BF, and 2a SbFs suggest that these compounds

are also mostly unpaired at concentrations of ~1 x 102 M in CD;CN.
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75[ H Ji:’Ph3
E 70
& 1 - Br
oL I
B SbFg
6.5 _ BF, 6
6.27 | +a— BPh,”
60 I 1 L 1 L 1
0.000 0.005 0.010

[Ph,CH-PPh;* X7/ M —

Figure 1.4. Concentration-dependent 'H-NMR (600 MHz, 27 °C) chemical shifts &; of the
benzylic C(a)-H protons of 2a X~ with different counter-anions X~ = CI” (e), Br (0), BF4
(%), SbFs (), or BPhy (4) in CD3;CN.

The chemical shifts of oy < 6.29 ppm determined for the C(@)—H protons of 2a Br™ in CD;CN
at concentrations < 1 x 10 M indicate that ion pairing is negligible in this concentration range
(Table 1.S.1 in Section 1.S.1). At larger concentrations, the phosphonium halides do form ion
pairs to some extent. However, the oy values of the phosphonium halides in CD3CN do not
reach a plateau in the concentration range where 2a Br is soluble in CDsCN (< 1 x 107 M).

Therefore, we cannot estimate the degree of ion pairing or the dissociation constants Kp in

CD;CN from the NMR data.

Effect of C(a)—H acidity: Substituent effects on the NMR spectra of phosphonium salts. In a
series of benzhydryl triphenylphosphonium salts Ar,CH-PPh;" X (2 X) with different Ar
groups, the acidities of the C(a)—H groups increase with the electron-withdrawing character
of the substituents on the benzhydryl moiety. The series of donor- and acceptor-substituted
benzhydryl triphenylphosphonium tetrafluoroborates 2(a-t) BFs; (Table 1.3), which we

119201 can thus be employed to study the

required for our laser flash photolysis experiments,
interaction between C(a)—H and the BF4 anion as a function of C(«)-H acidity. The NMR
data for the 2(a-t) BF4 ion pairs in CD,Cl, solution are collected in Table 1.3, where the salts
2(a-t) BE4 are arranged according to the sums of their substituents’ o~ parameters.”'! We use
the o parameters as a measure for the C(a)-H acidities of the phosphonium ions here,
because the pK, values of 2(a-t) BF, are not available and the pK, values of the closely
related benzyl triphenylphosphonium salts in DMSO have been shown to correlate with the

o~ parameters of the benzyl substituents.[) The "H-NMR (400 MHz) chemical shifts of the

34



CHAPTER 1 — Jon Pairing of Phosphonium Salts

C(a)-H protons increase from oy = 6.04 ppm to oy = 6.80 ppm when the substituents of the
benzhydryl group are varied from electron-donating (2b) to strongly electron-withdrawing (2s
or 2t). Figure 1.S.1 in Section 1.S.1 displays a moderate correlation of oy for the C(a)-H

protons of 2 BF,~ with the sums of the o~ parameters.

Table 1.3. Selected NMR data for triphenylphosphonium tetrafluoroborates 2(a-t) BFs in
CD,Cl; solution. The spectra were recorded under conditions where the phosphonium salts
exist as ion pairs unless otherwise indicated.

“PPh,
\ S P'-C(a)-H "BF, [
\ N 4
N2 X,

! 2 ~a] Ou/ppm oc / ppm or / ppm
salt R RE 20 o) UHz) (Jep/Hz) ®/PP™ (g )
lon pairs:

“PPh,

2b BF, 19 6.04(17.2)  49.1(42.8) 205 1522 (-
SoRbe

N
PPhy

2c BFy 14 6.04(17.2) 489(43.1) 206 —152.3 (Y
J T,

2d BF;,  p-OMe p-OMe -0.52 6.15(17.3) 482(432) 208 —152.1 (-
2e BF;,  p-OMe p-Me -043 6.08(17.2) 489(43.5) 21.0 —152.4(1.0)
2f BF;,  p-OMe p-OPh 036 6.18(17.4) 48.4(43.5) 21.0 —152.1(1.1)
20 BFy;,  p-Me p-Me -034 6.04(172) 49.4(43.6) 21.1 —1523(1.1)
2h BF,  p-OMe H 026 620(17.2) 489435 213 —152.1(1.1)
2i BF,  p-Me H 017 620(17.4) 49.1(43.8) 215 —1522(1.1)
2 BF,  p-OPh H -0.10 631(174) 48.6(43.8) 21.5 —151.8(1.1)
2k BF, p-F p-F —006 649(17.7) 473447 219 -1513 ()
2l BF, p-F H  —0.03 640(17.5) 48.1(443) 219 -1515(1.2)
2a BF, H H 000 623(174) 49.6(43.9) 218 -152.0(1.2)
2mBF, m-F H 034 639(17.5) 485(44.5) 220 —151.6(L.1)
2n BF, p-Cl p-Cl 038 648(17.7) 47.4(44.6) 218 —151.2(1.2)
20 BF;,  p-CF; H 065 6.53(17.7) 48.4(44.7) 22.1-22.2 —151.4(1.2)
2p0BF,  mm-F, H 068 6.51(17.5) 47.9(@45.1) 222 -151.4(1.2)
29 BF, m-F m-F 068 652(17.6) 47.7(45.0) 223 —151.1(1.2)
2r BEy,  mm’-F, m-F 102 6.61(17.6) 47.1(45.6) 225 —150.8(1.3)
2s BF,  p-CF; p-CF; 130 6.80(17.8) 47.5(45.3) 22.4-22.5 —150.7 (-1
2t BF,  mm’-F, mm’-F, 136 6.68(17.6) 46.6(462) 226 —150.4(1.3)

“Free” ions:
24l H H 000 5.77(17.0) _y d -
BF, [t - - - - - - 1534 (9

[a] From ref.!! [b] Isotopomer signal for '°BF, downfield by A& < +0.1 ppm. [c] Not available. [d] Not
resolved. [e] Determined from 'H-NMR (600 MHz) spectrum of a 2.13 x 10™ M solution of 2a SbF in CD,Cl..
[f] Determined from '"F-NMR (376 MHz) spectrum of a ~2 x 10™ M solution of 2a BF, in CD,Cl,. [g] At the
employed concentrations, the salts predominantly exist in the form of the free (unpaired) ions.

If the observed increase of oy of the C(a)-H protons and the less pronounced concomitant

variations in Jc of the C(«) atom and 6, of the phosphorus atom (Table 1.3) are linked with
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stronger interactions with the BF4 anion, one should also observe the effect in the PF_NMR
spectra of the BF4 ions. Indeed, the YF_NMR chemical shifts for “BF( increase from o =
—152.2 ppm to & = —150.4 ppm when going from 2b BF, to 2t BF, (Table 1.3 and Fig. 1.5).
Thus, the greater the C(a)—H acidity of the phosphonium ion 2, the larger the upfield shift Adr
for the BF,4 anion due to the increasing strength of ion pairing with the phosphonium ion. The
increasing C(«@)—H acidity from 2a BF, ion pairs to 2t BF, ion pairs causes approximately
the same shifts in the 'H and "°F signals (Ady =~ +0.45 ppm and A& ~ +1.6 ppm) as going
from the free ions 2a and BF, to the 2a BF4 ion pairs (Adg = +0.46 ppm and Adx =
+1.4 ppm). In analogous series of neutral benzhydryl derivatives such as benzhydryl halides,
substituent variations induce considerably smaller changes of Jy for the C(a)-H protons in
the other direction (see Figure 1.S.1 in Section 1.S.1). Moreover, the a-protons of the un-
paired benzyl triphenylphosphonium ions PhCH,—PPh;" (1a) and p-(CF3)-C¢Hs~CH,—PPh;"
(1b) have very similar oy values despite the differing substitution patterns (see below). All
these observations suggest that the variations in oy of the benzhydryl methine protons
observed for the ion pairs of the differently substituted benzhydryl triphenylphosphonium
tetrafluoroborates 2 BF4 mainly result from the different interactions of the methine protons

with the BF4 anions.

-150

2t BF,”
[ ]
[
T 151
S
o
o
|
<152 |
L 2b BF
° paired 2a BF,~
S
-153 |
o «— free 2a and free BF,~
_1 54 1 1 1 1 1 1 1 1 1 1 1 1

56 58 6 6.2 64 66 6.8
6y of C(a)-H of 2/ ppm —

Figure 1.5. Correlation of '’F-NMR (376 MHz) chemical shifts & of the BF; anions versus
the "H-NMR (400 MHz) chemical shifts & of the C(a)-H protons of the phosphonium ions 2
in the ion pairs 2a-t BE; in CD,Cl, (& = 2.50548; — 167.54; R* = 0.9299). The open circle
shows the chemical shifts of the free ions 2a and BF4 (not used for the correlation).
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The C(a)-H acidity of benzhydryltriarylphosphonium ions Ar,CH-PAr;" X can also be
increased by variation of the PAr; moiety. Table 1.S.2 in Section 1.S.1 illustrates that the oy
values for the C(a)-H protons for the tris(4-chlorophenyl)phosphonium salts
Ar,CH-P(p-C1-C¢H,);" BF4 (3 BFy) are 0.15 to 0.48 ppm higher and the & values for the
BF, anion are 0.7 to 2.1 ppm higher than for the corresponding triphenylphosphonium salts
Ar,CH-PPh;" BF, (2 BF4). Thus, electron-withdrawing substituents in the
triphenylphosphonium group have analogous effects on oy and O as substituents in the

benzhydryl group.

1.2.3 Quantum Chemical Calculations and Crystal Structures of Benzhydryl
Triphenylphosphonium Salts (2a X"). To obtain further insights about the structure of the
2a X ion pairs in solution, we will now compare the NMR data with the results of quantum
chemical calculations as well as with the C—H---X" interactions in the crystals. The structural
features in solution and in the crystals resemble each other and will therefore be discussed
together for each compound.

Strong hydrogen bonds are characterized by short H---X" distances and C—H---X" angles close
to 180°, but there are no clear cut-off criteria to decide whether a C—H--X™ contact should be
considered a hydrogen bond. According to the latest IUPAC definition of the hydrogen
bond,™ weak hydrogen bonds may also be longer than the sum of the van der Waals radii,
and the angle of a hydrogen bond “should preferably be above 110°”. In the calculated
solution structures, as well as in the crystal structures, we have considered all H---X" distances
up to 2.90 A, and also added some notable longer contacts, the most important of which are
shown as dashed lines in the Figures. Particularly short (shorter than the sum of the van der
Waals radii)** or particlularly linear (C-H~-X" angle >160°) contacts are indicated by bold
type in the Tables listing the lengths and angles of the C—H:--X" contacts.

Calculated structures of benzhydryl triphenylphosphonium salts (2a X ) in CH,Cl; solution.
The solution phase structures of the salts 2a X in dichloromethane were determined by DFT
calculations on the M06-2X 6-31+G(d,p) level with a polarizable continuum model to
describe the effect of the solvent (Figure 1.6). The solution structure of the BPh, salt was not
calculated due to the large size of the ions. Table 1.4 lists the distances and angles of the

C-H---X" contacts in the ion pairs.
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Figure 1.6. Calculated structures of 2a X ion pairs in CH,Cl, solution: (a) 2a CI, (b) 2a Br ,
(c) 2a BF4, (d) 2a SbFs . The numbering corresponds to the atom numbers in the crystal
structures (Fig. 1.7). All contacts with d (H--X") <2.90 A are shown as bonds, selected longer
contacts are indicated by dashed lines. For C—-H---X" bond lenghts and angles, see Table 1.4.
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Table 1.4. Calculated distances and angles of C—H-*X" contacts in Ph,CH-PPh;" X~ (2a X))
ion pairs in CH,Cl; solution.

salt donor'” acceptor d (H+X)/A d(C~X)/A < (C-H-X)/°
2aCl’  H19 (e-H) Cll 2.44 3.54 176
H2 Cll 2.52 3.61 176
H31 Cll 2.81 3.77 147
H25 Cll 3.13 4.02 140
2aBr  H7 (e-H) Brl 2.64 3.74 177
H6 Brl 2.68 3.77 178
H25 Brl 2.93 3.92 152
H13 Brl 3.24 4.14 141
2aBF, HI9 (a-H) F2 2.30 3.24 142
H19 (a-H) F3 2.20 3.23 156
HI12 F2 2.25 3.29 158
HI12 Fl 2.38 3.29 140
H12 F3 2.66 3.56 140
H31 F2 2.57 3.32 126
H31 F3 271 3.63 142
H25 F3 2.57 3.32 125
2a SbF, H13 (a-H) F4 2.28 3.28 151
H13 (e-H) F5 2.44 3.37 141
H2 F4 2.74 3.45 122
H2 F5 2.30 3.36 165
H2 F2 2.42 3.19 126
H3 F2 2.66 3.30 117
H21 F5 2.59 3.34 126
H21 F3 2.44 3.50 165
H15 F4 2.54 3.22 120

[a] See Figure 1.6 for numbering of atoms.

Crystal structures. Crystal structures of salts of the Ph,CH-PPh;" cation (2a) have not been
described previously. In this work, we have therefore determined the crystal structures of the
salts 2a X~ with the same anions as we have investigated in solution, with the exception of the
BPhs anion. Unfortunately, the tetraphenylborate 2a BPhy crystallizes as very long thin
needles and we could not obtain single crystals of sufficient size in all three dimensions to
perform an X-ray structure determination of this salt.

In each of the crystal structures, the phosphonium ions have particularly many C-H--X"
interactions with one particular anion and fewer contacts with other anions (Figure 1.7). The
solid state structures thus resemble the 1:1 ion pairs which are present in solution (Figure 1.6).

Table 1.5 lists the distances and angles of the closest C—H:--X™ contacts in the crystals.
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Symmetry codes: [c] —1+xX, y, z [¢] 0.5-x, —0.5+y, 0.5-z [g] —0.5+%, 0.5y, —0.5+z. Symmetry codes: [e] 0.5+x, 1.5-y, 0.5+z [1] 0.5+x, 0.5+y, z [i] x, 1=y, —0.5+z
[h] x, 1+y, z.

[x] Selected distances (A) and angles (°) for C(e):

C19-P1: 1.851(3), C19-C26: 1.522(4), C19-C20: 1.537(4); [x] Selected distances (A) and angles (°) for C(a):

P1-C19-C26: 114.1(2), P1-C19-C20: 112.0(2), C20-C19-C26: 114.5(2). C7-P1: 1.833(5), C7-C30: 1.536(7), C7-C8: 1.553(7);

P1-C7-C30: 114.0(3), P1-C7-C8: 112.8(3), C8-C7-C30: 112.3(4).

Symmetry codes: [a] x, 1=y, 0.5+z [b] 0.5+x, 1.5—y, 0.5+z [g] 0.5+x, —0.5+y, z Symmetry codes: [g] —0.5+x, 0.5-y, 0.5+z [c] 1.5-x, —0.5+y, 0.5-z

[h] x, 1-y, —0.5+z [e] x, —1+y, z. [1]1-0.5+x, 0.5y, —0.5+z [a] 0.5—x, —0.5+y, 0.5-z [e] —11X, y, z.

[x] Selected distances (A) and angles (°) for C(e): [x] Selected distances (A) and angles (°) for C(a):

C19-P1: 1.855(4), C19-C26: 1.530(5), C19-C20: 1.541(4); C13-P1: 1.863(5), C13-Cl14: 1.536(7), C13—C20: 1.519(7);
P1-C19-C26: 113.8(2), P1-C19-C20: 111.9(2), C20-C19-C26: 112.1(3). P1-C13-C14: 115.1(3), P1-C13-C20: 110.0(3), C20-C13-C14: 115.8(4).

Figure 1.7. Interactions between 2a and X in the crystals: (a) 2a Cl', (b) 2a Br, (c) 2a BF,,
(d) 2a SbFs. All contacts with d (H-+X") < 2.90 A are shown as bonds, selected longer
contacts are indicated by dashed lines. For C—H---X" bond lenghts and angles, see Table 1.5.
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Table 1.5. Distances and angles of C—-H--X" contacts in crystals of Ph,CH-PPh;" X~ (2aX).

salt donor™ acceptor'® code!™ d (H~X)/A d(C+X)/A < (C-H-X)/°
2aCl’  HI9(aH) ClI - 2.49(3) 3.444(3) 166(2)
H31 Cll - 2.82 3.654(3) 147
H2 Cll - 3.00 3.913 (3) 161
H21 Cll - 3.20 3.900(3) 132
H10 Cll e 2.58 3.526(3) 171
H5 Cll c 2.76 3.573(3) 144
Hil cl g 2.81 3.526(3) 133
2aBr  H7(a-H) Brl - 2.90 3.894(5) 172
H6 Brl - 2.85 3.781(5) 167
H13 Brl - 3.19 4.000(5) 144
H25 Brl - 3.14 4.024(5) 156
H24 Brl - 3.68 4.491(5) 146
H16 Brl e 2.81 3.672(6) 151
H20 Brl 1 3.02 3.915(6) 158
H22 Brl i 3.05 3.734(5) 131
H23 Brl i 3.22 3.828(5) 123
H28 Brl h 3.38 4.267(5) 156
2aBF, HI9 (a-H) F2 e 2.23 3.218(4) 158
H18 F2 e 2.59 3.340(4) 136
H12 F2 e 253 3.329(4) 141
HI2 F1 e 2.80 3.450(4) 127
H31 F2 e 2.73 3.423(4) 130
H23 F1 a 2.44 3.259(4) 144
H24 F2 a 2.84 3.643(5) 143
H3 F2 b 2.54 3.467(3) 164
H3 F4 b 2.67 3.236(4) 119
H4 F4 b 2.70 3.247(4) 117
HS F3 g 2.56 3.482(5) 163
H14 F3 g 2.59 3.527(4) 170
H14 F4 g 2.62 3.192(4) 119
H15 F4 g 2.60 3.179(5) 120
H16 F1 h 2.29 3.221(3) 167
H17 F3 h 2.62 3.357(4) 135
H28 F4 - 2.48 3.407(4) 164
2aSbF, HI13 (a-H) F4 a 2.67 3.505(5) 151
H13 (a-H) F5 a 2.84 3.683(5) 152
H2 F5 a 2.42 3.372(6) 178
H2 F2 a 2.72 3.293(5) 120
H3 F2 a 2.60 3.234(5) 125
H21 F3 a 3.16 4.096(5) 169
H25 F1 e 2.85 3.561(6) 133
H19 F1 e 2.58 3.074(5) 113
H29 F3 e 2.74 3.208(5) 111
H31 F2 - 2.59 3.265(5) 129
H30 F2 - 2.80 3.365(6) 119
H10 F5 g 2.66 3.373(6) 132
HI1l F5 g 2.95 3.511(6) 119
HS F3 c 2.50 3.097(6) 121
H9 F3 c 2.53 3.114(6) 120
H4 F4 j 2.54 3.374(6) 147
HS5 F6 j 2.76 3.571(6) 144

[a] See Figure 1.7 for numbering of atoms and symmetry codes.
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Benzhydryl triphenylphosphonium chloride (2a CI'). The calculated structure of 2a Cl™ in
CH,Cl, (Fig. 1.6a) shows two strong hydrogen bonds between the Cl™ anion and the C(a)-H
and one o-PPh; proton (H19--Cl distance 2.44 A and C19-H19---Cl angle 176°; H2---Cl
distance 2.52 A and C2-H2--Cl angle 176°) (Table 1.4). The positioning of the chloride anion
near the C(a)-H and o-PPh; protons is further stabilized by two weaker hydrogen bonds to
0-CPh, protons of both phenyl rings of the benzhydryl group (H31--Cl distance 2.81 A and
C31-H31:-Cl angle 147°; H25--Cl distance 3.13 A and C25-H25--CI angle 140°).

These interactions seem to be so favorable that they are also found in the crystal (Fig. 1.7a),
which shows two short contacts between Cl™ and the C(«)-H as well as one 0-CPh, proton
(H19--Cl distance 2.49 A and CI19-H19--Cl" angle 166°; H31--Cl distance 2.82 A,
C31-H31--Cl angle 147°), but a significantly longer distance between the CI™ anion and the
0-PPh; proton (H2-+-Cl distance 3.00 A and C2—-H2---Cl angle 161°) (Table 1.5). The packing
of the molecules is controlled by additional C—H---CI™ hydrogen bonds involving some of the
m- and p-protons of the PPhs group, resulting in a different orientation of the phenyl groups
compared to the solution structure. Particularly strong is the C—H---CI " interaction for one of
the p-PPh; protons (H10--Cl distance 2.58 A and C10-H10--Cl angle 171°). Thus, the
distances and angles for the two shortest C—H---Cl™ interactions in crystals of 2a CI” come

very close to the typical values of O—H--Cl” hydrogen bonds.™

Benzhydryl triphenylphosphonium bromide (2a Br ). The calculated structure of the 2a Br
ion pair in CH,Cl, (Fig. 1.6b) closely resembles that of the chloride (Fig. 1.6a); only the
distances between the hydrogen (or carbon) atoms and the halide ion are longer by 0.1 to
0.2 A (Table 1.4).

Again, a similar motif is found in the 2a Br™ crystal (Fig. 1.7b and Table 1.5): The strongest
interactions between cation and anion are the hydrogen bonds between the Br™ anion and the
C(a)-H and 0-PPh; protons (H7-Br distance 2.90 A and C7-H7--Br angle 172°; H6-Br
distance 2.85 A, C6-H6-Br angle 167°), as well as the interaction of one m-PPhs proton
with a second bromide anion (H16--Br~ distance 2.81 A and C16-H16:Br angle 151°).
Weaker interactions are observed between Br and the o-CHPh, protons as well as another
0-PPhs proton, but these are already in the same range as the interactions between Br  and

various phenyl protons of further surrounding phosphonium ions (> 3.0 A).
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Benzhydryl triphenylphosphonium tetrafluoroborate (2a BF ;). In the calculated structure of
the tetrafluoroborate 2a BF, in dichloromethane solution (Fig. 1.6¢), the C(a)-H (H19) as
well as one 0-PPh; (H12) and one o-CPh; proton (H31) show bifurcated hydrogen bonds with
two of the fluorine atoms (F2 and F3) (Table 1.4). Additionally, the o-PPh; proton (H12) has
a third C—H---F-BF3 interaction with a third fluorine atom (F1), and the second phenyl group
of the benzhydryl moiety also shows one contact between 0-CPh, (H25) and F-BF5™ (F3).

In the 2a BF4 crystal, all fluorine atoms of the BF4 anion exhibit multifurcated hydrogen
bonds to several surrounding phosphonium ions. The usual pattern of close interactions
between the the anion and the C(a)-H proton (H19), one 0-PPh; (H12), and one o-CPh,
proton (H31) is also found (Fig. 1.7c and Table 1.5), but it differs somewhat from the
calculated structure in solution. Again, the shortest contact is the C(«)-H--F-BF5 interaction
(H19--F2 distance 2.23 A and C19-H19---F2 angle 158°), but in the crystal, only the 0-PPh;
proton (H12) shows bifurcated hydrogen bonds, while the other interactions are directed
towards only one of the fluorine atoms. The fourth close C—H--F-BF3 contact is now a
second 0-PPhs proton (H18) instead of the second o-CPh, proton. This subtle variation
between the solution and crystal structures is caused by the additional interactions between

BF, and the other surrounding phosphonium ions in the crystal (Table 1.5).

Benzhydryl triphenylphosphonium hexafluoroantimonate (2a SbFs). According to the
calculations, the fluorine atoms of the SbF¢ anions in the 2a SbFs ion pairs in CH,Cl,
solution also form multifurcated hydrogen bonds (Fig. 1.6d and Table 1.4). The C(a)-H
proton forms a short bifurcated hydrogen bond with two of the fluorine atoms (H13---F4
distance 2.28 A and C13-H13--F4 angle 151°; H13-F5 distance 2.44 A and C13-H13---F5
angle 141°). The same two fluorine atoms are also involved in a bifurcated hydrogen bond
with one of the 0-PPh; protons (H2:-F5 distance 2.30 A and C2-H2---F5 angle 165°; H2---F4
distance 2.74 A and C2-H2---F4 angle 122°), and each of them also has a weaker interaction
with an o-CPh, proton (H15 or H21) (Table 1.4). A further strong hydrogen bond is found
between one of the 0-CPh, protons and a third fluorine atom (H21---F3 distance 2.44 A and
C21-H21--F3 angle 165°), and two weaker interactions between the o-PPh; (H2) and m-PPh;
(H3) protons and a fourth fluorine atom (F2) (Table 1.4).

The fluorine atoms of the SbF¢ anions in the 2a SbF¢ crystal also form multifurcated
hydrogen bonds, but the C—H-F interactions differ somewhat from those in CH,Cl, solution
(Fig. 1.7d and Table 1.5). The closest C—H---F—SbFs" contact is between an o-PPhs; proton and
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one of the fluorine atoms (H2---F5 distance 2.42 A and C2-H2---F5 angle 178°). This proton
also has a second weaker interaction with another fluorine atom (F2), which also forms a
hydrogen bond to the adjacent m-PPh; proton (H3). The bifurcated hydrogen bonds between
the C(a)-H proton and the SbFs anion are significantly longer than in solution or in the
crystals of the other salts (H13---F4 distance 2.67 A and C13-H13---F4 angle 151°; H13--F5
distance 2.84 A and C13-H13---F5 angle 153°), and the typical interaction with one or more
0-CPh, protons is not found (Fig. 1.7d). Instead, the o-CPh, protons (H19 and H25) form
hydrogen bonds to a second SbFs anion which is located on the far side of the C(a)-H
proton. The packing of the ions is also influenced by several other contacts between the

protons of the PPhs groups and neighboring SbFs anions (Fig. 1.7d and Table 1.5).

1.2.4 Benzhydryl Triphenylphosphonium Salts: C—H---X™ Hydrogen Bonds in Solution.
The NMR data of the phosphonium salts 2a X in CD,Cl, solution had shown that ion pairing
with the counter-anion X mainly affects the proton resonances of the C(a)-H, o-PPhs, and
0-CPh, protons of 2a (Table 1.1). A comparison with the crystal structures of these salts (Fig.
1.7 and Table 1.5) reveals that these protons are also involved in the shortest and most linear
C—H:--X" contacts in the crystals. The formation of C—-H--X" hydrogen bonds in solutions of 2
X" is consistent with the strong deshielding of the respective protons, as well as the observed
increase of the deshielding with increasing C—H acidity and with increasing basicity of the
anions X (CI” > Br > BF; > SbF,).l*”!

An anion’s ability to act as hydrogen bond acceptor is related to its single free ion energy of
transfer AG (H,O — CH;CN),”* since a large contribution to the transfer energy is the loss
of the HO-H--X" hydrogen bonds with the good hydrogen bond donor H,O. Figure 1.8
illustrates that the chemical shifts oy for the C(a)—H protons of 2a X~ and other arylmethyl
phosphonium salts in CD,Cl, or CDClIj correlate linearly with AG? (H,O — CH;CN) of the

anions.

44



CHAPTER 1 — Jon Pairing of Phosphonium Salts

.
H P@-ClCeHa)

ACRS N
H PPh,

9 L
F F
\ AT T

8 (2a)
T
E 7 r H Me
S N
e — ©)<PPh3
T 6f
‘S’ H H
“5 5 | ~—— ©)<P+Ph3
I
a1 (1a)

cr
3 1 1 1 1 1 ]

10 0 10 20 30 40 50
4G (H,0 — CH,CN) of X/ kJ mol” —

Figure 1.8. Plot of 'H-NMR chemical shifts & for the benzylic a-protons in arylmethyl
triarylphosphonium salts (ion pairs) with different counter-anions X in CD,Cl, (2a, 3t) and
CDCI; (other salts) against the single free ion energies of transfer AGtO (H,O — CH;CN) of
the anions X . The point for 2a BPhs deviates from the correlation (not shown). See Table
1.S.3 in Section 1.S.1 for numeric values and references.

The results of our quantum chemical calculations also confirm C—H--X" hydrogen bonds for
the C(a)-H, 0-PPhs, and 0-CPh, protons of 2a X ion pairs in dichloromethane solution
(Fig. 1.6 and Table 1.4). Moreover, we calculated the '"H-NMR chemical shifts for the ion
pairs in CD,Cl, solution with the gauge-independent atomic orbital method (GIAO)"*! and
the functional WP04*®! (Table 1.6). This method has been developed especially for the
calculation of "H-NMR data.*™ For the calculation of the "H-NMR data we additionally used
pseudo potentials for all atoms from the third period on.’”) For a comparison with the
experimental data, the oy values were averaged for both a-protons of the benzyl systems, all
0-CPh protons, or all six 0o-PPh; protons, respectively. The experimentally observed trends are
fairly well reproduced by the calculated "H-NMR shifts of the optimized solution structures.
Slight deviations are caused by the fact that the calculations refer to the most stable
configuration, while the experimental data reflect a statistical distribution of different
configurations. The implicit solvent continuum used for the calculations is also a potential

source of error.
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Table 1.6. Comparison of calculated and experimental 'H-NMR chemical shifts &; for 2a X~
and 1a,b X in CD,Cl; solution under conditions where the salts exist as ion pairs.

S (CHP)™ /ppm & (0-CPh)™ /ppm & (0-PPhs)™ / ppm

salt calc.!” exp. calc.l” exp. calc.!” exp.
2aCl 8.01 8.25 743  7.55-7.60  7.54  7.79-7.84
2aBr 7.71 8.10 7.61  7.53-7.61 734 7.74-7.79
2aBF, 6.57 6.23 733 7.19-733 699  7.43-7.49
2a SbFs 6.22 5.98 698  7.15-7.17 695  7.38-7.44
“free” 2al° 5.84 5.77 6.74  7.09-7.11 671  7.33-7.37
laCl’ 6.33 5.42 739  7.07-7.10  7.76  7.70-7.76
laBF,” 5.04 4.56 6.58  691-6.94  7.16  7.48-7.54
“free” 1al® 4.09 ~4.37 639  6.87-6.89 691  7.43-7.46
1b Br- 5.07 5.78 7.19 7.36 733 7.76-7.82
1b BF, 5.00 4.72 6.78 7.11 7.16  7.54-7.60
“free” 1b!! 4.10 ~4.44 6.39 7.04 6.95  7.47-7.51

[a] Averaged oy of both a-protons of the benzyl systems, all six o-PPh; protons, or all o-CPh protons,
respectively. [b] From quantum chemical calculations (see text). [¢] Experimental values determined from 'H-
NMR (600 MHz) spectra of ca. 2 x 10” M solutions of the SbFs, BF4; and/or BPh, salts in CD,Cl,. At these
concentrations, the phosphonium salts predominantly exist in the form of the free (unpaired) ions.

In contrast to earlier statements by Schiemenz,"’

we could not observe any effect of the BPhy™
anion on the NMR spectrum of 2a BPh, . Instead, the large upfield shifts in the NMR signals
of the benzhydryl triphenylphosphonium salts 2 X", which are observed upon variation of the
counteranion from X = halide to X~ = BPh4, can exclusively be attributed to the loss of the

strong C—H---X" hydrogen bonds between the phosphonium ions 2 and the halide ions.

1.3 Benzyl Triphenylphosphonium Salts

1.3.1 NMR Investigation of Benzyl Triphenylphosphonium Salts (1 X") in Solution: A
Moderate “BPh, Effect”. NMR signals of la X in CD,Cl,. It was already noted by
Schiemenz and coworkers, that the “BPh,” effect” decreases with steric shielding,”'”! and this
may be an explanation why we did not observe any effect of BPhy on the oy values of the
C(a)-H protons in 2a, which are shielded by two phenyl groups in addition to the large
triphenylphosphonium group. Since especially large “BPhs effects” were reported for

B-19 and since red-shifts of the CH, stretching IR

relatively C—H-acidic phosphonium salts,
bands indicative of C-H--X hydrogen bonds were reported even for alkyl
triphenylphosphonium halides,!” we wondered what role the C—H---X hydrogen bonds would

play in these examples. For that reason, we also tested the “BPhy effect” in a sterically less

46



CHAPTER 1 — Jon Pairing of Phosphonium Salts

hindered system to see how its magnitude would compare to the enormous effect of the
C—H:--halide hydrogen bonds which we found in the benzhydryl derivatives.

We thus investigated the concentration-dependent effects of the counter-anions CI°, BF4 and
BPh; on the "H-NMR chemical shifts &; (600 MHz, CD,Cl,) of the C(a)-H protons of the
benzyl triphenylphosphonium ions la (Table 1.S.4 in Section 1.S.1). Figure 1.9a illustrates

the data graphically.
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Figure 1.9. Concentration-dependent 'H-NMR (600 MHz, 27 °C) chemical shifts &y of the
benzylic C(a)-H protons of (a) 1a X or (b) 1b X with different counter-anions X~ = CI (e),
Br (o), BF4 (%), or BPhy (4&) in CD,Cl,.

The phosphonium chloride 1a CI™ and tetrafluoroborate 1a BF4 show similar behavior as the
corresponding benzhydryl triphenylphosphonium salts. In the concentration range [la X]
> 0.02 M, the oy values of the C(a)—H protons are virtually constant and we can conclude that
la CI" and la BFs predominantly exist as ion pairs under these conditions (Fig. 1.9a). At
lower concentrations (< 5 x 10~ M), the & values decrease: For a 2.08 x 107 M solution of 1a
BF,, we determined a chemical shift of oy = 4.39 ppm for the C(a)—H protons (Table 1.S.4
in Section 1.S.1).

The C(a)-H protons of the tetraphenylborate salt 1a BPhs, however, show the opposite
effect: Their chemical shifts are also virtually constant (oy =~ 3.95 ppm) at concentrations
> 0.02 M, but increase with decreasing concentration until they reach the value of oy =
4.32 ppm at [1a BPhy ] = 1.75 x 10” M (Fig. 1.9a).

Thus, the oy values of the C(«)—H protons of 1a X~ with different counter-anions X approach

a common value of 4.32 < ¢, < 4.39 ppm at low concentrations of 1a X", and we can estimate
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OH, unpaired ~ 4.37 ppm for the C(a)-H protons of the free benzyl triphenylphosphonium ion la.
The knowledge of dy for the unpaired phosphonium ion 1a allows us to directly compare the
magnitude of the “BPh, effect” to the influence of C(a)—H:--halide hydrogen bonding. The
large difference between the C(a)-H protons of the ion pairs 1a Cl" and la BPhy (Ady =
+1.54 ppm) is mostly due to the deshielding effect of Cl, whereas the shielding effect of
BPhy contributes less than 30 % to the observed Ady. The shielding of the C(«)-H protons
by BPhs (Ady = —0.38 ppm) is only about twice as large as the deshielding effect of the
C(a)-H--F-BF; interaction (Adg =~ +0.17 ppm). The smaller deshielding effects of the
“normal” anions X = Cl” and BF4 on the C(a)—H protons of 1a (e.g., Aoy = +1.0 ppm for la
CI relative to unpaired 1a) compared to those for the analogous benzhydryl derivatives 2a X~
(e.g., Aoy = +2.5 ppm for 2a CI relative to unpaired 2a) are explained by the statistical factor
of two C(«)—H protons in 1a (vs. one in 2a) and the lower C(«)-H acidity of 1la (pK, = 17.4
in DMSO)' compared to that of 2a (pK, ~ 9 in DMSO estimated from the correlation
equation published in ref.”! and pK, = 30.6 for Ph,CH,"*)).

Table 1.7 lists further 'H-NMR, “C-NMR, and *'P-NMR signals of phosphonium salts 1a X"
with different counter-anions X in CD,Cl,. The table includes two sets of "H-NMR data for
the free PhnCH,—PPh;" ion (1a), one determined from a 2.08 X 10" M solution of 1a BF,, the
other from a 1.75 x 10™ M solution of 1a BPh, . The good agreement between the two data
sets confirms the assignment to the unpaired phosphonium ion la.

Comparing the "H-NMR signals of 1a Cl” with those of the free phosphonium ions, one finds
similar trends as for the corresponding benzhydryl triphenylphosphonium ions (2a): The
C(a)-H protons experience the largest deshielding (Ady = +1.03 ppm, A*Jyp = +0.7 ppm); a
smaller but still significant deshielding effect is observed for the ortho-protons of the PPh;
group (Ady = +0.29 ppm) and the ortho-protons of the benzyl group (Ady = +0.20 ppm). The
meta- and para-protons of PPhs and benzyl are slightly shielded (Ady = —0.07 to —0.13 ppm).
The same protons which experience a deshielding by Cl™ are shielded in the tetraphenylborate
la BPh; (Table 1.7): The C(a)-H protons are shielded by Aoy = —0.38 ppm relative to the
free phosphonium ion 1a; the ortho-protons of the PPh; and benzyl groups are shielded by
Ady = —0.16 ppm and Ady = —0.12 ppm, respectively. The changes in the chemical shifts of
the other protons are in the same direction and of the same magnitude (Ady = —0.08 to

—0.11 ppm) as in 1a CI".
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Table 1.7. *'P-NMR (162 MHz), 'H-NMR (400 MHz) and *C-NMR (100 MHz) data for the
phosphonium ion 1a in CD,Cl,. Data for 1a X~ were determined at concentrations where the
phosphonium salts exist as ion pairs.

P CH,P" 0-CH,Ph - m-CH,Ph  p-CH,Ph  0-PPh;  m-PPh;  p-PPhs
salt & /ppm O/ ppm "/ Si/ppm Sy /ppm S /ppm S /ppm S /ppm & /ppm
pPm 2 Uy Hy pp pp pp pp pp pp
laCl” 23.1 (ff% 1346 7.07-7.10 7.14-7.18 7.24-729 7.70-7.76 7.60-7.66 7.77-7.82
1aBF, 222 (Tf?) 1342 6.91-6.94 7.20-7.25 731736 7.48-7.54 7.65-7.71 7.84-7.88
« 55 4 A[b] [c] 4.39 [c]
free” 14 - (14.0) - 6.87-6.89 7.25-7.28 7.38-7.41 7.43-7.46 7.68-7.72 7.89-7.92
“free” 189 I (‘115’(2)) e 6.85-6.891 7.26-7.28 7.38-7.44117.38-7.441 7.68-7.71 7.89-7.92
la BPh, 21.6 (ffg) 133.9  6.73-6.76 7.21-7.28'" 7.34-7.39 7.21-7.28" 7.57-7.62 7.79-7.84
e el +1.03 [l - . . - . L
AL(CDD) (+0.7) +0.20 0.10 0.13 +0.29 0.07 0.10
Al (BPh{ el -0.38 el - . L - . .
i (02) -012 <-0.05 0.05 -0.16 0.10 0.09

CH,P"  i-CH,Ph o0-CH,Ph m-CH,Ph p-CH,Ph  i-PPhs 0-PPh;  m-PPh;  p-PPh;
oc/ppm oc/ppm oc/ppm  Oc/ppm  oc/ppm  oc/ppm  oc/ppm  oc/ppm S/ ppm

salt (Jep ! H2)Cep / H2)Cler | Hz) (Jep /| Hz) Cep ! Hz) (Jep / Hz) Clep ! Hz) Clep ! Hz) (Jep / Hz)
lacL 312 1281 1319 1294 1290 1185 1350 130.6 1355
469)  (85)  (5.6) (3.3) (3.9  (858)  (9.8)  (126)  (3.0)
LaBE. 315 1270 1315 1298 1206 1176 1346 1309 136.1
4 49.0) (85 (55 (3.2) (3.8)  (86.1) (97  (126) (3.1
lappn. 317 1265 1314 1298 1297 117.1 1344 1310 1362
O 49.0)  (84) (5.4 (3.2) (.8) (864  (9.7)  (126)  (3.0)
ArGota)? 03 +1.6  +05 04 0.7 +1.4 +0.6 0.4 0.7
(<21)  (0.1) (+02)  (0.)  (+0.1)  (0.6)  (+0.1) (+0) (+0)

[a] 'Jic determined from BC-satellites in the 'H-NMR (600 MHz) spectra. [b] Determined from "H-NMR (600
MHz) spectrum of a 2.08 x 10° M solution of 1a BF, in CD,Cl,. [c] Not available. [d] Determined from
'H-NMR (600 MHz) spectrum of a 1.75 x 10> M solution of 1la BPh, in CD,Cl,. [e] Superimposed with
p-protons of BPh, . [f] Two signals superimposed. [g] “Ordinary anion effect”: Difference between 1a Cl™ ion
pairs and free ions (2.08 x 10° M 1a BF, ). [h] “BPh, effect”: Difference between 1a BPh, ion pairs and free
ions (1.75 x 10° M 1a BPh ). [i] Difference between 1a CI” and 1a BPh, .

The *'P-NMR signals for the phosphorus atom (Ad =~ +1.5 ppm when going from 1a BPh, ™ to

la CI') and the *C-NMR signals of 1a, including that for C(«), vary only little with the

counter-anion X (Table 1.7).

"H-NMR signals for C(a)—H protons of 1b X  in CD,Cl,. We also studied the concentration-
dependent 'H-NMR signals of the 4-(trifluoromethyl)benzyl triphenylphosphonium salts 1b
X" with the counter-anions X = Br, BF,, and BPhs (Fig. 1.9b). The p-CF;-substituent
decreases the pK, value of the phosphonium salt in DMSO to 14.6, compared to pK, = 17.6
for the parent compound 1a,'”! which results in stronger C-H--X" hydrogen bonds in the 1b
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X" ion pairs. Accordingly, Fig. 1.9b shows comparably large downfield shifts for the C(a)-H
protons in the 1b Br and 1b BF, ion pairs (Table 1.S.5 in Section 1.S.1).

The “BPh, effect” also increases with the C(a)—H acidity: The upfield shift of Ady = —0.78
ppm for the C(a)-H protons of 1b that results from ion pairing with the BPh, ion is almost
twice as large as the upfield shift of Aoy =~—0.44 for 1a BPhy (Fig. 1.9).

Dissociation constants of 1la X and 1b X in CD,Cl,. Using equations (1) and (2), we can
estimate the dissociation constants Kp for the salts 1a,b X in CD,Cl, which are compiled in
Table 1.8. The Kp value for 1la BF4 is only a rough estimate, as the effect of ion pairing on
the chemical shift is small for this salt (Ady = 0.17 ppm for C(a)-H protons) and we cannot
determine O, unpaired fOr the unpaired phosphonium la very accurately (+0.07 ppm). In

6] the dissociation constants

agreement with the higher C(a)-H acidity of 1b compared to 1a,
Kp for all 1b X salts are smaller than those for the corresponding 1a X salts (e. g., Kp of 1b

Br is already smaller than that of 1a C1™ although CI" is more basic than Br") (Table 1.8).

Table 1.8. Estimated dissociation constants Kp (M) for phosphonium salts 1a,b X and 2a X~
with different counterions X in CD,Cl,.

AGuid®™ ! AGP™/ Kpl/™m
X kcalmol’ kImol! 1laX  1bX  2aX
BPh, - 328 25x10* 1.1x10*
SbF, 256 d] g (e 6x10*
BE, 288 ~0)e  (1x10% (5x107°) 2.2x10*
Br 315 313 [ 29%x10° 7.6 x 107
Cl 324 421 68x10° M 34x107

pK, for C(¢)-H in DMSO:  17.6™  14.6M  (~9)1

[a] Calculated AG,qq (298 K) for deprotonation of the conjugate acids HX in the gas phase; from ref.l*”
[b] Single free ion energies of transfer AG? (H,O — CH3;CN, 25 °C) for the transfer of the anions X from H,O
to CH;CN; from ref.*¥ [c] Dissociation constants for the phosphonium salts in CD,Cl, based on the 'H-NMR
chemical shifts of the C(a)-H protons; this work. [d] Not available. [e] No effect of X on &y of the C(a)-H
protons. [f] Not determined. [g] For BF,, AG? ~ 0 was estimated.””’ [h] From ref. [/ [i] Estimated from the
correlation equation published in ref."”) and pK, = 30.6 for Ph,CH,.**

Since 2a has an even higher C(a)-H acidity than 1b, one would also expect lower
dissociation constants Kp for 2a X than for 1b X . On the contrary, the Kp values for 2a X~
are higher than for 1b X" (Table 1.8), i. e. the salts 2a X dissociate more readily. The reason

for this may be a combination of steric hindrance and a statistical effect due to the fact that

50



CHAPTER 1 — lon Pairing of Phosphonium Salts

there is only one C(«)-H proton in the benzhydryl derviatives 2a X but two in the benzyl
derivatives 1b X,

1.3.2 Crystal Structures of Benzyl Triphenylphosphonium Salts (1 X°). Halide and
tetrafluoroborate salts. The calculated structures of 1a ClI" and 1a BF4 in CH,Cl, solution
closely resemble those of the benzhydryl derivatives 2a X~ and are not shown here. In each
case, the anions form hydrogen bonds with three donors: one of the C(a)-H, one o-PPh; and
one o-CPh proton. The crystal structures of these salts are worth discussing briefly because
there is the additional possibility of an interaction of the anion with the second C(a)—H proton

of the benzyl group belonging to a second phosphonium ion.

Symmetry codes: [a] —x, —y, 2-z [b] —0.5-x, —0.5+y, z [¢] -0.5+x, 0.5-y,
2-z[d] -0.5+x, y, 1.5-z.

Figure 1.10. Interactions between 1a and CI  in the crystals of 1a CI"."%! All contacts with
d (H--X)<2.90 A are shown as bonds. For C-H---X bond lenghts and angles, see Table 1.9.

The crystal structure of 1a Cl™ has been reported previously (Fig. 1.10).*” The shortest
contact between cation and anion is the interaction of one C(&)-H proton with the chloride
anion (H1--Cl distance 2.52 A and C1-H1---Cl angle 170°), which forms a second hydrogen
bond to one of the o-PPh; protons (H8:-Cl distance 2.83 A and C9-H8:--Cl angle 176°)
(Table 1.9). The second C(a)—H proton shows a weaker hydrogen bond to a second chloride
anion (H2---Cl distance 2.66 A, C1-H2---Cl angle 163°), which also has a very short contact to
another o-PPh; proton (H13--CI distance 2.57 A, C15-H13--CI” angle 176°). These strong

bidirectional interactions result in the formation of one-dimensional chains of alternating
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cations and anions in the crystal, which interact by weaker contacts between the chloride

anions and some of the p- and m-PPh; protons.

Table 1.9. Distances and angles of C—-H--X contacts in crystals of ArCH,~PPh;" X (1 X").

salt donor™ acceptor™ code!™ d(H+X)/A d(C+X)/A % (C-HX)/°

1aCl (ref. ) H1 (-H) Cll a 252 3.490(6) 170
HS cll a 2.83 3.803(5) 176
H2 (a-H) Cll - 2.66 3.602(5) 163
H13 Cll - 2.57 3.550(6) 176
H15 Cll d 2.76 3.424(6) 123
H16 Cll d 2.84 3.472(7) 123
H11 Cll ¢ 2.87 3.771(7) 153
H20 Cll b 2.81 3.532(7) 132
laBF, - CH,Cl,  HI (a-H) F3 - 2.52 3.437(3) 158
(ref.1*1 H1 (o-H) F4 - 2.81 3.643(3) 145
H10 F1 - 2.49 3.298(2) 146
H10 F4 - 2.76 3.594(3) 150
H4 (CH,CL)  Fl - 2.58 3.367(4) 139
H4 (CH,Cl)  F4 - 2.52 3.478(5) 169
H2 (a-H) F1 b 2.51 3.422(3) 157
H2 (a-H) F3 b 2.54 3.403(3) 148
H19 F1 b 2.57 3.448(2) 157
H19 F3 b 2.64 3.490(3) 152
H5 F1 b 2.68 3.391(3) 134
H6 F1 a 2.56 3.435(3) 158
H6 F2 a 2.88 3.552(3) 130
H17 F2 ¢ 2.52 3.283(3) 140
H13 F3 d 2.65 3.350(3) 133
H22 F2 e 2.75 3.376(3) 125
H22 F4 e 2.78 3.398(4) 125
H23 F2 e 2.80 3.396(3) 123
H20 Cll e 2.84 3.563(3) 135
laBF, - CHCl; HI9A («-H)  F4 n 2.47 3.390(3) 159
HI9A (a-H)  F3 n 2.71 3.570(3) 149
H18 F3 n 2.82 3.696(3) 154
H18 F1 n 2.64 3.412(3) 139

H26 (CHCl))  F3 n 2.24(4) 3.192(3) 169(3)

H26 (CHCL)  F2 n 2.50(3) 3.250(4) 134(3)
H19B (o-H) F4 b 2.53 3.443(3) 157
H8 F4 b 2.83 3.741(4) 162
H8 F3 b 2.49 3.253(3) 138
H21 F4 b 2.51 3.390(3) 154
H24 F3 - 2.60 3.479(4) 153
H23 F1 j 2.68 3.226(4) 117
H4 F2 k 2.54 3.436(3) 157
H10 F1 m 2.87 3.730(4) 151
H17 F1 f 241 3.209(3) 141
H16 F2 f 2.87 3.738(3) 152
1b BPh, HIA (a-H) phenyl® - 2.80 3.633(2) 142
HIB (e-H) phenyl d 3.40 4.388(4) 180

[a] See Figures 1.10, 1.11, and 1.12 for numbering of atoms and symmetry codes. [b] Center of six atoms C33,
C34, C35, C36, C37, C38. [c] Center of six atoms C27, C28, C29, C30, C31, C32.
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Symmetry codes: [a] X, —1+y, z [b] 1-x, 1=y, 1=z [c] —1+x, —1+y, z [d] -1+X, y, z
[e] 1=x, 1=y, —z.

(&
G ; AN
’(#
» F3 @ﬁe-" Fol

Symmetry codes: [j] 1-x, 1=y, 1-z [b] x, —1+y, z [k] 1-x, 1=y, —z [m] —1+x, —1+y, z
[f1-1+x,y,z[n] =X, 1-y, 1-z

Figure 1.11. Interactions between 1a and BF, in the crystals of (a) 1a BF4 - CH,Cl, (ref. [*'))
and (b) 1la BF; - CHCI; (this work). All contacts with d (H-+X") < 2.90 A are shown as
bonds. For C—-H:--X" bond lenghts and angles, see Table 1.9.

The crystal structure of 1a BF4~ with cocrystallized CH,Cl, has previously been reported.*'!
Figures 1.11a and b compare the structures of 1a BF, with cocrystallized CH,CL™*" and
cocrystallized CHCls, respectively. Both structures resemble that of 1a C1™ (Fig. 1.10), except
that some of the hydrogen bonds are bifurcated towards two of the BF4 anions’ fluorine
atoms (Fig. 1.11 and Table 1.9). On each side of the benzyl moiety, there are strong
interactions between the anion and the C(a)-H (H1/H2 in Fig. 1.11a; HI9A/H19B in
Fig. 1.11b) and one p-PPh; proton (H10/H19 in Fig. 1.11a; HI8/H8 in Fig. 1.11b). The larger
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size of the BF4 anion and a slight rotation of the benzyl group’s phenyl ring allow for an
additional contact between one o-CPh proton and one of the BF4 anions, as shown on the left
side in Figures 1.11a (H5) and 1.11b (H21). The second BF, anion (shown on the right side)
cannot undergo such an interaction, because the phenyl ring of the benzyl moiety is already
twisted in the wrong direction. Instead, this anion forms strong hydrogen bonds to a solvent
molecule. In the case of 1a BF4 - CH,Cl; there is also a contact between an o-PPhs proton
and a chlorine atom of CH,Cl, (Fig. 1.11a), but this interaction is rather weak (H20---CI1
distance 2.84 A, C22-H20--Cl1 angle 135°).

The tetraphenylborate salts. Like 2a BPhy, 1a BPhs crystallizes as very long fine needles
and we could not obtain suitable material for X-ray structure analyses. We could, however,
crystallize (p-CF3-C6H4)CH2—PPh3+ BPhs (1b BPhs) as platelets from CH,CIL/Et,0; its

crystal structure is shown in Figure 1.12. The CF; group is disordered.

disordered
CF, [d] Symmetry code: 0.5+x, 0.5-y, 0.5+z.

Figure 1.12. Interactions between 1b and two BPhs anions in crystals of 1b BPhs . The
dashed lines indicate the distances between the a-protons and the centers of the phenyl
groups. For C—H---X" bond lenghts and angles, see Table 1.9.

Both C(a)—H bonds (C1-H1A and C1-H1B) point towards phenyl rings of the BPh; anions.
The nature of these C—H-- 7 contacts can be characterized by the distances between the H (or
C) atoms and the centers of the phenyl rings, as well as the angles between the C—H bonds
and the lines connecting the H atom and the center of the phenyl ring (Table 1.9). One of the
C(a)-H bonds (C1-H1B) points exactly to the center of the phenyl ring of one BPhs anion
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(angle: 180°) (Fig. 1.12), but the distance to the center of the phenyl ring is relatively large
(3.40 A). The second C(a)-H proton (H1A) forms a much closer contact to a phenyl ring of
another BPh, anion (distance: 2.80 A, sum of C and H van der Waals radii: 2.79 A), but in
this case the projection of the C(a)-H bond does not point exactly at the phenyl ring (angle
142°).

1.3.3 What is the Nature of the “BPh, Effect” in Benzyl Triphenylphosphonium Salts?
NMR data (Table 1.7 and Fig. 1.9), quantum chemical calculations (Table 1.6), and crystal
structures (Figures 1.10, 1.11 and Table 1.9) of the salts 1a,b X with X™ = CI', Br, or BF4
show close similarities to the data for the benzhydryl derivatives and are consistent with the
formation of C—H---X" hydrogen bonds.

The crystallographic data of 1b BPhy (Fig. 1.12) reveal C—H-* x interactions between 1b and
BPh4, where the protons reside above the centers of the phenyl rings. Unlike the typical CH/x
interaction, which is mainly based on dispersion interactions,*” the interaction between 1b
and BPhs can be expected to have a strong electrostatic component due to the high acidity of
the C—H bond and the negative charge on the phenyl rings of the BPhy anion. This notion is
supported by the strong directionality of the CI-H1B---Ph interaction, since the electrostatic

421 Hence, the

interaction is the main source of directionality in CH/z interactions.
C(a)-H-Ph interactions in 1b BPhs can be viewed as hydrogen bonds in which a phenyl
ring of the tetraphenylborate anion acts as the hydrogen bond acceptor.**! Similar
C(a)-H--Ph hydrogen bonds have also been reported in the crystal structure of choline
tetraphenylborate, MesN'—C(a)H,~CH,OH BPh, (H--Ph distances 2.42 A and 2.38 A,
C—H---Ph angles 168° and 159°).[*"]

A similar interaction between cation and anion in CD,Cl, solution can explain the upfield
shift of the C(e)-H resonances of 1a,b BPh, ™ in the "H-NMR spectra (Fig. 1.9): The resulting

t*) over-compensates any small downfield shift in the "H-NMR spectrum

ring current effec
that may be expected due to the formation of a weak hydrogen bond.

We also had a closer look at the NMR data of the BPhs anions in concentrated solutions of
1la,b BPh; in CD,Cl,. However, the ”B-, 'H- and *C-NMR signals of the BPhs anion in the
phosphonium salts 1a,b BPhs in CD,Cl, do not differ significantly from those of the free
BPhy ions or those of 2a BPhs which does not show any “BPhs effect” (Table 1.S.6 in

Section 1.S.1).
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1.4. Infrared Spectra

An investigation of hydrogen bonding is incomplete without a look at the C—H stretching
bands in the infrared spectra, which usually show a characteristic red-shift compared to the
free C—H bonds. Figure 1.13 shows the appropriate regions of the IR spectra of different
phosphonium salts in CD,Cl, solution, which were acquired under conditions where the

phosphonium salts are mostly paired (3 x 107 M solutions).

The red-shifted C(«)-H stretch vibrations (17 ~ 2831 and 2791 cm™) in the benzhydryl
triphenylphosphonium halides 2a CI” and 2a Br are clearly visible (Fig. 1.13a), while the
intensities of the aliphatic C-H stretching bands in the other benzhydryl
triphenylphosphonium salts 2a X~ with X° = BF4, SbF¢, and BPhs, are very low
(Fig. 1.13a). These bands can be better discerned in the IR spectra of the benzyl
triphenylphosphonium salts 1a X (Fig. 1.13b) and 1b X" (Fig. 1.13c). For the halides, we

again observe pronounced red-shifts of the C(a)-H stretching bands (17 ~ 2852 and
2778 cm™).

Interestingly, the C(a)—H bands of the tetrafluoroborates 1a,b BF4~ (; ~2963 and 2921 cm™)

in Figures 1.13b and 1.13c are located at higher wave numbers (i. e., blue-shifted) and have

lower intensities than those of the corresponding tetraphenylborates 1a,b BPhy (; ~ 2936
and 2900 cm™), although the dissociation constants Kp indicate stronger interactions of the
phosphonium ions with the BF4  anions than with the BPhs anions (Table 1.8). This may
indicate the existence of so-called blue-shifting hydrogen bonds between the phosphonium
ions and the tetrafluoroborate anions.

Blue-shifting hydrogen bonds show stretching vibrations at higher wave numbers, often

145461 which is the opposite behavior of

accompanied by reduced intensities of the IR bands,
normal hydrogen bonds.”™ The nature of blue-shifting hydrogen bonds has been discussed
controversially,***! but now there seems to be a general agreement that there is no
fundamental difference between blue-shifting and normal red-shifting hydrogen bonds.[*”!

According to Joseph and Jemmis,*®! there are two opposing effects, when the hydrogen bond
acceptor X approaches the C—H proton. On the one hand, there is an attractive interaction
between the positive H and the negative X, which lengthens the C—H bond and reduces the

force constant. On the other hand, the presence of X induces a greater polarization of the
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Figure 1.13. IR spectra of 3 x 10 M solutions of (a) 2a X (vertical offset for visibility),
(b)la X, or (c) 1b X with X” = CI, Br, BF4, SbFs , or BPhs in CD,Cl,.
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C-H bond, because it compensates the resulting positive charge at H. As a result, the C—H
bond is contracted and the force constant increases. If the former effect dominates, a classical
red-shifting hydrogen bond is the result. If the latter dominates, a blue-shift of the frequency
of the C—H stretch mode is observed."*"!

Compared to classical hydrogen bond donors such as O—H or N-H, the C—H bond is longer
and less polar. An approach of the hydrogen bond acceptor X will thus lead to a considerable
polarization of the C—H bond, and the experimental 'H- and ?C-NMR chemical shifts for the
respective atoms in 2a X (Table 1.1) and la X (Table 1.7) seem to support this
interpretation (see above). Whether the increased polarization causes a contraction of the C—H
bond and a blue shift of its IR stretching band, depends on the relative importance of the
compensating attractive interaction between H and X . Increasing interaction energy between
hydrogen bond donor and acceptor initially causes a blue shift (at relatively long equilibrium
distances between H and X"), which then decreases again and changes into a red shift as the
equilibrium distance between H and X~ becomes shorter.[*) For strong acceptors such as CI”
or Br, the attraction between H and Cl clearly dominates and we observe the classical red-
shifting hydrogen bonds (Fig. 1.13). The hydrogen bond acceptor BF4; seems to be of an
intermediate strength, where we observe a blue shift with the C—H hydrogen bond donors 1la
and 1b in CD,Cl, solution (Fig. 1.13b and c).

An alternative explanation would be that the blue-shifting hydrogen bonds in the
tetrafluoroborate ion pairs 1a,b BF, result from the fact that these are bifurcated hydrogen
bonds. This interpretation is suggested by a theoretical study of linear and bifurcated
hydrogen bonds between the proton donors H,CZ (Z = O, S, Se) or H,CZ, (Z =F, Cl, Br) and
the halide ions Cl" and Br, which found that all linear hydrogen bonds in the investigated
systems were red-shifting, while all bifurcated hydrogen bonds were blue-shifting.[48]

It would be interesting to compare the IR bands of 1a,b BF, ion pairs with those of the free
ions laand 1b in CD,Cl, solution. Unfortunately, the IR spectra cannot be determined at such
low concentrations where 1a and 1b are mostly unpaired, and quantum chemical calculations
of the IR bands of such large molecules are beyond the scope of this work, since reliable
calculations require the explicit inclusion of at least two solvent shells.

As both the NMR and X-ray data indicated hydrogen bonding between the counter-anions and
aryl protons (see above), it is also interesting to compare the aromatic C—H stretching
vibrations. Indeed, the C(aryl)-H stretching bands of the BF4 salts are found above
3000 cm™', while those of the halides extend further into the red to well below 3000 cm™
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(Figures 1.13 a-c). The IR spectra thus provide further evidence for C(aryl)-H--X" hydrogen
bonds in CD,Cl; solutions of the phosphonium halides.

1.5 Conclusion

The remarkably large counterion-induced shifts in the '"H-NMR spectra of the phosphonium
ion Ph,CH-PPh;" (2a) (e. g., C(a)-H signals of 2a CI: 8.25 ppm; 2a BPh, : 5.72 ppm in
CD,Cl,) have previously been attributed mainly to the shielding by the ring current effect of
the BPhs~ anions.”’! In contrast, we have now demonstrated that the "H-.NMR spectrum of the
phosphonium ion 2a is not affected by BPh,s anions at all, and that the formation of ion pairs
of 2a with Cl™ anions or other hydrogen bond acceptors is responsible for the large downfield
shifts of the C(a)—H signals of 2a in CD,Cl, relative to that of the unpaired cation (Fig. 1.1).
Even weakly coordinating anions such as SbF¢ or BF, induce a noticeable downfield shift of
+0.2 to +0.4 ppm. In sterically less congested systems such as PhACH,~PPh;" (1a), the BPhy
anion does induce a noticeable upfield shift, but the absolute magnitude of the effect remains
second to the deshielding effect of of CI" or Br anions (Fig. 1.9).

The counterion-induced NMR shifts in quaternary phosphonium salts are caused by the
formation of charge-assisted C—H--X" hydrogen bonds between the anion and the C(a)-H
protons of the cation. The o-PPh; and o-CPh protons are likewise involved in such C-H---X"
hydrogen bonds. The strengths of the hydrogen bonds increase in the order BPhy < SbF¢ <
BF, < Br < CI" and also increase with increasing C—H-acidities of the donor groups.
A C—H-- 7 hydrogen bond between the C(a)-H and the BPhs anion has also been observed in
the crystal structure of 1b BPh,, and the NMR spectra indicate that a similar interaction is
also relevant in dichloromethane solution. Ion pairing thus plays an important role in solutions
of phosphonium salts even when weakly coordinating anions such as BF, and SbFs are
employed in solvents such as CH,Cl, or CHCls. Stronger hydrogen bond acceptors such as
CI" or Br also form ion pairs with the phosphonium ions in more polar solvents such as
CH;CN.

Similar C—H---X" hydrogen bonds probably also play a major role in solutions of other onium
salts, as demonstrated by the large number of examples for the “BPhs effect” in

[9,10] [14 [ [15]

. . g . 11 Cge . 13 . . 12
phosphonium, ammonium, ]amhmum,[ ]pyrldlmum, ]sulfomum, arsomum,[ Tand

stibonium!'?! salts, which were collected by Schiemenz and coworkers. Indeed, the crystal
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(43¢l show  similar

structures reported for tetraarylborate salts of other onium ions
cation — anion interactions as described for 1b BPh, in this work (Fig. 1.12). However, if the
conclusions drawn for the benzyl triphenylphosphonium salts 1a,b X in this work are also
applicable to these other onium salts, the strongest anion effect has to be expected for the
“ordinary” halide salts and not the BPhs salts. The fact that red-shifts of the C(a)-H
IR stretching bands in CHCl; solution were reported even for alky! triphenylphosphonium
halides!” illustrates that hydrogen bonding also plays a role for substrates of lower C—H
acidity.

In any case, the counter-anions and the structural features of the ion pairs play a decisive role
for the spectroscopic characteristics and reactivities of onium salts in solution. For example,
the photochemistry of quaternary phosphonium salts cannot be understood without
considering the nature of the anion and the concentration of the salt."”) In the course of this
work, we have encountered many of the concepts that were controversially debated in the
field of hydrogen bonding during the last decades: hydrogen bonds involving C—H donors,
bi- and multi-furcated hydrogen bonds, “aromatic” hydrogen bonds with phenyl groups as
acceptors, and “improper” blue-shifting hydrogen bonds. It seems that these are widespread

phenomena which should be considered when dealing with solutions of onium salts.
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[S14] The small amounts of impurities are unproblematic for the photogeneration of
benzhydryl cations from this precursor. Further purification of this compound was

therefore considered unnecessary.
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1.S Supplementary Data and Experimental Section

1.S.1 Supplementary Tablesand Figures

Table 1.S.1. Concentration-dependent 'H-NMR chemical shifts & (600 MHz) for the
C(a)-H protons of Ph,CH-PPh;" ions (2a) with different counterions X in CD3;CN.

salt [2aX]/M & /ppm salt [2aX7]/M & /ppm
2aBPh, 1.74x10°  6.27 2aBr  2.57x10° 628
1.03x10*  6.27 508 x10°  6.28
1.76 x 10°  6.27 9.97 x 10°  6.29
1.09 x 107 6.27 432x10* 632
2.79 x 107 6.27 1.05x10°  6.38
259 x10°  6.50
2aSbFs 1.07 x 107 6.27 6.50 x 10°  6.69
8.99 x 10°  6.77
2aBF, 1.01x102 6.28 2.27 x 10 not soluble

2aCl”  381x10° 6.74
755%x10°  6.96
1.03x 102  7.08

68 I y=03363x+6.3004 O
R? = 0.8642
6.6
£ 64 |
o y = -0.1487x + 6.2593
& +
6.2 | R? = 0.5818
6.0 |
y = -0.1311x + 6.1062
i R? = 0.7885
5.8 1 1 1 1 1 ]
-1 0 B 1 2
Yo

Figure 1.S.1. Hammett plot of "H-NMR chemical shifts & for the C(e)—H protons of 2(a,d-t)
BF4; in CD,Cl; (0), as well as substituted benzhydryl chlorides (x) and benzhydryl bromides
(+) in CDCl; (data from refs. ©°'°% and this work) versus the sums of the o~ parameters of
their substituents.
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Table 1.S.2. Selected NMR data for benzhydryl triarylphosphonium salts in CD,Cl, solution.
The spectra were recorded under conditions where the phosphonium salts exist as ion pairs.

"PAr,
N A P'-C(a)-H IBF, @
L (@) 4
R? R2
1 2 ou/ ppm oc/ ppm Ok / ppm
salt RER PAG  Cpp/Hy)  (Jep/Hz) BTPPM (1))
2a Br H H PPh; 8.10 (18.0) 45.9(423) 22.1 -
3a Br H H  P4-Cl-C¢H,); 8.49(18.3) 455(412)  21.8 -
2a BF, H H PPh; 6.23 (174) 49.6(43.9) 21.8 -152.0(1.2)
3a BF, H H P@A-Cl-C¢Hy); 6.50(17.6) 48.6(42.8) 21.7 —151.0(1.4)
2r BE, mm’-F, m-F PPh; 6.61(17.6) 47.1(45.6) 225 —150.8(1.3)

3r BF, mm-F, m-F P@-CL-CHy); 6.76(17.7) 46.6(454) 224  —150.1(1.3)

2t BF, mm’-F, mm’-F,  PPh, 6.68 (17.6) 46.6(462) 22.6 —150.4(1.3)
3t BF, mm’-F, mm’-F, P(4-Cl-CgH,); 7.16(18.4) 442(459) 224  —1483 ()

“ Isotopomer signal for '°BF,” downfield by A8 < +0.1 ppm. ” Not resolved.

Table 1.S.3. "H-NMR chemical shifts & for the a-protons of selected phosphonium salts (ion
pairs) with different counter-anions X in CD,Cl, and CDCl; solution.

phosphonium salt solvent X AG* o ref.
/ kJ mol! / ppm (3Jyp / Hz)
PhCH,-PPh;' (1a) CDCl;  ClI 42.1 5.59 (14.4)° (531
Br 31.3 5.44 (14.6)° (53]
I 16.8 5.08 (13.5) 7
Clos 2 4.65 (15) (541
BF, (~0)? 4.67 (14.2) (53]
BPh, -32.8 3.91 [56]
CD,Cl, CI' 42.1 5.47 (14.7) ¢
BF, (~0)? 4.56 (14.1) ¢
BPh, -32.8 3.93 (13.8) ¢
PhCH(CH;)-PPh;" CDCl;  Br 31.3 ~6.85 (571
I 16.8 6.14 (58]
BE, (~0)? 5.27 (14.4) (59
Ph,CH-PPh;" (2a) CD,Cl, CI 42.1 8.50 (18.3) ¢
Br 313 8.10 (18.0) ¢
BF, (~0)? 6.23 (17.4) ¢
SbFs £ 5.98 (17.2) ¢
BPh, -32.8 572 (17.1) ¢
dfp(mfp)CH-P(p-CI-C¢H,);" (3r)  CD,Cl,  Br 313 8.91 (18.3) ¢
dfp = 3,5-F,-C¢Hs BE, (~0)? 6.76 (17.7) ¢
mfp = 3-F-C¢H, SbF,~ g 6.22 (17.3) ¢

“ Single free ion energies of transfer AG? (25 °C) for the transfer of the anions X from H,O to CH3CN; from
ref.2Y P Ref " lists & = 5.29 and “Jyyp =14.25. € Ref. lists &; = 5.19 and “Jyp =14.25. “ For BF,, AG = 0 was
estimated.”*” ¢ This work. / Determined graphically from published spectrum. £ Not available.
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Table 1.S.4. Concentration-dependent "H-NMR chemical shifts & (600 MHz, CD,Cl,) for
the C(a)-H protons of PhACH,~PPh;" ions (1a) and estimated dissociation constants Kp (M)
for 1a X salts with different counterions X .

Salt [1a Xi] &-{ xpaired, expa KD b xpaired, calcc
/M / ppm /M

1laBPh, 1.75x10° 432 0.11 0.06
8.11 x10° 4.26 0.25 0.20
892x10% 411 059 25x10% (0.59)
2.09x102 3.97 0.91 0.90

588 x 102 3.93 1.00 0.94

1laBF, 2.08x10° 439 0.11 0.15
1.53x 10" 445 042 (1x10% (0.42)

1.68 x 107  4.52 0.79 0.78

2.83 %102 4.6 1.00 0.94

633 x 102 4.56 1.00 0.96

laCll 437x10° 4.71 031 6.8x10° (0.31)
1.50 x 10 5.21 0.76 0.52
1.65%x10° 540  0.94 0.82

2.10x 102 5.45 0.98 0.94

6.14 x 107  5.47 1.00 0.97

“ Assuming &y, ynpaired = 4.37 ppm. » Estimate of K}, derived from the data for phosphonium salt concentrations
WheETe Xpaireq, exp = 0.5. ¢ Calculated using Kp from this table.

Table 1.S.5. Concentration-dependent 'H-NMR chemical shifts & (600 MHz, CD,Cl,) for
the C(a)-H protons of (p-F;C-CsHs)CH,—PPh;™ ions (1b) and estimated dissociation
constants Kp (M) for 1b X salts with different counterions X .

salt [1b Xi] &-I Xpaired, expa KDb Xpaired, calcc
/M / ppm /M

1b BPh, 1.97 x 10° 431 0.17 0.13
144 x 10*  4.11 042 11x10% (0.42)
1.98x10° 3.84  0.77 0.79
1.67x 102  3.71 0.94 0.92
497 x 107 3.66 1.00 0.95

1bBF, 1.85x10° 4.49 0.18 0.21
1.70x10* 460 057 (5x10° (0.57)
1.87 x 103 4.68 0.86 0.84
3.34x 107 4.71 0.96 0.96
639 x 102 4.72 1.00 0.97

1IbBr 1.99x10° 498 040 0.32
147 x10* 537 064 29x10° (0.64)
1.62x10°  5.53 0.81 0.87
3.26x 102 5.72 0.96 0.97
587 %102  5.78 1.00 0.98

¢ Assuming Oy, unpaired = 4.44 ppm. b Estimate of K derived from the data for phosphonium salt concentrations
where Xpaired, exp = 0.5. © Calculated using Ky, from this table. d Superimposed with solvent signal.
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Table 1.5.6. ''B-NMR (128 MHz), "H-NMR (400 MHz) and >*C-NMR (100 MHz) data for
the BPhy anion in the phosphonium salts 1a,b BPhs; and 2a BPhs in CD,Cl,. The data were
determined at concentrations where the phosphonium salts exist as ion pairs.

B 0-BPhy~ m-BPhy  p-BPhy
salt S /ppm  Su/ppm Su/ppm  Oy/ppm
laBPh, 7.6 7.29-7.33 6.95-6.98 6.83-6.87
1b BPh, 7.6 728732 6.92-6.96 6.82-6.86
2aBPh, 7.6 7.27-7.36° 6.97-7.02 6.82-6.88

“free” BPhy © ¢ 7.29-7.32 7.01-7.04 6.86-6.89
i-BPh,~  0-BPhy, m-BPhy  p-BPhy
oc/ppm  oc/ppm O/ ppm

salt (e Hz) Clep ) Hz) Clog / Hz) %/ PP
wom i
s, G B
wom i fes dn

“ Superimposed with other signals. ” Identical values were determined from 'H-NMR (600 MHz) spectra of
ca. 2 x 10” M solutions of 1a,b BPh, or 2a BPh, in CD,Cl,. At these concentrations, the salts predominantly
exist in the form of the free (unpaired) ions. © Not determined. ¢ Singlet. ¢ Not resolved.

1.S.2 General

NMR measurements. The concentration-dependent 'H-NMR studies were performed with a
Varian 600 MHz NMR spectrometer equipped with a cryoprobe. The other NMR spectra
were recorded with Varian 300 or 400 MHz NMR spectrometers and with a JEOL Eclipse
400 MHz NMR spectrometer.

The 'H- and "C-NMR chemical shifts are given in ppm relative to the deuterated solvent
CDCl; (éyq = 7.240 ppm, o6c = 77.23 ppm), CD,Cl, (éy = 5.320 ppm, oc = 54.00 ppm),
(CD3)2S0 (0 = 2.500 ppm, oc =39.51 ppm), or CD3CN (oy = 1.940 ppm). Signal assignment
was aided by HSQC and HMBC experiments. In order to assign the signals of the “free” ions,
the signal shapes and positions for slightly more diluted samples were compared with the
unambigously assigned signals at high sample concentrations, and this procedure was
repeated until the the signals for the sample with the lowest concentration could be assigned.
The 1JH’C coupling constants were determined from the *C-satellites in the 'H-NMR (600
MHz) spectra.

IR measurements. IR spectra of ~2 x 10? M solutions of the phosphonium salts in CD,Cl,
solution were recorded in a cuvette with KBr windows using a Perkin Elmer Spectrum 1000
infrared spectrometer.

Syntheses and further product characterization. Yields of the syntheses are not optimized.
Mass spectra were recorded with a Thermo Finnigan MAT 95 (EI) or a Thermo Finnigan
LTQ FT (ESI) mass spectrometer. Elemental analyses were performed with an Elementar
vario micro cube (C, H) or a Metrohm 888 Titrando (Br) apparatus; compounds containing Sb
were not analyzed. Melting points were determined with a Biichi Melting Point B-540
apparatus and are uncorrected. The samples for the X-ray structure analyses were crystallized
from CH,Cl,/EtOH or CH,Cl,/Et,0 allowing for very slow evaporation of the solvent.
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1.S.3 Synthetic procedures

1.5.3.1 General proceduresfor benzhydryl triarylphosphonium salts (2 X™ and 3 X")

General procedure A — Triphenylphosphonium tetrafluoroborates (Ar,CH-PPh;" BF,; 2
BF4"). Triphenylphosphine and 8.0 M aqueous HBF, (1.0 eqiv.) were heated to 120 °C for 30
min or, alternatively, isolated HPPh; 'BF, was employed. The substituted benzhydrol (4, 1.0
eqiv.) was added and the mixture was heated to 120-160 °C for 10-120 min. The obtained
solid was recrystallized from CH,Cl,/EtOH or CH,Cl,/Et,O, yielding 42-90% of the
phosphonium tetrafluoroborates.

product conditions recrystallized from yield”
2aBF, 145°C/ 1 hr CH,Cl,/EtOH 64%
2¢ BF, 120°C /1 hr CH,Cl/Et,0 83%
2d BF, 140°C /1 hr CH,Cl,/EtOH 74%
2e BF, 145 °C /2 hrs CH,Cl,/EtOH 81%”
2f BF, 120 °C / 30 min CH,Cl,/EtOH 59%"
29 BF4 145°C /1 hr CH,CIl,/EtOH 73%
2h BF, 145°C /1 hr CH,Cl,/EtOH 73%
2i BF, 145°C /1 hr CH,CIl,/EtOH 7%
2j BF, 145°C/ 1 hr CH,Cl,/EtOH 90%”
2k BF, 145°C/ 1 hr CH,CIl,/EtOH 73%
2 BE, 145°C/ 1 hr CH,Cl,/EtOH 66%
2n BF, 145°C/ 1 hr CH,CIl,/EtOH 86%
20 BF, 145°C/ 1 hr CH,Cl,/EtOH 71%
2sBF, 160 °C /1 hr CH,Cl,/EtOH 51%

“ Not optimized. ” Containing small amounts of impurities.

General procedure B — Triarylphosphonium bromides (Ar,CH-PAr;" Br; 2 Br and 3 Br).
The benzhydryl bromide (5) and the phosphine (1.0 equiv.) were heated to 150-180 °C for
0.25-5.5 hrs. The obtained solid was recrystallized from CH,Cl,/EtOH or CH,Cl,/Et,0,
yielding 49-77% of the phosphonium bromides.

product conditions recrystallized from yield”
3aBr 175°C /5.5 hrs CH,CL/Et,O 77%
3sBr_ 170 °C /2 hrs CH,CL/EtOH 51%

“ Not optimized.
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General procedure C — Tris(4-chlorophenyl)phosphonium tetrafluoroborates (Ar,CH—
P(p-Cl-C¢H,);" BF,; 3 BF;). The phosphonium bromide 3 Br was dissolved in CH,Cl, and
repeatedly treated with a 5% aqueous NaBF, solution. After drying and removal of the
solvent, the obtained solid was typically recrystallized from CH,Cl,/EtOH, yielding 39-99%
of the phosphonium tetrafluoroborates.

product yield”
3aBF, 99%

“ Not optimized.

General procedure D — Triarylphosphonium hexafluoroantimonates (Ar,CH-PAr;" SbFs ;
2 SbF¢ and 3 SbF¢ ). The phosphonium bromide 2 Br™ or 3 Br was dissolved in CH»Cl, and
a solution of AgSbFe (1.0-1.1 equiv.) in CH3CN was added. The silver bromide was filtered
off and the solvent was removed in vacuo. The residue was dissolved in CH,Cl, and EtOH
was added. Slow evaporation of the CH,Cl, yielded 57-69 % of the phosphonium
hexafluoroantimonates.

product  yield”
3sSbFs  60%
3t SbFs  69%

“ Not optimized.

Photochemistry of 2 X and 3 X. We have previously tested many of the benzhydryl
triarylphosphonium salts 2 X and 3 X as precursors for the photogeneration of
benzhydrylium ions.!"**") The synthetic procedures in the following will be accompanied by
additional information about the photochemistry of the phosphonium salts:

©  Denotes those benzhydryl triarylphosphonium salts, which are well-suited for the
photolytic generation of benzhydrylium ions.

& Denotes cross references to articles, which describe the behavior of the respective
phosphonium salt upon laser flash irradiation (refs. ["*2%).

As small impurities in the phosphonium salts 2b,ef,j BFs are unproblematic for the

photolytic generation of benzhydryl cations from these salts, further purification of these
precursors was considered unnecessary.
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1.5.3.2 Starting materials

4,4°-Bis(trifluoromethyl)benzhydryl bromide (5S)

Br
2
FsC™ 4 CF3

Analogous to the literature procedure,®*! 4.4’-bis(trifluoromethyl)benzhydrol (4s, 5.12 g,
16.0 mmol) was dissolved in CH,Cl, (40 ml) at 0 °C in a flame-dried flask under nitrogen
atmosphere. A solution of PBr; (1.80 ml, 5.18 g, 19.1 mmol) in CH,Cl, (30 ml) was added
dropwise and the solution was allowed to warm to room temperature and stirred overnight.
Solvent and excess PBr; were removed under reduced pressure and the remainder was
vacuum-distilled to obtain 4.39 g (11.5 mmol, 72%) of a colorless liquid, b.p. 108 °C / 4.2 %
107 mbar.

'H NMR (300 MHz, CDCl;): §6.28 (s, 1 H, CHBr), 7.55 (d, J = 8.3 Hz, 4 H, 2-Ar), 7.62 (d,
Jun = 8.7 Hz, 4 H, 3-Ar);

3C NMR (75 MHz, CDCls): §52.5 (s, CHBr), 124.0 (q, 'Jor = 272.3 Hz, 4-CF3), 126.0 (q,
*Jor = 3.7 Hz, 3-Ar), 129.0 (s, 2-Ar), 130.9 (q, *Jor = 32.7 Hz, 4-Ar), 144.3 (q, *Jer = 1.3 Hz,
1-Ar);

F NMR (282 MHz, CDCl;): 5§-62.8 (s, 4-CF3).

HR-MS (EL positive): Caled m/z for C1sHyo " BrFs": 363.9883, Found: 363.9888.

Elemental analysis: Calcd for C;sHoBrFq: C, 47.02; H, 2.37; Br, 20.86, Found: C, 47.01; H,
2.31; Br, 20.65.

Other starting materials. Triphenylphosphine (Acros, 99%), aqueous HBF4 (~50% in H,O,
purum, Fluka), HBF4-Et,O (BASF, 95-98%), NaBF, (Apollo, 97%), NaBPh4 (Fluka, p.a.),
AgSbFe (Aldrich, 98%) and AgBF4 (Roth, purum, water-free) were obtained commercially.
Tris(4-chlorophenyl)phosphine was purchased (ABCR, 98%) or prepared by a literature
method.'"% Isolated HPPh; 'BF, was obtained as described plreviously.[Sl 1]

1.5.3.3 Benzyl triphenylphosphonium salts (1 X")

Benzyltriphenylphosphonium chloride (1a C1") 2

3@”5%3 cl”
As purchased (Fluka, >99%). !

'H NMR (400 MHz, CD,Cl,): §5.42 (d, “Jip = 14.7 Hz, 2 H, CH,P"), 7.07-7.10 (m, 2 H, 2-
Ar), 7.14-7.18 (m, 2 H, 3-Ar), 7.24-7.29 (m, 1 H, 4-Ar), 7.60-7.66 (m, 6 H, m-PPh3), 7.70-
7.76 (m, 6 H, 0-PPhs), 7.77-7.82 (m, 3 H, p-PPhs);

C NMR (100 MHz, CD,Cl,): 631.2 (d, 'Jep = 46.9 Hz, CH,P"), 118.5 (d, 'Jcp = 85.8 Hz,
i-PPh3), 128.1 (d, *Jcp = 8.5 Hz, 1-Ar), 129.0 (d, *Jcp = 3.9 Hz, 4-Ar), 129.4 (d, “Jep = 3.3
Hz, 3-Ar), 130.6 (d, *Jcp = 12.6 Hz, m-PPhs), 131.9 (d, *Jcp = 5.6 Hz, 2-Ar), 135.0 (d, *Jep =
9.8 Hz, 0-PPhs), 135.5 (d, “Jcp = 3.0 Hz, p-PPh3);

3'P NMR (162 MHz, CD,Cl,): §23.1.

72



Supplementary Data and Experimental Section

Benzyltriphenylphosphonium tetrafluoroborate (1la BF,) 2

3 1 + -
©/\Pph3 BF,
As purchased (Acros, 97%). ¢

'H NMR (400 MHz, CD,Cl,): §4.56 (d, “Jip = 14.1 Hz, 2 H, CH,P"), 6.91-6.94 (m, 2 H, 2-

Ar), 7.20-7.25 (m, 2 H, 3-Ar), 7.31-7.36 (m, 1 H, 4-Ar), 7.48-7.54 (m, 6 H, 0-PPh;), 7.65-

7.71 (m, 6 H, m-PPhs), 7.84-7.88 (m, 3 H, p-PPhs);

C NMR (100 MHz, CD,Cl,): §31.5 (d, 'Jep = 49.0 Hz, CH,P"), 117.6 (d, 'Jcp = 86.1 Hz,

i-PPh3), 127.0 (d, *Jcp = 8.5 Hz, 1-Ar), 129.6 (d, *Jcp = 3.8 Hz, 4-Ar), 129.8 (d, “Jep = 3.2

Hz, 3-Ar), 130.9 (d, *Jcp = 12.6 Hz, m-PPhs), 131.5 (d, *Jep = 5.5 Hz, 2-Ar), 134.6 (d, *Jep =

9.7 Hz, 0-PPhs), 136.1 (d, *Jcp = 3.1 Hz, p-PPhs);

"B NMR (128 MHz, CD,Cl,): 6-2.1;

1(9)1: NMR (376 MHz, CD,Cl,): 6—152.2 (1:1:1:1 quartet, 'Jgg =1.0 Hz, ''BF;), —=152.1 (br s,
BF4);

3'P NMR (162 MHz, CD,Cl,): §22.2.

Benzyltriphenylphosphonium tetraphenylborate (1a BPhy") 2

3 1 + —
©/\PPh3 BPh,
4

A solution of 1a CI" (0.563 g, 1.45 mmol) in CH,Cl, (20 ml) was repeatedly treated with 5%
aqueous NaBPhy solution (3 x 20 ml) and washed with H;O (3 x 20 ml). Removal of the
solent in vacuo and drying under high vacuum yielded 0.800 g (1.19 mmol, 82%) of the
phosphonium salt as colorless solid, m.p. 224-225 °C.

'H NMR (400 MHz, CD,CL): §3.94 (d, “Jiip = 13.8 Hz, 2 H, CH,P"), 6.73-6.76 (m, 2 H, 2-
Ar), 6.83-6.87 (m, 4 H, p-BPhy), 6.95-6.98 (m, 8 H, m-BPhy), 7.21-7.28 (m, 8 H, 3-Ar and o-
PPhs), 7.29-7.33 (m, 8 H, 0-BPhy), 7.34-7.39 (m, 1 H, 4-Ar), 7.57-7.62 (m, 6 H, m-PPhs),
7.79-7.84 (m, 3 H, p-PPhs);

C NMR (100 MHz, CD,CL): 631.7 (d, 'Jep = 49.0 Hz, CH,P"), 117.1 (d, 'Jcp = 86.4 Hz,
i-PPhs), 122.3 (s, p-BPhy), 126.2 (1:1:1:1 quartet, *Jeg = 2.8 Hz, m-BPhy), 126.5 (d, *Jcp =
8.4 Hz, 1-Ar), 129.7 (d, °Jep = 3.8 Hz, 4-Ar), 129.8 (d, *Jep = 3.2 Hz, 3-Ar), 131.0 (d, *Jep =
12.6 Hz, m-PPhs), 131.4 (d, *Jep = 5.4 Hz, 2-Ar), 134.4 (d, “Jcp = 9.7 Hz, 0-PPh3), 136.2 (d,
4JC’P = 3.0 Hz, p-PPh3), 136.5 (1:1:1:1 quartet, 2JC,B = 1.4 Hz, 0-BPhy), 164.6 (1:1:1:1 quartet,
'Je =49.3 Hz, i-BPhy);

"B NMR (128 MHz, CD,Cl,): 6-7.6;

3'P NMR (162 MHz, CD,Cl,): §21.6.

HR-MS (ESI, positive): Calcd m/z for CosHyP': 353.1454, Found: 353.1456.

HR-MS (ESI, negative): Calcd m/z for C4H0B: 319.1664, Found: 319.1661.

Elemental analysis: Calcd for C49H4,BP: C, 87.49; H, 6.29, Found: C, 87.23; H, 6.42.
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4-(Trifluoromethyl)benzyltriphenylphosphonium bromide (1b Br) 2

1 + _
j(jﬁpph3 Br
F,C 4

p-Trifluoromethylbenzyl bromide and triphenylphosphine were reacted according to a
literature procedure.’'

'H NMR (400 MHz, CD,Cl,): §5.78 (d, “Jup = 15.5 Hz, 2 H, CH,P"), 7.36 (m, 4 H, 2-Ar, 3-
Ar), 7.58-7.63 (m, 6 H, m-PPh;), 7.76-7.82 (m, 9 H, 0-PPhs, p-PPhs);

C NMR (100 MHz, CD,Cl,): 630.6 (d, 'Jep = 46.2 Hz, CH,P"), 118.1 (d, 'Jep = 86.1 Hz,
i-PPhs), 124.5 (qm, "Jor = 271.4 Hz, "Jcp not resolved, 4-CFs), 125.9 (m, *Jcr and “Jep not
resolved, 3-Ar), 130.6 (d, 3Jc,p = 12.4 Hz, m-PPhs), ~131 (m, superimposed with m-PPh;
signals, 4-Ar), 132.6 (d, *Jep = 5.2 Hz, 2-Ar), 133.0 (dm, *Jcp = 8.3 Hz, 1-Ar), 135.0 (d, *Jcp
=9.9 Hz, 0-PPh3), 135.6 (m, “Jcp not resolved, p-PPhs);

F NMR (376 MHz, CD,Cl,): § —63.1 (br d, "Jgp = 2.7 Hz, 4-CF5);

*'P NMR (162 MHz, CD,Cl,): §23.7 (q, "Jor = 2.7 Hz).

Elemental analysis: Calcd for C,6H,BrF;P: C, 62.29; H, 4.22, Found: C, 62.11; H, 4.24.

4-(Trifluoromethyl)benzyltriphenylphosphonium tetrafluoroborate 5

(1b BF4) Ij/\PJrPhg BF,
F,C™2

A solution of 1b Br (0.334 g, 0.666 mmol) in CH,Cl, (10 ml) was repeatedly treated with 5%
aqueous NaBF, solution (3 % 7 ml) and washed with H,O (3 x 7 ml). Removal of the solent in
vacuo and drying under high vacuum yielded 0.291 g (0.573 mmol, 86%) of the phosphonium
salt as colorless solid.

'H NMR (400 MHz, CD,Cl,): §4.72 (d, *Jup = 14.7 Hz, 2 H, CH,P"), 7.11 (dd, *Jun = 8.1
Hz, *Jiu = 1.9 Hz, 2-Ar), 7.46 (d, *Jun = 8.1 Hz, 3-Ar), 7.54-7.60 (m, 6 H, 0-PPhs), 7.66-
7.71 (m, 6 H, m-PPhs), 7.83-7.88 (m, 3 H, p-PPh;);

C NMR (100 MHz, CD,Cl,): 630.8 (d, 'Jep = 49.3 Hz, CH,P"), 117.3 (d, 'Jcp = 86.4 Hz,
i-PPhs), 124.3 (qm, "Jor = 271.4 Hz, "Jcp not resolved, 4-CFs), 126.5 (m, *Jcr and “Jcp not
resolved, 3-Ar), 131.0 (d, 3Jc,p = 12.7 Hz, m-PPhs), ~131 (m, superimposed with m-PPh;
signals, 4-Ar), 131.9 (dm, “Jcp = 8.6 Hz, 1-Ar), 132.1 (d, *Jep = 5.3 Hz, 2-Ar), 134.6 (d, *Jcp
= 9.8 Hz, 0-PPh3), 136.1 (d, *Jcp = 3.0 Hz, p-PPh3);

"B NMR (128 MHz, CD,CL,): 6-2.0;

PF NMR (376 MHz, CD,Cl,): §—-151.5 (m, ''BF4), —151.5 (m, '’BE;"), —63.2 (m);

3P NMR (162 MHz, CD,CL,): §22.8 (m).

HR-MS (ESI, positive): Caled m/z for Co¢Ha F3P™: 421.1327, Found: 421.1324.

Elemental analysis: Calcd for Co¢H, BF4P: C, 61.45; H, 4.16, Found: C, 61.11; H, 4.21.
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4-(Trifluoromethyl)benzyltriphenylphosphonium tetraphenylborate )

(1b BPhy) iEj/\PJrPhe. BPh,
FaC 4

A solution of 1b Br (0.271 g, 0.541 mmol) in CH,Cl, (15 ml) was repeatedly treated with 5%
aqueous NaBPhy solution (3 x 10 ml) and washed with HO (3 x 10 ml). Removal of the
solent in vacuo and drying under high vacuum yielded 0.265 g (0.358 mmol, 66%) of the
phosphonium salt as colorless solid, m.p. 200-203 °C.

'H NMR (400 MHz, CD,Cl,): 63.66 (d, “Jup = 14.2 Hz, 2 H, CH,P"), 7.75 (dd, *Jin = 8.0
Hz, *Jun = 1.6 Hz, 2-Ar), 6.82-6.86 (m, 4 H, p-BPhy), 6.92-6.96 (m, 8 H, m-BPhy), 7.19-7.24
(m, 6 H, 0-PPhs), 7.28-7.32 (m, 8 H, 0-BPhy), 7.45 (d, *Juu = 8.0 Hz, 3-Ar), 7.57-7.62 (m, 6
H, m-PPhs), 7.80-7.85 (m, 3 H, p-PPh3);

C NMR (100 MHz, CD,Cl,): §30.9 (d, 'Jep = 48.5 Hz, CH,P"), 116.7 (d, 'Jep = 85.3 Hz,
i-PPh3), 122.4 (s, p-BPhy), 124.3 (qm, 'Jcr = 271.7 Hz, "Jcp not resolved, 4-CF3), 126.3 (m,
3J(;,B not resolved, m-BPhy), 126.5 (m, 3JC,F and 4JC,P not resolved, 3-Ar), 131.1 (d, 3J(;,p =
12.6 Hz, m-PPh;), ~131 (m, superimposed with m-PPh;, 1-Ar), ~131 (m, superimposed with
other 131-132 ppm signals, 4-Ar), 132.0 (d, SJC,P = 5.2 Hz, 2-Ar), 134.3 (d, 2JC,P = 9.8 Hz, o-
PPh3), 136.3 (m, 4J(;p not resolved, p-PPhs), 136.6 (br s, 2JC7B not resolved, 0-BPhy), 164.5
(1:1:1:1 quartet, lJC,B =49.0 Hz, i-BPhy);

"B NMR (128 MHz, CD,Cl,): 6-7.6;

F NMR (376 MHz, CD,Cl,): § —63.2 (br d, "Jgp = 2.5 Hz, 4-CF5);

3'P NMR (162 MHz, CD,Cl,): §21.8 (q, "Jor = 2.5 Hz).

HR-MS (ESI, positive): Caled m/z for Ca¢Ha F3P': 421.1327, Found: 421.1326.

HR-MS (ESI, negative): Calcd m/z for Co4H0B™: 319.1664, Found: 319.1664.

Elemental analysis: Calcd for CsoH4BF;P: C, 81.08; H, 5.58, Found: C, 80.97; H, 5.46.

1.5.3.4 Benzhydryl triarylphosphonium salts (2 X~ and 3 X")
1.5.3.4.1 Benzhydryl triphenylphosphonium salts (2a X")

Benzhydryltriphenylphosphonium chloride (2a CI") “oph. Gl
3

2
SRS
4

Triphenylphosphine (2.10 g, 8.01 mmol) and 37% aqueous HCI (1.54 g, 15.2 mmol) were
heated to 120 °C for 30 min. Benzhydrol (1.47 g, 7.98 mmol) was added and the mixture was
heated to 145 °C for 1 hr. The obtained solid was recrystallized from 35 ml CH,Cl,/Et,0 (6:1
v/v), washed with Et,O and dried, yielding 2.13 g (4.58 mmol, 57%) of a colorless solid with
m.p. 255-256 °C (CH,CL/Et,0).

'H NMR (400 MHz, CD,Cl,): §7.20-7.30 (m, 6 H, 3-Ar and 4-Ar), 7.55-7.60 (m, 10 H, 2-Ar
and m-PPhs), 7.72-7.77 (m, 3 H, p-PPhs), 7.79-7.84 (m, 6 H, 0-PPhs), 8.25 (d, “Jiyp = 18.3 Hz,
1 H, CHP");

E12-PPh;" CI” in ref.["”!
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BC NMR (100 MHz, CD,Cl,): §45.3 (d, 'Jep = 41.8 Hz, CHP"), 119.2 (d, 'Jcp = 82.3 Hz,
i-PPhs), 129.0 (d, *Jep = 2.7 Hz, 4-Ar), 129.4 (d, *Jep = 1.5 Hz, 3-Ar), 130.3 (d, *Jep = 12.3
Hz, m-PPhs), 131.7 (d, *Jep = 6.9 Hz, 2-Ar), 134.3 (d, *Jep = 4.0 Hz, 1-Ar), 135.2 (d, *Jep =
3.1 Hz, p-PPhs), 135.7 (d, Jep = 9.2 Hz, 0-PPhs);

*'P NMR (162 MHz, CD,Cl,): §22.1.

HR-MS (ESI, positive): Calcd m/z for C31Ha6P™: 429.1767, Found: 429.1765.

Elemental analysis: Calcd for C3;Hy6CIP: C, 80.08; H, 5.64, Found: C, 79.85; H, 5.66.

Benzhydryltriphenylphosphonium tetrafluoroborate (2a BFy4) *oph. BE.
3 4

2
é precursor for Ph,CH” 3N
E12-PPh;" BF, in ref, ') 4 O O

& E25-PPhy’ BF, inref

Benzhydryltriphenylphosphonium tetrafluoroborate (2a BF4). Triphenylphosphine (2.10 g,

8.01 mmol) and 8.0 M aqueous HBF, (1.00 ml, 8.00 mmol) were heated to 120 °C for 30 min.

Benzhydrol (1.47 g, 7.98 mmol) was added and the mixture was heated to 145 °C for 1 hr.

The obtained solid was dissolved in hot CH,Cl, (100 ml) and EtOH (150 ml) was added.

Colorless crystals formed after slow evaporation of the CH,Cl, and were filtered off, washed

with EtOH and dried, yielding 2.62 g (5.07 mmol, 64%) of a colorless solid with m.p. 303-

304 °C (CH,CL/EtOH).

'H NMR (400 MHz, CD,Cl,): 6 6.23 (d, Jup = 17.4 Hz, 1 H, CHP"), 7.19-7.22 (m, 4 H, 2-

Ar), 7.28-7.33 (m, 4 H, 3-Ar), 7.35-7.40 (m, 2 H, 4-Ar), 7.43-7.49 (m, 6 H, 0-PPh;), 7.59-

7.65 (m, 6 H, m-PPhjs), 7.81-7.85 (m, 3 H, p-PPh;);

C NMR (100 MHz, CD-CL): §49.6 (d, 'Jep = 43.9 Hz, CHP"), 118.3 (d, 'Jcp = 82.5 Hz,

i-PPhs), 129.9 (d, *Jcp = 2.6 Hz, 4-Ar), 130.0 (d, *Jep = 1.7 Hz, 3-Ar), 130.8 (d, *Jep = 12.4

Hz, m-PPhs), 131.1 (d, *Jep = 6.6 Hz, 2-Ar), 132.9 (d, *Jep = 4.1 Hz, 1-Ar), 135.3 (d, Jep =

9.1 Hz, 0-PPhs), 135.9 (d, *Jcp = 3.1 Hz, p-PPhs);

"B NMR (128 MHz, CD,Cl,): 6-2.0;

iF NMR (376 MHz, CD,CL,): & —152.0 (1:1:1:1 quartet, 'Jz5 =1.2 Hz, "'BF, "), —=151.9 (br s,
BF4);

3P NMR (162 MHz, CD,Cl,): 521.8.

HR-MS (ESI, positive): Caled m/z for C31Ha6P™: 429.1767, Found: 429.1769.

Elemental analysis: Calcd for C3;Hy6BF4P: C, 72.11; H, 5.08, Found: C, 72.29; H, 5.02.

Alternative synthesis of 2a BF, by anion metathesis using AgBF,. A solution of AgBF,4(0.20
g, 1.0 mmol) in anhydrous CH3CN (7 ml) was added dropwise to a solution of 2a Br (0.47 g,
0.92 mmol) in CH,Cl, (7 ml). After stirring for 30 minutes, the solution was decanted from
the precipitated AgBr and the solvent was removed under reduced pressure. The obtained
solid was dissolved in hot CH,Cl, (14 ml) and EtOH (10 ml) was added. Colorless crystals
formed after slow evaporation of the CH,Cl, and were filtered off, washed with EtOH and
dried, yielding 0.43 g (0.83 mmol, 90%) of a colorless solid. Spectroscopic data: see above.
Elemental analysis: Calcd for C3;Hy6BF4P: C, 72.11; H, 5.08, Found: C, 72.04; H, 5.05.
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Benzhydryltriphenylphosphonium tetraphenylborate (2a BPhy ) N
3 4

2
4

A solution of 2a Br (0.56 g, 1.1 mmol) in CH,Cl, (20 ml) was repeatedly treated with 5%
aqueous NaBPhy solution (6 x 20 ml) and washed with H;O (3 x 20 ml). Removal of the
solent in vacuo and drying under high vacuum yielded 0.59 g (0.79 mmol, 71%) of the
phosphonium salt as colorless needles with m.p. 190-191 °C.

'H NMR (400 MHz, CD,Cly): §5.72 (d, “Jup = 17.1 Hz, 1 H, CHP"), 6.82-6.88 (m, 4 H,
p-BPhy), 6.97-7.02 (m, 8 H, m-BPhy), 7.05-7.10 (m, 4 H, 2-Ar), 7.27-7.36 (m, 18 H, 3-Ar, o-
PPh; and 0-BPhy), 7.39-7.47 (m, 2 H, 4-Ar), 7.55-7.62 (m, 6 H, m-PPhs), 7.79-7.86 (m, 3 H,
p-PPhs);

C NMR (100 MHz, CD,Cl,): §51.3 (d, 'Jep = 44.3 Hz, CHP"), 117.9 (d, 'Jcp = 82.6 Hz,
i-PPh3), 122.3 (s, p-BPhy), 126.2 (1:1:1:1 quartet, *Jog = 2.8 Hz, m-BPhy), 130.25 (d, *Jcp =
1.7 Hz, 3-Ar), 130.32 (d, °Jep = 2.5 Hz, 4-Ar), 130.8 (d, *Jep = 6.6 Hz, 2-Ar), 131.0 (d, *Jep
= 12.2 Hz, m-PPhs), 132.3 (d, *Jcp = 4.2 Hz, 1-Ar), 135.2 (d, *Jcp = 9.1 Hz, 0-PPh3), 136.3
(d, *Jep = 3.1 Hz, p-PPhs), 136.5 (1:1:1:1 quartet, 2Jcs = 1.4 Hz, 0-BPhy), ~165 (1:1:1:1
quartet, ]JC,B =49.4 Hz, i-BPhy);

"B NMR (128 MHz, CD,Cl,): 6-7.6;

3P NMR (162 MHz, CD,Cl,): 521.6.

HR-MS (ESI, positive): Calcd m/z for C31Ha6P™: 429.1767, Found: 429.1772.

HR-MS (ESI, negative): Calcd m/z for Co4H0B: 319.1664, Found: 319.1665.

Elemental analysis: Calcd for CssH4sBP: C, 88.23; H, 6.19, Found: C, 87.91; H, 6.13.

E12-PPh;" BPhs™ in ref.!"”!

1.5.3.4.2 Substituted benzhydryl triphenylphosphonium tetrafluor obor ates (2b-u BF4")

[Bis(2,3-dihydrobenzofuran-5-yl)methyl]triphenylphosphonium . .
tetrafluoroborate (2b BF ;") PPh; BF,

7,2
% precursor for (fur); oies 3 S

E1-PPh;" BF, in ref. ')

&’ E13-PPhy’ BF, in ref. @

Bis(2,3-dihydrobenzofuran-5-yl)methanol (4b, 0.45 g, 1.7 mmol) and PPh; (0.44 g, 1.7
mmol) were dissolved in anhydrous CH,Cl, (15 ml) in a nitrogen atmosphere at room
temperature and HBF,4-Et,O (0.23 ml, 0.27 g, 1.7 mmol) was added dropwise to the stirred
solution. After addition of Et;O (15 ml) and refrigeration, the crystallized product was filtered
off, washed with Et,O (20 ml), and dried, yielding a reddish-white solid (0.74 g, 1.2 mmol,
71%), m.p. 219-220 °C (decomp.) (CH,Cly/Et;O). Another 0.11 g (0.18 mmol, 11%) were
obtained from the mother liquor. Both fractions still contained a small amount of
impurities.*'*!

'H NMR (400 MHz, CD,Cl,): & 3.02-3.15 (m, 4 H, 7-CH,), 4.55 (t, 4 H, *Jun = 8.8 Hz,
8-OCHy), 6.04 (d, *Jup = 17.2 Hz, 1 H, CHP"), 6.63 (d, *Jun = 8.4 Hz, 2 H, 5-Ar), 6.84 (dt,
3Jun = 8.3 Hz, *Jyn = 1.9 Hz, 2 H, 6-Ar), 6.96-6.98 (m, 2 H, 2-Ar), 7.43-7.49 (m, 6 H, o-
PPhs), 7.60-7.65 (m, 6 H, m-PPh;), 7.80-7.85 (m, 3 H, p-PPh;);
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BC NMR (100 MHz, CD,Cl,): &30.0 (s, 7-CH,), 49.1 (d, 'Jcp = 42.8 Hz, CHP"), 72.4 (s,
8-OCHy), 110.1 (d, “Jep = 1.7 Hz, 5-Ar), 118.7 (d, 'Jep = 81.8 Hz, i-PPhs), 124.6 (d, *Jep =
3.7 Hz, 1-Ar), 127.8 (d, *Jep = 7.1 Hz, 2-Ar), 129.6 (d, *Jcp = 1.3 Hz, 3-Ar), 130.6 (d, *Jep =
12.1 Hz, m-PPhs), 130.7 (d, *Jcp = 5.8 Hz, 6-Ar), 135.4 (d, *Jep = 8.8 Hz, 0-PPh3), 135.7 (d,
*Jep = 3.1 Hz, p-PPhs), 161.4 (d, °Jcp = 2.5 Hz, 4-Ar);

PF NMR (376 MHz, CD,CL,): § —152.2 (m, 'BF, and '’BE4);

3P NMR (162 MHz, CD,CL): §20.5.

HR-MS (ESI, positive): Calcd m/z for C35H300,P": 513.1976, Found: 513.1978.

Elemental analysis: Calcd for C3sH3oBF4O,P: C, 70.02; H, 5.04, Found: C 69.35, H, 5.00.514

[(2,3-dihydrobenzofuran-5-yl)(4-methoxyphenyl)methyl]-
triphenylphosphonium tetrafluoroborate (2¢ BF4)

% precursor for fur(ani)CH"

E2-PPh;" BF, in ref. ')

&’ E14-PPhy’ BF, in ref. @

Triphenylphosphine (2.10 g, 8.01 mmol) and 8.0 M aqueous HBF4 (1.00 ml, 8.00 mmol) were
heated to 120 °C for 30 min. Then, (2,3-dihydrobenzofuran-5-yl)(4-methoxyphenyl)methanol
(4c, 2.05 g, 8.00 mmol) was added and the temperature was kept at 120 °C for another 1 hr.
Recrystallizing the obtained solid from CH,Cly/Et,O yielded 3.93 g (6.68 mmol, 83%) of a
colorless solid, m.p. 222-224 °C (decomp.) (CH,Cl,/Et,0).

'H NMR (400 MHz, CD,Cl,): §3.04-3.13 (m, 2 H, 7-CH,), 3.77 (s, 3 H, 4-OMe), 4.56 (t, 2
H *Jun = 8.8 Hz, 8-OCH,), 6.04 (d, “Jip = 17.2 Hz, 1 H, CHP"), 6.63 (d, *Jiuu = 8.3 Hz, 1 H,
5-Ar), 6.80-6.84 (m, 3 H, 3’-Ar and 6-Ar), 6.96 (s,1 H, 2-Ar), 7.05-7.08 (m, 2 H, 2’-Ar), 7.41-
7.48 (m, 6 H, 0-PPhs), 7.60-7.65 (m, 6 H, m-PPh;), 7.81-7.85 (m, 3 H, p-PPh;);

BC NMR (100 MHz, CD,Cl,): &30.0 (s, 7-CH,), 48.9 (d, 'Jcp = 43.1 Hz, CHP"), 55.9 (s,
4’-OMe), 72.4 (s, 8-OCH,), 110.1 (d, *Jep = 1.8 Hz, 5-Ar), 115.2 (d, *Jep = 1.6 Hz, 3’-Ar),
118.6 (d, 'Jep = 81.8 Hz, i-PPhs), 124.3 (d, *Jep = 3.8 Hz, 1-Ar), 124.8 (d, “Jep = 3.5 Hz, 1’-
Ar), 127.8 (d, *Jep = 6.9 Hz, 2-Ar), 129.6 (d, *Jop = 1.5 Hz, 3-Ar), 130.67 (d, *Jep = 12.2 Hz,
m-PPh3), 130.73 (d, *Jep = 6.4 Hz, 6-Ar), 132.1 (d, *Jep = 6.6 Hz, 2°-Ar), 135.3 (d, *Jep = 9.0
Hz, 0-PPhs), 135.7 (d, “Jep = 3.0 Hz, p-PPhs), 160.7 (d, *Jep = 2.3 Hz, 4°-Ar), 161.5 (d, *Jep
=2.5 Hz, 4-Ar);

PF NMR (376 MHz, CD,Cl,): 6-152.1 (brs, "'BF4), —152.1 (brs, "’BF,);

3P NMR (162 MHz, CD,CL): §20.6.

HR-MS (ESI, positive): Calcd m/z for C34H300,P": 501.1976, Found: 501.1979.

Elemental analysis: Calcd for C34H30BF4O,P: C, 69.40; H, 5.14, Found: C 69.37, H, 5.07.

[Bis(4-methoxyphenyl)methyl]triphenylphosphonium . )
tetrafluoroborate (2d BFy ) PPh; BF,

2
;
% precursor for (ani),CH”*
MeQO™ 4 OMe

E3-PPh;" BF, in ref. ')

&’ E15-PPhy’ BF, in ref. @

Triphenylphosphine (2.10 g, 8.01 mmol) and 8.0 M aqueous HBF4 (1.00 ml, 8.00 mmol) were
heated to 120 °C for 30 min. Then, bis(4-methoxyphenyl)methanol (4d, 1.95 g, 7.99 mmol)
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was added and the temperature was kept at 140 °C for another 1 hr. The obtained solid was
dissolved in hot CH,Cl, (16 ml) and EtOH (16 ml) was added. Colorless crystals formed after
slow evaporation of the CH,Cl, and were filtered off, washed with EtOH and dried, yielding
3.41 g (5.92 mmol, 74%) of a colorless solid with m.p. 217 °C (CH,CIl,/EtOH).

'H NMR (400 MHz, CD,Cl,): 63.76 (s, 6 H, 4-OMe), 6.15 (d, *Jup = 17.3 Hz, 1 H, CHP"),
6.78-6.82 (m, 4 H, 3-Ar), 7.07-7.11 (m, 4 H, 2-Ar), 7.43-7.49 (m, 6 H, 0-PPh;), 7.60-7.65 (m,
6 H, m-PPhs), 7.80-7.85 (m, 3 H, p-PPhs3);

C NMR (100 MHz, CD,Cl,): 548.2 (d, 'Jcp = 43.2 Hz, CHP"), 55.9 (s, 4-OMe), 115.2 (d,
*Jep = 1.7 Hz, 3-Ar), 118.5 (d, 'Jcp = 82.0 Hz, i-PPh3), 124.7 (d, *Jcp = 3.8 Hz, 1-Ar), 130.6
(d, *Jep = 12.1 Hz, m-PPh3), 132.2 (d, *Jep = 6.5 Hz, 2-Ar), 135.3 (d, “Jcp = 9.0 Hz, 0-PPhs),
135.7 (d, *Jep = 3.1 Hz, p-PPhs), 160.6 (d, *Jcp = 2.5 Hz, 4-Ar);

PF NMR (376 MHz, CD,Cl,): 6-152.1 (brs, "'BF4), —152.1 (brs, "’BF,);

3P NMR (162 MHz, CD,CL): §20.8.

HR-MS (ESI, positive): Calcd m/z for C33H300,P": 489.1976, Found: 489.1975.

Elemental analysis: Calcd for Cs3H30BF4O,P: C, 68.77; H, 5.25, Found: C, 68.49; H, 5.16.

[(4-Methoxyphenyl)-p-tolylmethyl]triphenylphosphonium

N _
tetrafluoroborate (2e BFy4) , PPhg 2'BF4
. 3 LA 3
&y precursor for ani(tol)CH*
E5-PPh;" BF, in ref. ['” MeQO™ 4 4 Me

&/ E17-PPhy’ BF, in ref. 20

Triphenylphosphine (2.10 g, 8.01 mmol) and 8.0 M aqueous HBF,4 (1.00 ml, 8.00 mmol) were

heated to 120 °C for 30 min. (4-Methoxyphenyl)-p-tolylmethanol (4e, 1.80 g, 7.88 mmol) was

added and the mixture was heated to 145 °C for 2 hrs. The obtained solid was dissolved in hot

CH)CI, (12 ml) and EtOH (20 ml) was added. Colorless crystals formed after slow

evaporation of the CH,Cl, and were filtered off, washed with EtOH and dried, yielding 3.59 g

(6.41 mmol, 81%) of a colorless solid, m.p. 203-206 °C (CH,Cl,/EtOH), with a small amount

of impurities.®'*!

'H NMR (400 MHz, CD,Cl,): 62.32 (s, 3 H, 4-Me), 3.77 (s, 3 H, 4-OMe), 6.08 (d, “Jyp =

17.2 Hz, 1 H, CHP"), 6.79-6.82 (m, 2 H, 3-Ar), 7.03-7.12 (m, 3 H, 2-Ar, 2’-Ar and 3’-Ar),

7.41-7.46 (m, 6 H, 0-PPh;3), 7.60-7.65 (m, 6 H, m-PPhs;), 7.81-7.85 (m, 3 H, p-PPh;);

PC NMR (100 MHz, CD,Cl,): & 21.4 (d, ®Jcp = 1.0 Hz, 4’-Me), 48.9 (d, 'Jcp = 43.5 Hz,

CHP"), 55.9 (s, 4-OMe), 115.2 (d, “Jep = 1.8 Hz, 3-Ar), 118.5 (d, 'Jep = 82.1 Hz, i-PPh3),

124.4 (d, *Jep = 4.1 Hz, 1-Ar), 130.1 (d, 2Jep = 3.7 Hz, 1’-Ar), 130.6 (d, overlapped with m-

PPhs, 3’-Ar), 130.7 (d, *Jcp = 12.3 Hz, m-PPhs), 130.8 (d, *Jep = 6.7 Hz, 2°-Ar) 132.3 (d,

3Jep = 6.4 Hz, 2-Ar), 135.3 (d, “Jcp = 9.1 Hz, 0-PPh3), 135.8 (d, “Jcp = 3.1 Hz, p-PPh3),

140.1 (d, °Jep = 2.6 Hz, 4’-Ar), 160.8 (d, *Jep = 2.4 Hz, 4-Ar);

iF NMR (376 MHz, CD,CL,): §—152.4 (1:1:1:1 quartet, 'Jgg = 1.0 Hz, "'BF, "), —152.3 (br s,
BF4);

3P NMR (162 MHz, CD,Cl,): §21.0.

HR-MS (ESI, positive): Caled m/z for C33H300P™: 473.2027, Found: 473.2029.

Elemental analysis: Calcd for C33H3BF4OP: C, 70.73; H, 5.40, Found: C, 70.08; H, 5.40.514
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[(4-Methoxyphenyl)(4-phenoxyphenyl)methyl]- . )
triphenylphosphonium tetrafluoroborate (2f BF4) PPhs BFy

2 2
LA :
é) precursor for ani(pop)CH” 3 3
MeO” 4 4°OPh

E4-PPh;" BF, in ref. ')

& E16-PPh,’ BF, in ref.

Triphenylphosphine (0.71 g, 2.7 mmol) and 8.0 M aqueous HBF, (0.34 ml, 2.7 mmol) were

heated to 120 °C for 30 min. (4-Methoxyphenyl)(4-phenoxyphenyl)methanol (4f, 0.83 g, 2.7

mmol) was added and the mixture was heated to 120 °C for 30 min. The obtained solid was

dissolved in hot CH,Cl, (4 ml) and EtOH (6 ml) was added. Colorless crystals formed after

slow evaporation of the CH,Cl, and were filtered off, washed with EtOH and dried, yielding

1.0 g (1.6 mmol, 59%) of a colorless solid, m.p. 211-212 °C (CH,CIL/EtOH), with a small

amount of impurities.>'¥

'H NMR (400 MHz, CD,Cl,): 63.78 (s, 3 H, 4-OMe), 6.18 (d, *Jup = 17.4 Hz, 1 H, CHP"),

6.80-6.84 (m, 2 H, 3-Ar), 6.86-6.90 (m, 2 H, 3’-Ar), 6.98-7.02 (m, 2 H, 0-OPh), 7.07-7.14 (m,

4 H,

2-Ar and 2’-Ar), 7.14-7.19 (m, 1 H, p-OPh), 7.34-7.39 (m, 2 H, m-OPh), 7.44-7.50 (m, 6 H,

0-PPhs), 7.61-7.66 (m, 6 H, m-PPhs), 7.81-7.86 (m, 3 H, p-PPhs);

C NMR (100 MHz, CD,Cl,): 548.4 (d, 'Jcp = 43.5 Hz, CHP"), 56.0 (s, 4-OMe), 115.3 (d,

*Jep = 1.7 Hz, 3-Ar), 118.5 (d, 'Jep = 82.0 Hz, i-PPhs), 119.2 (d, *Jep = 1.7 Hz, 3°-Ar), 120.2

(s,

0-OPh), 124.4 (d, “Jcp = 3.9 Hz, 1-Ar), 124.9 (s, p-OPh), 127.3 (d, *Jep = 3.7 Hz, 1’-Ar),

130.6 (s, m-OPh), 130.8 (d, *Jcp = 12.2 Hz, m-PPhs), 132.3 (d, *Jcp = 6.5 Hz, 2-Ar), 132.5 (d,

Jep = 6.6 Hz, 2°-Ar), 135.4 (d, *Jep = 9.1 Hz, 0-PPhs), 135.8 (d, “Jep = 3.0 Hz, p-PPhs),

156.5 (s,

i-OPh), 159.0 (d, *Jcp = 2.5 Hz, 4’-Ar), 160.9 (d, *Jep = 2.3 Hz, 4-Ar);

1(9)1: NMR (376 MHz, CD,Cl,): §—152.1 (1:1:1:1 quartet, 'Jgg = 1.1 Hz, ''BF, ), —152.1 (br s,
BF4);

3'P NMR (162 MHz, CD,Cl,): §21.0.

HR-MS (ESI, positive): Caled m/z for C33H3,0,P": 551.2132, Found: 551.2130.

Elemental analysis: Calcd for C3gH3,BF40,P: C, 71.49; H, 5.05, Found: C, 71.01; H, 5.03.5'%

Di-p-tolylmethyltriphenylphosphonium tetrafluoroborate (29 BF4") "BPh, BF,
3

2
é) precursor for (tol),CH”
E8-PPh;" BF, inref. "’ O

s E20—PP;13+ B%;inref. 2 Me”™ 4 Me

Triphenylphosphine (1.1 g, 4.2 mmol) and 8.0 M aqueous HBF,4 (0.50 ml, 4.0 mmol) were
heated to 120 °C for 30 min. Di-p-tolylmethanol (4g, 0.85 g, 4.0 mmol) was added and the
mixture was heated to 145 °C for 1 hr. The obtained solid was dissolved in hot CH,Cl, (5 ml)
and EtOH (10 ml) was added. Colorless crystals formed after slow evaporation of the CH,Cl,
and were filtered off, washed with EtOH and dried, yielding 1.6 g (2.9 mmol, 73%) of a
colorless solid with m.p. 256 °C (CH,Cl,/EtOH).

'H NMR (400 MHz, CD,Cl,): §2.32 (d, "Jup = 1.7 Hz, 6 H, 4-Me), 6.04 (d, “Jyp=17.2 Hz, |
H, CHP"), 7.01-7.05 (m, 4 H, 2-Ar), 7.09-7.12 (m, 4 H, 3-Ar), 7.40-7.46 (m, 6 H, 0-PPhy),
7.59-7.65 (m, 6 H, m-PPhs), 7.81-7.86 (m, 3 H, p-PPh,);
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BC NMR (100 MHz, CD,Cl): 8 21.4 (d, ®Jep = 1.0 Hz, 4-Me), 49.4 (d, 'Jcp = 43.6 Hz,
CHP"), 118.5 (d, 'Jcp = 82.3 Hz, i-PPh3), 129.8 (d, “Jcp = 4.1 Hz, 1-Ar), 130.6 (d, *Jep = 1.8
Hz, 3-Ar), 130.7 (d, *Jep = 12.3 Hz, m-PPhs), 130.8 (d, *Jep = 6.7 Hz, 2-Ar), 135.3 (d, *Jep =
9.1 Hz,
0-PPh3), 135.9 (d, *Jcp = 3.0 Hz, p-PPh3), 140.3 (d, *Jep = 2.6 Hz, 4-Ar);
F NMR (376 MHz, CD,Cl,): 6—152.3 (1:1:1:1 quartet, 'Jeg = 1.1 Hz, ''BF,), —152.2 (br s,
10 —

BF4);
3'P NMR (162 MHz, CD,Cl): §21.1.
HR-MS (ESI, positive): Caled m/z for Cs3H30P™: 457.2078, Found: 457.2079.
Elemental analysis: Calcd for C33H30BF4P: C, 72.81; H, 5.55, Found: C, 72.59; H, 5.40.

[(4-Methoxyphenyl)phenylmethyl] triphenylphosphonium . .
tetrafluoroborate (2h BFy4 ) PPh; BF,

2 2
1 1' \
% precursor for ani(Ph)CH”* 3.
MeO” 4 N

E5-PPh;" BF, in ref. [

&’ E18-PPhy’ BF, in ref.

Triphenylphosphine (1.1 g, 4.2 mmol) and 8.0 M aqueous HBF, (0.50 ml, 4.0 mmol) were

heated to 120 °C for 30 min. 4-Methoxybenzhydrol (4h, 0.86 g, 4.0 mmol) was added and the

mixture was heated to 145 °C for 1 hr. The obtained solid was dissolved in hot CH,Cl, (50

ml) and EtOH (100 ml) was added. Colorless crystals formed after slow evaporation of the

CH,Cl, and were filtered off, washed with EtOH and dried, yielding 1.6 g (2.9 mmol, 73%) of

a colorless solid with m.p. 221-223 °C (CH,Cl,/EtOH).

'H NMR (400 MHz, CD,Cl,): 63.76 (s, 3 H, 4-OMe), 6.20 (d, *Jup = 17.2 Hz, 1 H, CHP"),

6.79-6.81 (m, 2 H, 3-Ar), 7.09-7.12 (m, 2 H, 2-Ar), 7.19-7.21 (m, 2 H, 2’-Ar), 7.28-7.32 (m, 2

H,

3’-Ar), 7.35-7.39 (m, 1 H, 4’-Ar), 7.43-7.49 (m, 6 H, 0-PPh;3), 7.60-7.65 (m, 6 H, m-PPh3),

7.80-7.85 (m, 3 H, p-PPh3);

C NMR (100 MHz, CD,Cl,): 548.9 (d, 'Jcp = 43.5 Hz, CHP"), 55.9 (s, 4-OMe), 115.2 (d,

*Jep = 1.6 Hz, 3-Ar), 118.4 (d, 'Jep = 82.3 Hz, i-PPh3), 124.2 (d, “Jcp = 4.4 Hz, 1-Ar), 129.7

(d, >Jep = 2.3 Hz, 4-Ar), 129.9 (d, *Jcp = 1.3 Hz, 3’-Ar), 130.7 (d, *Jcp = 12.2 Hz, m-PPhs),

131.0 (d, *Jep = 6.9 Hz, 2°-Ar), 132.4 (d, *Jep = 6.4 Hz, 2-Ar), 133.4 (d, *Jep = 3.5 Hz, 1’

Ar), 135.3 (d, “Jep = 9.1 Hz, 0-PPhs), 135.8 (d, *Jcp = 3.0 Hz, p-PPhs), 160.8 (d, *Jep = 2.3

Hz, 4-Ar);

1(9)1: NMR (376 MHz, CD,Cl,): §—152.1 (1:1:1:1 quartet, 'Jgg = 1.1 Hz, "'BF, ), —152.1 (br s,
BF4);

3'P NMR (162 MHz, CD,Cl,): §21.3.

HR-MS (ESI, positive): Calcd m/z for C3,H,s0P™: 459.1872, Found: 459.1864.

Elemental analysis: Calcd for C3;,H,sBF4OP: C, 70.35; H, 5.17, Found: C, 70.01; H, 4.94.
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Triphenyl(phenyl-p-tolylmethyl)phosphonium tetrafluoroborate . )
(2i BF4 PPhy BF,

2 2
LA -
é) precursor for tol(Ph)CH" S‘O ‘03
Me™ 4 !

Triphenylphosphine (2.10 g, 8.01 mmol) and 8.0 M aqueous HBF4 (1.00 ml, 8.00 mmol) were

heated to 120 °C for 30 min. 4-Methylbenzhydrol (4i, 1.60 g, 8.07 mmol) was added and the

mixture was heated to 145 °C for 1 hr. The obtained solid was dissolved in hot CH,ClI, (20

ml) and EtOH (20 ml) was added. Colorless crystals formed after slow evaporation of the

CH,Cl; and were filtered off, washed with EtOH and dried, yielding 3.29 g (6.19 mmol, 77%)

of a colorless solid with m.p. 268-269 °C (CH,Cl,/EtOH).

'H NMR (400 MHz, CD,Cl,): §2.31 (d, "Jup = 1.9 Hz, 3 H, 4-Me), 6.20 (d, “Jip=17.4 Hz, |

H, CHP"), 7.06-7.11 (m, 4 H, 2-Ar and 3-Ar), 7.19-7.22 (m, 2 H, 2’-Ar), 7.27-7.32 (m, 2 H,

3°-Ar), 7.34-7.39 (m, 1 H, 4>-Ar), 7.43-7.49 (m, 6 H, 0-PPh3), 7.59-7.65 (m, 6 H, m-PPhs),

7.80-7.85 (m, 3 H, p-PPhs);

PC NMR (100 MHz, CD,Cl,): 6 21.3 (d, ®Jep = 1.0 Hz, 4-Me), 49.1 (d, 'Jcp = 43.8 Hz,

CHP"), 118.3 (d, 'Jep = 82.3 Hz, i-PPh3), 129.6 (d, “Jcp = 4.4 Hz, 1-Ar), 129.7 (d, *Jep = 2.5

Hz, 4°-Ar), 129.9 (d, *Jep = 1.7 Hz, 3°-Ar), 130.5 (d, “Jep = 1.9 Hz, 3-Ar), 130.7 (d, *Jep =

12.3 Hz,

m-PPh3), 130.9 (d, *Jep = 6.5 Hz, 2-Ar), 131.0 (d, *Jep = 6.7 Hz, 2°-Ar), 133.2 (d, *Jep = 3.8

Hz, 1’-Ar), 135.3 (d, “Jcp = 9.0 Hz, 0-PPh3), 135.8 (d, *Jcp = 3.1 Hz, p-PPhs), 140.1 (d, *Jep

=2.9 Hz, 4-Ar);

izF NMR (376 MHz, CD,Cl,): §—152.2 (1:1:1:1 quartet, 'Jgg = 1.1 Hz, "'BFy "), —=152.2 (br s,
BF,);

*'P NMR (162 MHz, CD,Cl,): §21.5.

HR-MS (ESI, positive): Calcd m/z for C3HasP': 443.1923, Found: 443.1922 .

Elemental analysis: Calcd for Cs,H,3sBF4P: C, 72.47; H, 5.32, Found: C, 72.43; H, 5.27.

[(4-Phenoxyphenyl)phenylmethyl]triphenylphosphonium . B
tetrafluoroborate (2] BF4 PPhs BF

2 2
AL :
é) precursor for pop(Ph)CH” 3'
PhO”4 )

Triphenylphosphine (1.1 g, 4.2 mmol) and 8.0 M aqueous HBF,4 (0.50 ml, 4.0 mmol) were
heated to 120 °C for 30 min. 4-Phenoxybenzhydrol (4j, 1.1 g, 4.0 mmol) was added and the
mixture was heated to 145 °C for 1 hr. The obtained solid was dissolved in hot CH,Cl, (6 ml)
and EtOH (10 ml) was added. Colorless crystals formed after slow evaporation of the CH,Cl,
and were filtered off, washed with EtOH and dried, yielding 2.2 g (3.6 mmol, 90%) of a
colorless solid, m.p. 194-195 °C (CH,Cl,/EtOH), containing small amounts of impurities.!>'*!
'H NMR (400 MHz, CD,Cl,): §6.31 (d, *Jup = 17.4 Hz, 1 H, CHP"), 6.85-6.89 (m, 2 H, 3-
Ar), 6.98-7.01 (m, 2 H, 0-OPh), 7.14-7.18 (m, 3 H, 2-Ar and p-OPh), 7.21-7.24 (m, 2 H, 2’-
Ar), 7.28-7.32 (m, 2 H, 3’-Ar), 7.33-7.39 (m, 3 H, 4’-Ar and m-OPh), 7.48-7.52 (m, 6 H, o-
PPh3), 7.61-7.65 (m, 6 H, m-PPhj), 7.80-7.85 (m, 3 H, p-PPh3);
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C NMR (100 MHz, CD,CL): 5§48.6 (d, 'Jep = 43.8 Hz, CHP"), 118.3 (d, 'Jcp = 82.4 Hz,

i-PPhs), 119.1 (d, *Jcp = 1.8 Hz, 3-Ar), 120.2 (s, 0-OPh), 124.8 (s, p-OPh), 126.9 (d, *Jcp =

4.2 Hz, 1-Ar), 129.8 (d, *Jep = 2.4 Hz, 4’-Ar), 130.0 (d, *Jop = 1.5 Hz, 3’-Ar), 130.5 (s, m-

OPh), 130.7 (d, *Jep = 12.4 Hz, m-PPhs), 131.0 (d, *Jcp = 6.8 Hz, 2°-Ar), 132.6 (d, *Jep = 6.5

Hz,

2-Ar), 133.2 (d, 2Jep = 3.7 Hz, 1°-Ar), 135.3 (d, “Jcp = 9.1 Hz, 0-PPhs), 135.8 (d, *Jcp = 3.1

Hz, p-PPhs), 156.4 (s, i-OPh), 159.0 (d, *Jcp = 2.7 Hz, 4-Ar);

1(9)1: NMR (376 MHz, CD,Cl,): §—151.8 (1:1:1:1 quartet, 'Jgg = 1.1 Hz, ''BF, ), —=151.7 (br s,
BF4);

3'P NMR (162 MHz, CD,Cl,): §21.5.

HR-MS (ESI, positive): Caled m/z for C37H300P™: 521.2027, Found: 521.2024.

Elemental analysis: Calcd for C37H30BF4OP: C, 73.04; H, 4.97, Found: C, 72.20; H, 4.91.15'¥

[Bis(4-fluorophenyl)methyl]triphenylphosphonium . )
tetrafluoroborate (2k BFy4 ) PPh; BF,

2
+ : 1
% precursor for (pfp).CH FF

E10-PPh;" BF, in ref, ')

& E22-PPhy’ BF, inref 2

Triphenylphosphine (1.1 g, 4.2 mmol) and 8.0 M aqueous HBF, (0.50 ml, 4.0 mmol) were
heated to 120 °C for 30 min. Bis(4-fluorophenyl)methanol (4k, 0.88 g, 4.0 mmol) was added
and the mixture was heated to 145 °C for 1 hr. The obtained solid was dissolved in hot
CHxCl, (10 ml) and EtOH (20 ml) was added. Colorless crystals formed after slow
evaporation of the CH,Cl, and were filtered off, washed with EtOH and dried, yielding 1.6 g
(2.9 mmol, 73%) of a colorless solid with m.p. 283-284 °C (decomp.) (CH,Cl,/EtOH).

'H NMR (400 MHz, CD,Cl,): §6.49 (d, *Jyp = 17.7 Hz, 1 H, CHP"), 6.96-7.02 (m, 4 H, 3-
Ar), 7.20-7.25 (m, 4 H, 2-Ar), 7.49-7.54 (m, 6 H, 0-PPh3), 7.62-7.67 (m, 6 H, m-PPhs), 7.81-
7.85 (m, 3 H, p-PPhs);

C NMR (100 MHz, CD,Cly): §47.3 (d, 'Jep = 44.7 Hz, CHP"), 117.0 (dd, *Jer = 21.9 Hz,
“Jep = 1.6 Hz, 3-Ar), 118.0 (d, 'Jep = 82.5 Hz, i-PPhs), 129.1 (dd, *Jcp = 3.5 Hz, *Jcr = 3.5
Hz,

1-Ar), 130.8 (d, *Jep = 12.4 Hz, m-PPhs), 133.0 (dd, *Jcr = 8.3 Hz, *Jep = 6.7 Hz, 2-Ar),
135.3 (d, “Jcp = 9.2 Hz, 0-PPh3), 135.9 (d, “Jep = 3.1 Hz, p-PPhs), 163.5 (dd, 'Jer = 250.1
Hz, *Jep=2.6 Hz, 4-Ar);

F NMR (376 MHz, CD,Cl,): & —151.3 (m, 'Jg not resolved, ''BF4), —=151.2 (br s, '’BFy),
—112.1 --112.0 (m, 2 F, 3-F);

3'P NMR (162 MHz, CD,Cl,): §21.9.

HR-MS (ESI, positive): Calcd m/z for C3;H,4F,P": 465.1578, Found: 465.1568.

Elemental analysis: Calcd for C3;H,4BFcP: C, 67.42; H, 4.38, Found: C, 67.20; H, 4.12.
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[(4-Fluorophenyl)phenylmethyl]triphenylphosphonium . )
tetrafluoroborate (21 BF4") PPh; BF,

2 2
1 1' \
ecursor for pfp(Ph)CH” j‘)\‘3
é) precursor for pfp(Ph) F 4,

E11-PPh;" BF, in ref. ['*!

4" E23-PPh,’ BF, inref

Triphenylphosphine (1.1 g, 4.2 mmol) and 8.0 M aqueous HBF, (0.50 ml, 4.0 mmol) were
heated to 120 °C for 30 min. 4-fluorobenzhydrol (4l, 0.81 g, 4.0 mmol) was added and the
mixture was heated to 145 °C for 1 hr. The obtained solid was dissolved in hot CH,Cl, (15
ml) and EtOH (10 ml) was added. Colorless crystals formed after slow evaporation of the
CH,Cl; and were filtered off, washed with EtOH and dried, yielding 1.4 g (2.62 mmol, 66%)
of a colorless solid with m.p. 258-260 °C (decomp.) (CH,Cl,/EtOH).

'H NMR (400 MHz, CD,Cl,): 6 6.40 (d, “Jyp = 17.5 Hz, 1 H, CHP"), 6.95-7.00 (m, 2 H, 3-
Ar), 7.21-7.25 (m, 4 H, 2-Ar and 2’-Ar), 7.28-7.32 (m, 2 H, 3’-Ar), 7.35-7.39 (m, 1 H, 4’-
Ar), 7.47-7.53 (m, 6 H, 0-PPh;), 7.60-7.66 (m, 6 H, m-PPh;), 7.80-7.85 (m, 3 H, p-PPhs);

C NMR (100 MHz, CD,Cl,): §48.1 (d, 'Jep = 44.3 Hz, CHP"), 116.8 (dd, *Jor = 21.8 Hz,
“Jep = 1.8 Hz, 3-Ar), 118.1 (d, 'Jep = 82.7 Hz, i-PPh3), 129.0 (dd, “Jep = 3.7 Hz, *Jcr = 3.7
Hz,

1-Ar), 129.8 (d, *Jep = 2.3 Hz, 4>-Ar), 130.0 (d, “Jep = 1.5 Hz, 3°-Ar), 130.7 (d, *Jep = 12.3
Hz, m-PPhs), 131.0 (d, *Jep = 6.9 Hz, 2-Ar), 133.1 (dd, *Jcr = 8.5 Hz, *Jep = 6.3 Hz, 2-Ar),
~133.1 (superimposed by 2-Ar, 1’-Ar), 135.3 (d, 2Jc,p = 9.0 Hz, 0-PPhj;), 135.8 (d, 4Jc,p =3.1
Hz,

p-PPhs), 163.4 (dd, 'Jor = 249.7 Hz, Jcp =2.9 Hz, 4-Ar);

PF NMR (376 MHz, CD,Cl,): § —151.5 (1:1:1:1 quartet, 'Jy5 = 1.2 Hz, ''BF4"), —151.5 (br s,
"BF,), -112.3 - —112.2 (m, 1 F, 3-F);

*'P NMR (162 MHz, CD,Cl,): §21.9 (d, *Jpr = 4.7 Hz).

HR-MS (ESI, positive): Calcd m/z for C3H,sFP': 447.1672, Found: 447.1670.

Elemental analysis: Calcd for C3;H,sBFsP: C, 69.69; H, 4.72, Found: C, 69.48; H, 4.66.

[Bis(4-chlorophenyl)methyl]triphenylphosphonium . )
tetrafluoroborate (2n BF,") PPh; BFy4

2
+ 3 !
é) precursor for (pcp).CH CICI

E13-PPh;" BF, in ref. ['*!

& E26-PPh,’ BF, inref

Triphenylphosphine (2.10 g, 8.01 mmol) and 8.0 M aqueous HBF,4 (1.00 ml, 8.00 mmol) were
heated to 120 °C for 30 min. 4,4’-Dichlorobenzhydrol (4n, 2.03 g, 8.02 mmol) was added and
the mixture was heated to 145 °C for 1 hr. The obtained solid was dissolved in hot CH,Cl, (15
ml) and EtOH (15 ml) was added. Colorless crystals formed after slow evaporation of the
CH,Cl; and were filtered off, washed with EtOH and dried, yielding 4.03 g (6.89 mmol, 86%)
of a colorless solid with m.p. 251-252 °C (decomp.) (CH,Cl,/EtOH).

'H NMR (400 MHz, CD,Cl,): 6 6.48 (d, *Jup = 17.7 Hz, 1 H, CHP"), 7.15-7.19 (m, 4 H, 2-
Ar), 7.25-7.29 (m, 4 H, 3-Ar), 7.51-7.56 (m, 6 H, 0-PPh3), 7.62-7.68 (m, 6 H, m-PPh3), 7.81-
7.86 (m, 3 H, p-PPhs);

C NMR (100 MHz, CD-CL): §47.4 (d, 'Jep = 44.6 Hz, CHP"), 117.9 (d, 'Jcp = 82.7 Hz,
i-PPhs), 130.1 (d, *Jep = 1.7 Hz, 3-Ar), 130.9 (d, *Jep = 12.5 Hz, m-PPhs), 131.6 (d, *Jep =
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4.1 Hz, 1-Ar), 132.5 (d, *Jep = 6.6 Hz, 2-Ar), 135.3 (d, “Jep = 9.2 Hz, 0-PPhs), 136.0 (two

doublets, Jcp = 3.0 Hz, second Jc p unresolved, 4-Ar and p-PPhs);

F NMR (376 MHz, CD,CL,): § —151.2 (m, BFy);

1(9)1: NMR (376 MHz, CD,Cl,): § —151.2 (1:1:1:1 quartet, 'Js 5 =1.2 Hz, ''BF, ), —=151.2 (br s,
BF4);

3'P NMR (162 MHz, CD,Cl,): §21.8.

HR-MS (ESI, positive): Calcd m/z for C3;Has>>CL,P": 497.0988, Found: 497.0983.

Elemental analysis: Calcd for C3;H24BCLF4P: C, 63.62; H, 4.13, Found: C, 63.59; H, 4.00.

Triphenyl{phenyl[4-(trifluoromethyl)phenyl] methyl}phosphonium
tetrafluoroborate (20 BF4")

2 2
" 3 1A 3
% precursor for tfm(Ph)CH 4,

E15-PPh,’ BE, in ref, ¥ F3C 4

& E28-PPhy’ BF, inref

Triphenylphosphine (2.10 g, 8.01 mmol) and 8.0 M aqueous HBF4 (1.00 ml, 8.00 mmol) were
heated to 120 °C for 30 min. [4-(Trifluoromethyl)phenyl]methanol (40, 2.02 g, 8.00 mmol)
was added and the mixture was heated to 145 °C for 1 hr. The obtained solid was dissolved in
hot CH,Cl, (36 ml) and EtOH (25 ml) was added. Colorless crystals formed after slow
evaporation of the CH,Cl, and were filtered off, washed with EtOH and dried, yielding 3.32 g
(5.68 mmol, 71%) of a colorless solid with m.p. 236 °C (CH,Cl,/EtOH).

'H NMR (400 MHz, CD,Cl,): §6.53 (d, *Jup = 17.7 Hz, 1 H, CHP"), 7.21-7.24 (m, 2 H, 2’-
Ar), 7.29-7.33 (m, 2 H, 3’-Ar), 7.36-7.40 (m, 1 H, 4’-Ar), 7.42 (d, *Jun = 7.7 Hz, 2 H, 2-Ar),
7.50-7.55 (m, 8 H, 3-Ar and 0-PPh;), 7.61-7.67 (m, 6 H, m-PPhs), 7.81-7.86 (m, 3 H, p-PPh;);
BC NMR (100 MHz, CD,Cl,): §48.4 (d, 'Jep = 44.7 Hz, CHP"), 118.0 (d, 'Jcp = 83.0 Hz,
i-PPhs), 124.3 (qd, 'Jer = 272.4 Hz, "Jep = 1.1 Hz, 4-CF3), 126.7 (qd, *Jer = 3.9 Hz, *Jep =
1.7 Hz, 3-Ar), 130.05 (d, *Jep = 2.5 Hz, 4-Ar), 130.11 (d, “Jep = 1.6 Hz, 3°-Ar), 130.9 (d,
3Jep = 12.5 Hz, m-PPh3), ~131 (qd, “Jcr = 33.0 Hz, *Jcp = 2.8 Hz, superimposed with other
131 ppm signals, 4-Ar), 131.2 (d, *Jcp = 6.7 Hz, 2-Ar or 2°-Ar), 131.7 (d, *Jep = 6.5 Hz, 2’-
Ar or 2-Ar), 132.5 (d, 2Jcp = 4.4 Hz. 1’-Ar), 135.3 (d, *Jep = 9.2 Hz, 0-PPh3), 136.0 (d, *Jcp
= 3.1 Hz,
p-PPh3), 137.6 (m, ZJC’P and SJC,F not resolved, 1-Ar);

F NMR (376 MHz, CD,Cl,): 6—151.4 (1:1:1:1 quartet, 'Jgs =1.2 Hz, ''BF;), =151.4 (br s,
"BF,"), —63.3 (m, 3 F, CF;);

3'P NMR (162 MHz, CD,Cl,): §22.1-22.2 (m).

HR-MS (ESI, positive): Calcd m/z for C3,HasF3P': 497.1640, Found: 497.1641.

Elemental analysis: Calcd for C3;,H,sBF,P: C, 65.78; H, 4.31, Found: C, 65.66; H, 4.32.

. -
PPh; BF,
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Bis[4-(trifluoromethyl)phenyl] methyl triphenylphosphonium . .
tetrafluoroborate (2s BF4") PPh; BF,

2
FaC 4 CFs

Triphenylphosphine (2.10 g, 8.01 mmol) and 8.0 M aqueous HBF4 (1.00 ml, 8.00 mmol) were
heated to 120 °C for 30 min. Bis[4-(trifluoromethyl)phenyl]methanol (4s, 2.56 g, 7.99 mmol)
was added and the mixture was heated to 160 °C for 1 hr. The obtained solid was dissolved in
hot CH,Cl, (7.5 ml) and EtOH (5 ml) was added. Colorless crystals formed after slow
evaporation of the CH,Cl, and were filtered off, washed with EtOH and dried, yielding 2.68 g
(4.11 mmol, 51%) of a colorless solid with m.p. 234 °C (CH,Cl,/EtOH).

'H NMR (400 MHz, CDCl3): 56.80 (d, “Jip = 17.8 Hz, 1 H, CHP"), 7.43 (d, *Jyn = 7.6 Hz, 4
H, 2-Ar), 7.54-7.61 (m, 10 H, 3-Ar and 0-PPhs), 7.63-7.69 (m, 6 H, m-PPhs), 7.82-7.87 (m, 3
H,

p-PPhs);

C NMR (100 MHz, CDCls): §47.5 (d, 'Jcp = 45.3 Hz, CHP"), 117.6 (d, 'Jcp = 83.2 Hz,
i-PPh3), 124.2 (qd, 'Jer = 272.5 Hz, "Jep = 0.9 Hz, 4-CF3), 126.9 (qd, *Jor = 3.8 Hz, *Jep =
1.6 Hz, 3-Ar), 131.0 (d, *Jep = 12.5 Hz, m-PPh3), 131.7 (qd, “Jer = 32.9 Hz, *Jcp = 2.6 Hz, 4-
Ar), 131.8 (d, *Jep = 6.6 Hz, 2-Ar), 135.3 (d, *Jcp = 9.3 Hz, 0-PPhs), 136.2 (d, “Jcp = 3.1 Hz,
p-PPh3), 137.1 (dq, “Jep = 4.0 Hz,*Jor = 1.1 Hz, 1-Ar);

PF NMR (376 MHz, CD,Cl,): §—150.7 (m, 'Jg not resolved, ''BF;), —150.7 (br s, '°BFy),
—63.3 (s, 6 F, CF3);

P NMR (162 MHz, CD,Cl,): §22.4-22.5 (m).

HR-MS (ESI, positive): Calcd m/z for C33H24F¢P": 565.1514, Found: 565.1515.

Elemental analysis: Calcd for Cs3H24BFoP: C, 60.76; H, 3.71, Found: C, 60.55; H, 3.64.

E19-PPh;" BF, in ref."”

1.5.3.4.3 Benzhydryl tris(4-chlor ophenyl)phosphonium salts (3 X")

Benzhydryltris(4-chlorophenyl)phosphonium bromide (3a Br") b @m)
3

2
3 0 B
(0 =
4

Benzhydryl bromide (5a, 1.13 g, 4.59 mmol) and P(p-Cl-C¢Ha4); (1.67 g, 4.56 mmol) were
heated to 175 °C for 5.5 hrs. The obtained solid was recrystallized from CH,Cl,/Et,0,
yielding 2.17 g (3.54 mmol, 77%) of a colorless solid with m.p. 206-207 °C
(CH,Cly/Et,0).5"!

'H NMR (400 MHz, CD,Cl,): 67.26-7.35 (m, 6 H, 3-Ar and 4-Ar), 7.56-7.62 (m, 10 H, 2-Ar
and m-PAr3), 7.72-7.78 (m, 6 H, 0-PAr3), 8.49 (d, Jup = 18.3 Hz, 1 H, CHP");

BC NMR (100 MHz, CD,Cl,): §45.5 (d, 'Jep = 41.2 Hz, CHP"), 117.0 (d, 'Jcp = 85.2 Hz,
i-PAr3), 129.5 (d, *Jep = 2.5 Hz, 4-Ar), 129.8 (d, “Jep = 1.5 Hz, 3-Ar), 131.0 (d, *Jep = 13.1
Hz, m-PAr3), 131.5 (d, *Jep = 7.0 Hz, 2-Ar), 133.6 (d, *Jep = 4.1 Hz, 1-Ar), 137.1 (d, *Jep =
10.5 Hz, 0-PAr3), 142.9 (d, *Jcp = 3.7 Hz, p-PArs3);
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3'P NMR (162 MHz, CD,Cl,): §21.8.
HR-MS (ESI, positive): Calcd m/z for C3;Ha3*>CL1:P*: 531.0599, Found: 531.0600.

Benzhydryltris(4-chlorophenyl)phosphonium tetrafluoroborate . >
P<—< >—C|
3

(3aBFy)
2
3 1
BF,
4

The phosphonium bromide 3a Br (0.735 g, 1.20 mmol) was dissolved in CH,Cl, (30 ml) and
shaken vigorously with 5% aqueous NaBF, solution (3 x 20 ml). The organic phase was
washed with H;O (20 ml) and dried with MgSO,4. Removal of the solvent in vacuo yielded
0.736 g (1.19 mmol, 99%) of a colorless solid with m.p. 249-251 °C (decomp.) (CH,Cl,).5"!
'H NMR (400 MHz, CD,Cl,): 6 6.50 (d, “Jup = 17.6 Hz, 1 H, CHP"), 7.24-7.27 (m, 4 H, 2-
Ar), 7.31-7.35 (m, 4 H, 3-Ar), 7.37-7.44 (m, 8 H, 4-Ar and 0-PAr;), 7.60-7.64 (m, 6 H, m-
PAr;);
C NMR (100 MHz, CD-CL,): 5§48.6 (d, 'Jep = 42.8 Hz, CHP"), 116.3 (d, 'Jcp = 85.4 Hz,
i-PAr3), 130.1 (d, *Jep = 2.8 Hz, 4-Ar), 130.2 (d, *Jep = 1.5 Hz, 3-Ar), 131.2 (d, *Jep = 6.6
Hz,
2-Ar), 131.4 (d, *Jep = 13.1 Hz, m-PAr3), 132.5 (d, *Jep = 4.3 Hz, 1-Ar), 136.6 (d, *Jep =
10.2 Hz, 0-PAr3), 143.4 (d, *Jcp = 3.7 Hz, p-PAr3);
F NMR (376 MHz, CD,Cl,): 6—151.0 (1:1:1:1 quartet, 'Jeg = 1.4 Hz, ''BF,), —151.0 (br s,
10 —

BF4);
3'P NMR (162 MHz, CD,Cl): §21.7.
HR-MS (ESI, positive): Calcd m/z for C3;Ha3*>CL1:P*: 531.0599, Found: 531.0599.

E12-P(4-Cl-C¢H,);” BF, in ref."”)

{Bis[4-(trifluoromethyl)phenyl]methyl}tris(4-chlorophenyl)- B @CI>

phosphonium bromide (3SBr) 3
j‘J\‘\
F3C 4 CF3

Bis[4-(trifluoromethyl)phenyl]methyl bromide (5s, 3.33 g, 8.69 mmol) and P(p-CI-CsHa)3
(3.18 g, 8.70 mmol) were heated to 170 °C for 2 hrs. The obtained solid was dissolved in hot
CH,CI, (45 ml) and EtOH (35 ml) was added. Slow evaporation of the CH,Cl, yielded a
colorless precipitate which was filtered off, washed with EtOH (2 x 5 ml) and dried, yielding
3.35 g (4.47 mmol, 51%) of a colorless solid with m.p. 246-247 °C (CH,Cl,/EtOH).5"!

'H NMR (400 MHz, CDCl3): 6 7.57 (d, *Juu = 8.3 Hz, 4 H, 3-Ar), 7.63-7.67 (m, 6 H, m-
PAr3), 7.78 (d, *Jun = 8.2 Hz, 4 H, 2-Ar), 7.79-7.86 (m, 6 H, 0-PAr3), 9.09 (d, Jyp = 18.6 Hz,
1 H, CHP");

C NMR (100 MHz, CDCls): §44.0 (d, 'Jcp = 43.4 Hz, CHP"), 116.2 (d, 'Jcp = 86.0 Hz,
i-PAr3), 124.2 (qd, 'Jor = 272.5 Hz, "Jep = 1.0 Hz, 4-CF3), 126.8 (qd, *Jer = 3.8 Hz, *Jep =
1.6 Hz, 3-Ar), 131.4 (d, *Jep = 13.3 Hz, m-PAr3), 131.6 (qd, “Jer = 32.8 Hz, *Jcp = 2.6 Hz, 4-
Ar), 132.0 (d, *Jep = 7.0 Hz, 2-Ar), 136.9 (d, *Jep = 10.7 Hz, 0-PAr3), 137.5 (dq, *Jep = 4.1
Hz, SJC,F not resolved, 1-Ar), 143.5 (d, 4JC’P = 3.7 Hz, p-PArs);
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F NMR (376 MHz, CDCl;): 6—63.2 (m, 4-CF3);
3'P NMR (162 MHz, CD,Cl,): §22.3-22.4 (m).
HR-MS (ESI, positive): Calcd m/z for C33Ha1* ClsF6P™: 667.0347, Found: 667.0347.

{Bis[4-(trifluoromethyl)phenyl]methyl}tris(4-chlorophenyl)- +
phosphonium hexafluoroantimonate(V) (3s SbFe ) P@CI>3

2
é) precursor for (tfm),CH" i
SbFg
4 CF3

E19-P(4-Cl-C4H,);" SbFs in ref. ! FaC
&’ E32-P(4-Cl-CeHa)' SBFc- in ref. 12

A solution of AgSbF (427 mg, 1.24 mmol) in CH3CN (10 ml) was added to a solution of 3s
Br (862 mg, 1.15 mmol) in CH,Cl, (20 ml). After stirring at room temperature for 1 hr, the
AgBr was filtered off and the solvent was removed in vacuo. The residue was dissolved in hot
CH,Cl, (4 ml). Addition of EtOH (6 ml) yielded a colorless precipitate which was filtered off,
washed with EtOH (10 ml) and dried, yielding 623 mg (0.689 mmol, 60%) of a colorless solid
with m.p. 297-299 °C (CH,Cl,/EtOH). A test for Br- with AgNOs was negative.[SB]

'H NMR (400 MHz, CDCls): §6.43 (d, *Jup = 17.6 Hz, 1 H, CHP"), 7.35 (d, *Juu =7.9 Hz, 4
H, 2-Ar), 7.38-7.44 (m, 6 H, 0-PArs3), 7.63 (d, *Juu = 8.1 Hz, 4 H, 3-Ar), 7.66-7.70 (m, 6 H,
m-PAr3);

C NMR (100 MHz, CDCls): §48.5 (d, 'Jep = 45.3 Hz, CHP"), 115.0 (d, "Jop = 86.4 Hz,
i-PAr3), 124.0 (qd, 'Jer = 272.6 Hz, "Jcp = 1.0 Hz, 4-CFs), 127.4 (qd, *Jer = 3.7 Hz, *Jep =
1.3 Hz, 3-Ar), 131.5 (d, *Jep = 6.7 Hz, 2-Ar), 131.9 (d, *Jep = 13.4 Hz, m-PAr3), 132.4 (qd,
*Jer = 33.1 Hz, *Jep = 2.5 Hz, 4-Ar), 136.0 (dq, *Jcp = 4.1 Hz, *Jcr not resolved, 1-Ar),
136.3 (d, 2Jcp = 10.5 Hz, 0-PAr3), 144.2 (d, *Jop = 3.7 Hz, p-PArs);

YF NMR (376 MHz, CDCls): §—63.4 (br s, 4-CF5), SbF¢ not resolved;

*'P NMR (162 MHz, CD,Cl,): §22.2 (m).

HR-MS (ESI, positive): Calcd m/z for C33H2135 C1sF¢P": 667.0347, Found: 667.0347.

[Bis(3,5-difluorophenyl)methyl]tris(4-chlorophenyl)phosphonium b @CI>
hexafluoroantimonate(V) (3t SbF¢ ) 3

2
% precursor for (dfp),CH* ] O " SbF;
4
F F

E20-P(4-CI-C¢H,);" SbFs in ref. %]
éb E33-P(4-Cl-C4H,);" SbF¢ in ref. 2%

A solution of AgSbF (0.278 g, 0.810 mmol) in CH3CN (4 ml) was added to a solution of 3t
Br (0.506 g, 0.739 mmol) in CH,Cl, (10 ml). The AgBr was filtered off and the solvent
removed in vacuo. The residue was dissolved in hot CH,Cl, and EtOH was added. Slow
evaporation of CH,Cl, lead to the formation of colorless needles which were filtered off and
dried under high vacuum, yielding 0.426 g of a colorless solid (0.507 mmol; 69%) with m.p.
278-280 °C (CH,CL/EtOH).15"!

'H NMR (400 MHz, CD,Cl,): 6 6.29 (d, “Jup = 17.3 Hz, 1 H, CHP"), 6.70-6.77 (m, 4 H, 2-
Ar), 6.90-6.96 (m, 2 H, 4-Ar), 7.41-7.47 (m, 6 H, 0-PAr3), 7.69-7.73 (m, 6 H, m-PAr3);

C NMR (100 MHz, CD,Cl,): 647.6 (dm, 'Jep = 46.3 Hz, CHP"), 106.5 (td, *Jcr = 25.0 Hz,
*Jop = 2.3 Hz, 4-Ar), 114.2-114.5 (doublet of AXX’-systems, *Jcp = 6.8 Hz, 2-Ar), 114.8 (d,
'Jep = 86.6 Hz, i-PArs3), 132.0 (d, *Jep = 13.4 Hz, m-PArs3), 135.0 (td, *Jer = 9.3 Hz, *Jop =
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4.0 Hz, 1-Ar), 136.3 (d, *Jep = 10.5 Hz, 0-PAr3), 144.4 (d, *Jcp = 3.7 Hz, p-PAr;), 164.0
(ddd, 'Jer=252.9 Hz, *Jor = 13.0 Hz, *Jep = 1.7 Hz, 3-Ar);

PF NMR (376 MHz, CD,CL,): & —105.5 (m, 3-F), SbFs not resolved;

*'P NMR (162 MHz, CD,Cly): § 22.4 (m).

HR-MS (ESI, positive): Caled m/z for C31Hjo ClsF4P™: 603.0223, Found: 603.0215.

1.5.3.4.4 NMR spectra of selected benzhydryl triarylphosphonium salts

As we were unable to provide satisfactory elemental analyses for the hexafluoroantimonates
(which were not analyzed because of the presence of Sb) and some of the highly halogenated
phosphonium salts, we provide the 'H- and *C-NMR spectra of these compounds in the
following as evidence of their purity.
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'H-NMR (400 MHz, CD,Cl,) of 35 SbFs
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~ CHAPTER 2 ~

Photolytic Generation of Benzhydryl Cations and
Radicals from Quaternary Phosphonium Salts:
How Highly Reactive Carbocations
Survive Their First Nanoseconds

Johannes Ammer, Christian F. Sailer, Eberhard Riedle, and Herbert Mayr

J. Am. Chem. Soc. 2012, 134, 11481-11494

2.1 Introduction

The photolytic generation of carbocations by heterolytic cleavage of neutral (R—X) and
charged (R—X") precursors has been employed not only for studying the rates of fast reactions
of carbocations with nucleophiles'"” but also for the photoinitiation of carbocationic
polymerizations.”® Furthermore, photogenerated carbenium ions are the initial cleavage
products of the photolysis of certain photoacid and photobase generators.”’® Common

precursors for such applications are halides R—Hal,>>?'®*" acetates R-OAc,”'*** aryl

25,29 21b,25,30 2,11,14,22,31
> 129, AbIR22Sh and

6-9 . . . .
ethers,”” and onium salts such as halonium, sulfonium, ammonium,

14-20.233234 Heterolytic bond cleavages are often accompanied by formation

phosphonium salts.
of radicals via homolytic processes, particularly when the resulting carbocations are not
highly stabilized and less polar solvents are employed.*

Among the many photo-leaving groups, phosphines turned out to be particularly
advantageous, because they combine high stability,*® even in alcoholic and aqueous solution,
with a high preference for heterolytic cleavage and low tendency to produce
radicals.*?%%2*%* While we have recently reported several examples for the photolytic

14-19 .
there was no systematic

generation of carbocations from quaternary phosphonium salts,
investigation about the relationship between the structure of the precursor salt and the yield of
the generated carbocations. The lack of information became obvious when we failed to
generate benzhydrylium ions with empirical electrophilicity parameters £ > 7 by laser flash
photolysis of phosphonium salts Ar,CH-PPh;" BF, . As the photolytic generation of highly

electrophilic carbocations is of general importance, we have now examined how the
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efficiency of carbocation formation can be influenced by the reactivity of the photo-
electrofuge (carbocation-to-be), the photo-nucleofuge (photo-leaving group), and the
counterion of the phosphonium salt. To gain insight into the ultrafast dynamics of these
processes, the nanosecond laser flash photolysis experiments are supplemented by
experiments on a state-of-the-art femtosecond transient spectrometer.*’

The use of benzhydryl derivatives is advantageous for these investigations because of the
clearly assignable distinct spectra of the resulting cations and radicals.”’ Benzhydryl cations
furthermore do not have B-protons and therefore cannot eliminate H', which reduces the
number of subsequent processes.”> Moreover, a systematic variation of the reactivity of the
generated carbocations is achieved by using substituted benzhydryl cations Ar,CH'™ (E")
whose electrophilic reactivities are quantified accurately by the empirical electrophilicity
parameters E A

In the following, we will first investigate how the yields and dynamics of the photoproducts
change with variations of the benzhydryl (section 2.2.2) and phosphine moieties (section
2.2.3) of the precursor molecules, of the solvent (section 2.2.4), and of the counter-anions of
the phosphonium salts (section 2.2.5). We will then show how this information can be
employed to generate highly reactive carbocations such as E(31-33)" (section 2.2.6). After
discussing how the reaction conditions affect the lifetimes of the carbocations on the >10 ns
time scale (section 2.2.7), we will finally demonstrate that the method presented in this work
is well suitable for the study of bimolecular reactions of the generated benzhydryl cations

(section 2.2.8).

2.2 Results and Discussion

2.2.1 General. Scheme 2.1 shows a mechanism for the photogeneration of benzhydryl cations
E" and benzhydryl radicals E* from benzhydryl phosphonium ions E-PPh;" in line with
previously proposed mechanisms for similar systems.” The excited precursor molecules can
either undergo heterolytic bond cleavage to the carbocation/triphenylphosphine pair [E" PPh;]
(red pathway) or homolytic bond cleavage to the radical pair [E" PPh;"] (blue pathway). Both
pairs can then either undergo geminate recombination to the starting material or diffusional
separation, which results in the free benzhydryl cations E* or radicals E". Only the UV/vis-

absorbing species which escape the geminate solvent cage (E", E’, and PRs™; bottom line of
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Scheme 2.1) have sufficient lifetimes (>10 ns) to be observed spectroscopically with a

nanosecond laser flash setup.

Scheme 2.1. Generation of Benzhydryl Cations E™ and Benzhydryl Radicals E” by Photolysis
of Phosphonium Ions E—PPh;".

+

PPh;
Ar1)\Ar2
/ Q&\ n \
+ *
PPh;
geminate A 1)\ Ar2 geminate
recombination r r recombination
heterolysis homolysis

o+
+ PPhs | (SET) PPh;
[ AT AR } <---- | Ar'7 AR
| |
cage escape cage escape
+ . -
At AR A7 A2 + PPhg

2.2.2 Effect of the Photo-electrofuge (i.e, Structure of the Benzhydrylium lon).
Nanosecond Spectroscopy in CH,CI,. The transient spectra which we obtained by irradiation
of 10” to 10 M solutions of E(13-33)-PPh;" BF, in CH,Cl, with a 7-ns laser pulse (266 nm,
30-60 mJ/pulse) are compiled in section 2.S.3; four characteristic examples are shown in
Figure 2.1. The transient spectra feature three types of absorption bands: (i) broad bands with
Amax = 426-535 nm, which can be assigned to the cations E by comparison with the
previously reported spectra of benzhydrylium ions,” and the cation-like reactivities (see
below); (ii) sharp bands with Ap.x = 328-344 nm, which closely resemble the published
spectra of benzhydryl radicals E” in CH3CN;* and (iii) a shoulder at ca. 350-360 nm, which
we assign to the triphenylphosphine radical cation PPh;™, in agreement with its reported
spectrum in CH,Cl, solution (with Ayax = 330 nm).44

The photo-cleavage of the phosphonium ions E(13-21)-PPh;" in CH,Cl, yields the stabilized
benzhydrylium ions E(13-21)" exclusively. When we irradiated solutions of E(22-33)-PPh;"
BF, in CH,Cl,, the ratios of the absorbances of the benzhydryl cations E and benzhydryl
radicals E™ decreased with increasing electrophilicity E of the carbocations (Table 2.1). The

least stable carbocations in the series, E(31-33)" are hardly detectable after photolysis of
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E(31-33)-PPh;" BF,, and the radicals E(31-33)" are obtained almost exclusively (Figure 2.1d
and Figure 2.S.3 in section 2.S.3).
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Figure 2.1. Transient spectra obtained after irradiation (7-ns pulse, Aexe = 266 nm, gate
width = 10 ns) of CH,Cl, solutions of benzhydryl triphenylphosphonium tetrafluoroborates:
(a) E15-PPh;" BF4 (4266 nm = 0.16), (b) E25-PPh;" BF4 (4266 nm = 0.49), (c) E30-PPh;" BF,
(A266 nm 090), (d) E33—PPh3+ BF47 (A266 nm 064)
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Table 2.1. Electrophilicity Parameters E of the Benzhydryl Cations E(13-33)" and Absorption
Maxima Amax (nm) of Benzhydryl Radicals E” and Benzhydryl Cations E* in CH,Cl,.

)@/\@ Amax / M Jpsorbance
. . . ratio”
no. X Y EEHY E E
E13" -136 ¢ 535 ¢
El4" (10, 0819 ¢ 524 ¢
E15" 4-MeO 4-MeO  0.00 ¢ 513 ¢
E16" 4-MeO 4-PhO  0.61 < 517 ¢
E17"° 4-MeO 4-Me 1.48 ¢ 484 ¢
E18" 4-MeO H 2.11 ¢ 466 ¢
E19° 4-PhO H 2.90 € 473 ¢
E20" 4-Me 4-Me  3.63 € 473 ¢
E21" 4-Me H 4437 < 456 ¢
E22"  4-F A-F 5.019 ~327 447 >7
E23" 4-F H 5207 ~333 451 >5
E25" H H 5477 ~332 443 ~4
E26° 4-C1  4-Cl  5.487 ~344 480 ~4
E27" 3-F H 6.23 ~337 438 ~3
E28" 4-(CF;) H 6.70Y ~338 430 ~2
E29" 3.5-F, H 6.74 ~332 434 ~1.7
E30" 3-F 3-F 6.87 ~331 426 ~1.5
E31" 3,5-F, 3-F 7529 <328 435  ~0.25
E32" 4-(CF3) 4-(CF3) (7.96)*¢ ~337 439 <0.1
E33" 3,5-F, 3,5-F, (8.02)%° ~328 445 <0.1

“ Electrophilicity parameters E of the benzhydryl cations E'; from ref 41a unless noted otherwise. ” Ratio of
absorbances at Ay (E") and at A (E) obtained by laser flash photolysis (7-ns pulse, A = 266 nm) of
E(13-33)-PPh;" BF, in CH,Cl,. Due to the overlap with the PPh;"" band, absorbances at A,y (E’) overestimate
the amount of radicals present. ¢ No radicals detected. ¢ New or revised E parameters, see CHAPTER 3 of this

work. ¢ Approximate values.

99



Chapter 2 — Photolytic Generation of Benzhydryl Cations and Radicals from Phosphonium Salts

Picosecond Dynamics in CH,CI,. The processes which lead to the formation of E" and E are
too fast to be followed with the nanosecond laser flash photolysis instrument. A closer look at
these processes is provided by transient absorption measurements with sub-100-fs time
resolution which we performed for selected benzhydryl triarylphosphonium salts. Figure 2.2
shows a false color representation of the ps transient absorption data obtained by irradiating
E25-PPh;" BF4 in CH,Cl, with a ~35-fs pulse (280 nm, 200 nJ/pulse): The wavelength is
plotted on the horizontal axis and the time after the laser pulse on the vertical axis. Blue color

indicates low absorbance and red color high absorbance.

Ph,CH-PPh," BF,~
in CH,Cl,

— 445 nm
— 332 nm

V.
7

10

—t/ps

100

1000

N N S .
Y S

Alnm—>

Figure 2.2. Transient absorptions observed after irradiating a 5.2 x 10> M solution of
E25-PPh;" BF, in CH,Cl, by a 35-fs pulse (Aexe = 280 nm, 4280 nm = 0.2, d = 120 um). The
graph above the color plot shows the spectrum after 1.8 ns (black). The graph on the right
shows the dynamics of the absorbances at selected wavelengths: Absorbance of benzhydryl
cation E25" (445 nm, red); and absorbance of the excited state (ESA) of the phosphonium ion
and the benzhydryl radical E25" (332 nm, blue). The time scale is linear between —1 and +1 ps
and logarithmic above 1 ps.

The plot features three types of bands: (i) a broad absorption band below 400 nm, which
disappears in the first 30 ps, is assigned to the excited state absorption (ESA) of the
phosphonium salt precursor; (ii) the band of the benzhydryl cation E25" (Anax ~ 443 nm),
which reaches a maximum within the first 25 ps; and (iii) a small band of the benzhydryl
radical E25" (Amax = 332 nm), which becomes visible after the decay of the excited state of the

phosphonium ion. The graph to the right of the color plot shows the dynamics of the
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absorbance at A, of the carbocation E25" (red) and at 332 nm (blue, Amax of the radical E25°
overlapping with the excited-state absorption in the first tens of picoseconds).

The intense short-lived (<0.1 ps) signal directly after the laser pulse is a coherent artifact that
is also observed in the pure solvent and will be ignored in the following.” A discussion of the
absorption changes during the first 2 ps (shaded area) which include relaxation, planarization,
and solvation effects is beyond the scope of this paper and is treated in detail elsewhere.*

The ESA disappears during the first 30 ps, accompanied by a simultaneous increase of the
absorbance of E25" which suggests that E25" is formed by direct heterolysis of the excited
precursor salt. It does not, however, exclude the generation of the benzhydryl cations E25" by
homolytic bond cleavage and subsequent considerably faster single electron transfer (SET) in
the geminate radical pair (Scheme 2.1, dashed arrow).

After the ESA has disappeared and the absorbance of E25" has reached its maximum, the
population of E25" decreases as a result of the geminate recombination of E25" with the
photoleaving group PPhs; in part, the photo-fragments diffuse away from each other and these
E25" persist on this time scale. Once the band of the radical E25' is clearly developed, it does
not show noticeable dynamics. After 1.8 ns, we observe the spectrum shown in the graph
above the color plot (Figure 2.2), which is essentially the same as the spectrum obtained by
the 7-ns laser pulse (Figure 2.1b).

The heterolysis of the tetrafluoro-substituted benzhydryl phosphonium ion E33-PPh;" BF, in
CH,Cl; is much less effective and the radical E33 is formed predominantly. In addition, the
small initial concentration of carbocations E33" decays rapidly so that only a very low
concentration can be observed on the nanosecond time scale (Figure 2.1d; also see Table
2.2).%

Picosecond Dynamics in CH;CN. In CH3CN essentially the same kind of photo-processes
occur after irradiation of E25-PPh;” BF, as in CH,Cl, (Figure 2.2). Figure 2.3 shows the
time-dependent quantum yields of the substituted benzhydryl cations E* during the first 1.6 ns
after the excitation pulse; the numeric values are listed in Table 2.2. It is evident that the
quantum yields of the initial heterolytic photo-cleavage, @, decrease with increasing
electrophilicity of the generated benzhydryl cations. At the same time, homolytic bond
cleavage becomes more favorable although the overall efficiency of bond cleavage decreases
(not shown). Due to the overlap of the bands of E” with the ESA and the PAr;™ band we could

not evaluate the radical yields on the early picosecond time scale.
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Table 2.2. Yields and Rate Constants Associated with the Dynamics of E" after Irradiation of
E—PAr;' BF, with Ar = Ph or p-CI-C¢H, (Bold) in CH3CN or CH,Cl, with a 35-fs Laser
Pulse (Aexc =280 nm).”

E+ E (E+)b PAI‘3 SOlVCl’lt djnetc/ % Yrecombd/ % @freee/ % krecombf/ S-l kescg/ S-l

E20" 3.63 PPh; CH;CN 34 21 27 1.9x10° 7.2x10°
E21" 443 PPh; CH:CN 30 25 23 25x10° 7.5x10°
E25" 5.47 PPh; CH;CN 24 25 18 27x10° 83 x10°
CH,Cl, 11 19 9 1.1 x10° 4.9 x 1/

P(p-Cl-CgH4)3s CHsCN 25 21 20 7.9x10° 3.0x10°

CH.Cl, (~16)" (~10)h 14 (6x10%" (5x 10%)"

E27" 6.23 PPh; CH;CN  6-10 29 4-7  3.6x10° 85x10°
E30" 6.87 PPh; CH;CN  5-8 32 350 3.6x10° 7.5x10°
E31" 7.52 PPh; CH;CN  4-7 35 3.4 38x10° 6.9x10°
P(p-Cl-CeH4)3CHsCN  8-12 36 57  89x10° 1.6x10%

E33" (8.02) PPh; CH;CN  3-4 42 2 6.6x10° 93 x10°

CH>Cl, (~1)" 29y (<)Y (2 x10°) (5% 10°)
P(p-Cl-CgH.)s CHsCN  8-12' 36 58  88x10° 1.6x 10"

“ See section S5 in the Supporting Information of J. Am. Chem. Soc. 2012, 134, 11481-11494 for details.
" Electrophilicity parameters £ of the benzhydryl cations E; see Table 2.1 for references. © Quantum yield of
heterolytic bond cleavage (including the possibility of initial homolytic bond cleavage and subsequent fast
electron transfer). ¢ Yield of geminate recombination of E* with the phosphine PArs. ¢ Overall quantum yield of
free E* (at ~2 ns) after diffusional separation of the photo-leaving group. / First-order rate constant for the
geminate recombination of E” with PArs. € First-order rate constant for the diffusional separation of E” and PArs.
" The different behavior of this photo-leaving group in the early photo-dissociation process in CH,Cl, reduces
the accuracy of our fit and we give only approximate values for this system. ' To calculate the quantum yields,
absorbance coefficients of (5.0-7.5) x 10* M™' cm™ were assumed for the benzhydryl cations E(27,30,31,33)" in
analogy to reported values for similar benzhydrylium ions.*’ / The values have to be considered approximate
because of the low absorbance of E33".

As illustrated by Figure 2.3, the concentrations of the benzhydryl cations E™ decrease
considerably during the first 300 ps after their formation which is rationalized by the geminate
recombination with the photo-leaving group PPhs;. Immediately after C—P bond cleavage, the
two photofragments are in close vicinity (ion pairs). They can either undergo geminate
recombination or the fragments diffuse apart. After complete diffusional separation of E"
from the photo-leaving group, bond formation is no longer possible (more precisely: is too

slow to be observable on this time scale) and the absorbances of E' reach a plateau (Figure
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2.3). The yields for the geminate recombination of the benzhydryl cations E™ with the
phosphine PPhs, Yiecomb, increase with the electrophilicity £ of the carbocations E’, and
diminish the final quantum yields of the diffusionally separated (free) benzhydryl cations,
Dy (Table 2.2).
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Figure 2.3. Time-dependent quantum yields @ of E' observed after irradiation of E-PPh;"
BF, solutions in CH3CN with a 35-fs laser pulse (Aexc = 280 nm).

The rate constants listed in Table 2.2 for the geminate recombination of E" with PPhs, krecomb
(s'l), and for the diffusional separation of E" from PPhs, kesc (s'l), can be derived from Yiecomb
= Krecomb/(krecombtkesc) and the observed rate constants for the decrease of the benzhydrylium
ions. With increasing electrophilicity E of the benzhydryl cations E”, the recombination rate

constant kpecomp increases steadily while k.s. remains almost constant at (7-9) x 10°s7".

2.2.3 Effect of the Photo-nucleofuge (i.e., Triarylphosphine). It was already observed by
Modro and co-workers that the use of a more nucleophilic phosphine as photo-leaving group
decreased the amount of cation-derived photo-products in photolyses of phosphonium salts.**
When we employed tris(4-chlorophenyl)phosphine P(p-CI-C¢H4); as a photo-leaving group
instead of PPh;, the formation of benzhydryl cations E” was considerably more efficient and
even allowed us to generate highly electrophilic benzhydrylium ions.

Figure 2.4 shows the transient spectra obtained after irradiation of the benzhydryl
triarylphosphonium tetrafluoroborates E31-PAr;" BF, with PAr; = PPhs (black curves) and
PAr; = P(p-Cl-C¢Hs)s (orange curves). Considerably higher concentrations of the

carbocations E31" and lower amounts of the radicals E31" were obtained when P(p-Cl-C¢Ha);
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was employed as photoleaving group. Similarly, irradiation of E33-P(p-C1-C¢Hy4);" BF4 gave
higher yields of E33" and lower yields of E33" than irradiation of E33-PPh;" BF, , but the
absorbance of E33" was still too low (4 < 0.04) to study its reaction rates on the nanosecond
time scale. The shoulders of the radical bands (PAr3'+) are weaker and red-shifted to
350-380 nm when P(p-Cl-C¢Hy); is used as photo-leaving group (Figure 2.4), in agreement
with the fact that the absorbance maxima of the tris(4-chlorophenyl)phosphine radical cation

P(p-Cl-C¢H,);™" are slightly red-shifted compared to PPh;".Y

F - F
0.2 (E31%) — PPh
. I s P(p-Cl-C¢H,)s

Figure 2.4. Transient spectra obtained after irradiation (7-ns pulse, Aexe = 266 nm, gate width:
10 ns) of CH,Cl, solutions of benzhydryl triarylphosphonium tetrafluoroborates E31-PAr;"
BF, with different photoleaving groups PAr; = PPh; (black, Az66 nm = 1.0) and PAr; =
P(p-Cl-C¢Ha)s (orange, A266 nm = 1.0).

Two reasons might account for the increased carbocation yields with P(p-C1-C¢Hy); as photo-
leaving group: First, the oxidation potentials of the two phosphines (E’.x = 1.06 V for PPh;
and 1.28 V for P(p-CI-CsHa)3 in CH3CN)48 indicate a higher thermodynamic preference of
E'/PAr; pairs over E'/PAr;™" pairs in the case of P(p-CI-C¢Hy); than in the case of PPhs. Thus,
the preference for the heterolytic over the homolytic pathway should be larger for
E—P(p-Cl-C4H,);" than for E-PPh;". Furthermore, P(p-Cl-C¢Hy); is less nucleophilic than
PPh; (AN = 1.75)*" and, therefore, allows more carbocations to undergo diffusional separation
instead of geminate recombination.

The data from the ultrafast spectroscopic measurements illustrate that both effects contribute
to the better overall quantum yields @y when P(p-Cl-C¢Ha)s is used as photoleaving group
instead of PPh; (Table 2.2, bold entries): For this leaving group, the observed initial quantum
yields of the heterolytic bond cleavage, @, are higher and the yields of the geminate

recombination, Yiecomb, are lower. While the differences are small for the photolysis of
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E25-PAr;” BF, in CH;CN, the effects are more important in CH,Cl, and crucial for the

generation of the most reactive benzhydryl cations (Table 2.2).

2.2.4 Effect of Solvent on the Picosecond Dynamics. The overall quantum yields of the free
carbocations, @y, are considerably lower in CH,Cl, than in CH3CN (Table 2.2), which is a
consequence of the decreased quantum yields for the heterolytic bond cleavage, @ The
lower solvent nucleophilicity of CH,Cl, compared to CH3CN only becomes relevant at longer
time scales (see below).

The rate constants for the cage escape, kes, are of comparable magnitude in CH,Cl, and
CH;CN for both photo-nucleofuges PAr; (Table 2.2). In contrast, the diffusional separation of
E’ from CI is very slow after the photolysis of E—CI in CH,Cl, due to the Coulombic
attraction between the charged photo-fragments,® which explains why photolyses of E-PAr;"
give much higher yields of carbocations in CH,Cl, than photolyses of E—CI.

2.2.5 Effect of the Counterion in the Precursor Phosphonium Salt. Transient Spectra in
CH;CN and CH>Cl,. At low phosphonium salt concentrations (~1 x 10 M), the association
equilibria of E25-PPh;” X in acetonitrile are entirely on the side of the free (unpaired)
ions.*” Since the lifetime of the excited state is only a few ps, which is too short for the
diffusive approach of external X, the photochemistry of E25-PPh;" is not affected by the
counter-anion X under these conditions.

Accordingly, ~1.2 x 10* M solutions of E25-PPh;” X~ with different counter-anions X in
CH;CN gave very similar transient spectra upon irradiation with a 7-ns laser pulse (Figure
2.5a): Irrespective of the counter-anion X , the predominant photoproduct was the
benzhydrylium ion E25" (Ana = 436 nm) together with small amounts of the radical E25'
(Amax = 329 nm). Since the absorption coefficients of E25" and E25 are similar,40 the
absorbance ratios in Figure 2.5 directly translate to concentration ratios. The slightly lower
concentrations of E25" obtained from precursors with X~ = CI” or Br  (Figure 2.5a) result
from the diffusion-controlled trapping of E25" by the halide ions (see below),” which can

already be noticed on this time scale (first 10 ns).
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Figure 2.5. Transient spectra obtained by irradiation of E25-PPh;" X (4266 nm = 0.5,
(1.0-1.2) x 10 m) with different counterions X = BF, (black), SbFs (blue), Br™ (red) or CI”
(green) in CH3CN (a) and CH,Cl, (b) with a 7-ns laser pulse (Aexe = 266 nm, gate width:
10 ns).

In CH,Cl,, the phosphonium salts E25-PPh;” X have a considerably higher tendency to form
ion pairs. At concentrations of 1 x 10 M, which we typically used in the nanosecond laser
flash photolysis experiments, ~57% of the Cl, ~43% of the Br, ~40% of the BF4, and
roughly (10-30)% of the SbFg salts exist as ion pairs in CD,Cl,.*> When we irradiated
solutions of E25-PPh;” BF; in CH,Cl,, we obtained mostly the benzhydrylium ion E25"
(Amax = 443 nm) together with small amounts of the radical E25" (Ana.x = 332 nm) (Figure
2.5b, black curve). Irradiation of CH,Cl; solutions of E25-PPh;" SbFg gave almost the same
concentrations of E25" and E25’ as the tetrafluoroborate precursor (Figure 2.5b, blue curve).
In contrast, the concentration ratio of E25" and E25 was reversed when we used the
phosphonium bromide E25-PPh;" Br_ as precursor (Figure 2.5b, red curve). Irradiation of the
phosphonium chloride E25-PPh;" Cl” gave an intermediate amount of E25 while the
concentration of E25" was almost the same as with the phosphonium bromide precursor

(Figure 2.5b, green curve). Transient spectra obtained by analogous experiments with
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E25-PPh;" BPh, are difficult to interpret because of the overlap with the absorbances of
photoproducts derived from BPhs and are discussed in section 2.S.4.

Mechanism. The reduced yield of carbocations E25" obtained from the phosphonium halides
in CH,Cl, (Figure 2.5b) can in part be explained by the immediate combination of E25" with
Br or ClI which are in close vicinity if they have been generated from the paired
phosphonium halides. However, the increased yields of the radicals obtained from the
phosphonium halides cannot be explained by the mechanism in Scheme 2.1 and subsequent
reactions with the counterions, because Cl and Br do not reduce the benzhydrylium ions in

the dark. Scheme 2.1, therefore, has to be extended as depicted in Scheme 2.2.

Scheme 2.2. Generation of Benzhydryl Cations E™ and Benzhydryl Radicals E” by Photolysis
of Phosphonium Salts E-PR;" X (R = Ph or p-Cl-C¢Hy): (a) Reactions of Unpaired
Phosphonium Ions (Predominant Mechanism in CH3;CN) and (b) Reactions of Paired
Phosphonium Ions (Predominant Mechanism in CH,Cl,).”

a) +PR3 B ion pairing [ +PR3 ] b)
+ X = X~
Ar' /l\ArZ Ar' /l\ArZ |
- h back
electron transfer
/ & \ hv / & hv |
+ * r + 1* "PRs
| )Pj3 | PR3 - PET 0 X
geminate AT A2 geminate AT AR — Ar'” AR
recombination r r recombination L ' r 1 (X oxidizable)
/ \ / \ "dark intermediate"
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PR PR;" PR PR, PR
* 3| (SET) : 3 * 3 | (SET) . 3 . 3,
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it -+ PN R * - Ar,CH’
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Ar Ar Ar Ar 3 (X _) Arl” AR Ar Ar 3 Ar Ar with X

“ For the sake of simplicity, the geminate recombination reactions for the radical pairs are not shown. ” Radical
combination or electron transfer.

The phosphonium precursors can exist as free phosphonium ions or paired with the counter-
anions. Like the unpaired phosphonium ions (Scheme 2.2a), the ion pairs can undergo
heterolytic bond cleavage to the benzhydryl cations E™ (Scheme 2.2b, red pathway) or
homolytic bond cleavage to the benzhydryl radicals E* (Scheme 2.2b, blue pathway). If the

counter-anion is oxidizable, there is the additional possibility of a photo-electron transfer
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(PET) in the excited phosphonium ion pair (Scheme 2.2b, green pathway). Such a PET was
already proposed by Griffin et al.* and further substantiated by Modro and co-workers who
suggested a mechanism similar to Scheme 2.2 for the photolysis of arylmethyl phosphonium
salts with oxidizable counterions.”*™® As expected for an electron transfer mechanism, the
yields of the radicals E25 obtained from E25-PPh;" X increase with decreasing oxidation
potentials of the counterions X (Br < Cl << BF4 and SbF¢ ). Related to the degree of ion
pairing of the precursor salts in these solvents,” Scheme 2.2a is the predominant pathway in
CH;CN and Scheme 2.2b predominates in CH,Cl,.

Our results agree with those of Johnston, Scaiano, and coworkers, who studied the photolyses
of arylmethyl triphenylphosphonium chlorides in CH3CN and other solvents under conditions
where ion-pairing is not negligible.”> They had already noticed that the concentrations of
transient arylmethyl cations increased and the concentrations of radicals decreased when
inorganic salts of non-nucleophilic anions (e.g., LiClO4, NaBF,) were added to the
phosphonium chloride solutions, because these anions replace the Cl in the initial
phosphonium salt ion pairs. As expected, this effect is larger in less polar solvents.*
Picosecond Dynamics in CH;CN and CH,CI,. The data from the ultrafast measurements
corroborate this interpretation. Figure 2.6 shows the false color representations of the ps
transient absorptions obtained after irradiation of E25-PPh;" X with different counter-anions
(X = SbF¢, Cl', and Br ) in CH3CN or CH,Cl,. The plots for E25-PPh;" SbF¢ in CH;CN
(Figure 2.6a) and CH,Cl, (Figure 2.6d) are very similar to that of the tetrafluoroborate
precursor (Figure 2.2) and can be interpreted analogously (see above). Likewise, the color
plot obtained with 4 x 10* M E25-PPh;" Br_ in CH3CN (Figure 2.6b) closely resembles that
of E25-PPh;" SbFs (Figure 2.6a), because ion pairing is negligible at these concentrations**
and the PET mechanism depicted in Scheme 2.2b (green pathway) cannot occur. In all these
cases, E25" is the predominant photo-product, and only very small amounts of E25 are

obtained.
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Figure 2.6. Transient absorptions obtained after irradiating solutions of E25-PPh;" X~ with
different counterions X in CH3;CN (a-c) and CHyCl, (d-f) by a 35-fs laser pulse (Aexe =
280 nm). The graphs above the color plots show the spectra after 1.8 ns (black). The graphs
on the right show the dynamics of the absorbances at certain wavelengths: absorbance of
benzhydryl cation E25" (436 or 445 nm, red) and absorbance of the excited state (ESA) and
the benzhydryl radical E25" (329 or 333 nm, blue). (a) X” = SbF¢ in CH;CN; (b) X =Br in
CH;CN; (¢) X = Br in CH;CN with 4.8 x 10° M added NEt," Br; (d) X = SbFs in
CH)Cly; (e) X =CI in CHyCly; (f) X = Br in CH,Cl,. The color scales in the false color
plots are comparable in Figures (a-f), but the absorbances in the small graphs (spectra and
dynamics) were scaled to the available space and cannot be compared directly. The time scale
is linear between —1 and +1 ps and logarithmic above 1 ps. For the reasons discussed in
context of Figure 2.2, the absorption changes during the first 2 ps (shaded area) are discussed
elsewhere.*” Experimental conditions: (a,d-f) (5-7) x 10 M precursor (4aso sm = 0.2), d =
120 pm; (b,c) 4 x 10™* M precursor (42go ym = 0.1), d = 1 mm.
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At larger precursor concentrations or in the presence of added bromide, however, the
association equilibrium of the precursor phosphonium salt is shifted toward the ion pairs, and
the PET pathway becomes available also in CH3CN. Figure 2.6¢ shows the false color plot
obtained after irradiation of E25-PPh;" Br in the presence of 4.8 X 10 M added NEt," Br .
We now observed a significant amount of benzhydryl radicals E25" while the yield of the
benzhydryl cations E25" decreased.

The false color representations of the transient absorption data recorded after irradiation of
E25-PPh;" X with different counter-anions (X =SbFg , Cl, and Br ) in CH,Cl, are shown
in Figure 2.6d-f. As already discussed, the plot for E25-PPh;" SbF¢ (Figure 2.6d) is similar
to that observed in CH;CN. Irradiation of E25-PPh;" CI™ gave the color plot shown in Figure
2.6e, which is an intermediate case between the SbFs and the Br salts. At any time, only a
small amount of carbocations E25" is present. In addition, most of the initially generated
E25" decay during the first 1.8 ns due to the combination reaction of E25" with CI". The
decay of the ESA is not associated with an increase of the carbocation absorbance, indicating
that the excited state disappears predominantly by the PET mechanism and not by heterolytic
bond cleavage. The dynamics at 332 nm is most interesting (Figure 2.6e, blue curve), because
the ESA decreases within ~30 ps, while the benzhydryl radicals E25" appear with a marked
delay (kops = 3.8 X 10° s'l). The dent between the decrease of the ESA and the formation of
E25" implies the accumulation of a “dark” intermediate with a relatively low absorption
coefficient which cannot be detected within the large probe range from 290 to 700 nm. This
intermediate might be the phosphoranyl/chlorine radical pair [E25-PPh;" CI'] (Scheme 2.2b,
green pathway), which can either dissociate to E25 and PPh; or undergo a back electron
transfer to regenerate the phosphonium chloride E25-PPh;" CI. After ~800 ps, the “dark”
intermediate is completely consumed and the formation of E25 ceases.

Due to the lower oxidation potential of bromide, electron transfer reactions from Br , which
generate Br’, are more favorable than the corresponding reactions of CI™. Thus, the PET
pathway yielding the radical E25" from the excited state is extremely effective when X = Br .
As a result, the ESA disappears almost instantaneously and the band of E25" appears within a
few ps (Figure 2.6f). Accordingly, only a very small amount of carbocation E25" is generated
from E25-PPh;" Br in CH,Cly; again the decay of E25" is very effective due to combination
with Br . In contrast to the observations with the chloride precursor, the radical band keeps
rising with an observed rate constant of ks = 6.3 % 10% ¢! throughout the whole time scale

(Figure 2.6f, blue curve), i.e., the radical formation is slower but more effective in the case of
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X = Br. This effect is also explained by the lower oxidation potential of Br : After
formation of the not observable phosphoranyl radical, homolytic cleavage of E25-PPh;’ yields
Ph,CH" (green pathway in Scheme 2.2b). On the other hand, the concurrent back electron
transfer depends greatly on the reduction potential of X" and is much less important with Br’
than with CI'. As the back electron transfer decay pathway for the “dark™ state is suppressed,
this state becomes longer-lived and benzhydryl radicals E25" keep forming over the whole
time scale (Figure 2.6f) in a more effective and longer-ongoing®' process. Furthermore, many
benzhydryl radicals E25 survive due to the less important electron transfer and radical
combination reactions between E25" and Br'.

lon-Pairing and UV/vis Spectra of the Photo-generated Benzhydryl Cations. It should be
noted that the carbocations E” which are obtained by the heterolytic cleavage from the paired
precursor salts [E-PR;" X] (Scheme 2.2b, red pathway) may remain paired with the
negatively charged counterions during escape of PR; from the solvent cage [E™ PRy X ].
Thus, if the association equilibrium of the benzhydrylium salt E" X~ is favorable enough and
X' is a weakly nucleophilic counterion (e.g., SbFg ), photolysis of [E-PR3" X ] yields long-
lived ion pairs [E” X ].

Figure 2.5b shows that the absorption maxima of the carbocations in CH,Cl, vary slightly
with the counter-anions. The absorption maxima An.x of the benzhydryl cations E25" which
were generated from the phosphonium halide precursors are at slightly higher wavelengths
(Amax = 450 nm, Figure 2.5b, red and green curves) than those of the benzhydrylium ions
generated from the phosphonium tetrafluoroborate or hexafluoroantimonate precursors (Amax
~ 443 and 445 nm, Figure 2.5b, black and blue curves). It has previously been reported that
the absorption maxima of the paired benzhydrylium tetrachloroborates [E(15-20)" BCly ] are
at ~2 nm shorter wavelengths than those of the free ions.>? Thus, the lower Amax of the
benzhydrylium ions E25" which were generated from BF, or SbFs salts are in agreement
with the presence of benzhydrylium ion pairs. The same An.x as shown in Figure 2.5b
(determined with 10 ns gate width) are also observed by the ultrafast measurements after
~1 ns and then remain constant during the whole lifetime (us time scale) of E25" (see Figure
2.S.5 in section 2.S.5). As the diffusional approach of external anions is comparably slow, the
paired benzhydrylium ions observed after ~1 ns must originate from paired phosphonium
salts.

The higher An.x for the benzhydryl cations E25" obtained from the halide precursors (Figure

2.5b, red and green curves) can be explained by the fact that carbocations which originate
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from the paired fraction of the phosphonium halide precursors are immediately trapped by the
halide anions. Thus, the carbocations which we can observe spectrophotometrically on the
>10 ns time scale™ are only the free (unpaired) benzhydrylium ions E25" which are obtained
from the unpaired fraction of the phosphonium halides. External halide ions subsequently
consume the unpaired benzhydrylium ions in a diffusion-controlled reaction (see below)
which does not affect An.x of the remaining unpaired benzhydrylium ions but only reduces the
signal intensity.

In CH;CN, the precursor salts as well as the benzhydryl cations are mostly unpaired in the
concentration range employed in our experiments, and we observe the unpaired carbocations
E25" predominantly. Thus, the absorption bands of E25" feature identical absorption maxima
(Amax = 436 nm) irrespective of the counterions in this solvent (Figure 2.5a).

Counterion Effects in the Photochemistry of Other Onium Salts. The counterion effects
discussed in the preceding paragraphs should also be relevant for the photochemistry of other
onium salts. For example, we have previously shown that one can generate E25" in CH,Cl, by
laser flash photolysis of the quaternary ammonium tetrafluoroborate E25-DABCO" BF,~
(DABCO = 1,4-diazabicyclo[2.2.2]octane) but not from the corresponding quaternary
ammonium bromide.'* Benzhydryl trimethylammonium iodide has also been used as photo-
base-generator because irradiation of E25-NMe;' I yields trimethylamine but not the
benzhydryl cation E25" which would trap the amine.”* To account for the formation of NMej
and the absence of E25", Jensen and Hanson discarded the PET mechanism and favored a
photo-Sx1 reaction in CH3CN and CH30OH which involves photoheterolysis of the precursor
with subsequent trapping of the benzhydryl cations E25" by the I anions or the nucleophilic
solvent.”” Our results with the phosphonium analogues suggest that the PET mechanism may

well be a relevant pathway for the generation of tertiary amines in less polar solvents.

2.2.6 Laser Flash Photolytic Generation of Highly Electrophilic Benzhydrylium lons.
The information on the influence of photo-nucleofuges (PAr;) and counterions X on
carbocation yields derived in the previous sections have subsequently been used to generate
highly reactive carbocations in order to study their reactivities in bimolecular reactions on the
>10 ns time scale. For these investigations, we were restricted to the solvent CH,Cl,, because
CH;CN reacts fast with highly electrophilic benzhydrylium ions such as E(27-33)" (see
below). In section 2.2.3 we have already demonstrated that the use of P(p-Cl-C¢H4); as photo-

nucleofuge gives higher yields of carbocations than when PPhs; is employed. Figure 2.7a
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shows the transient spectra obtained by irradiating solutions of the phosphonium salts
E31-P(p-Cl-C4H,);" X~ with different counter-anions X in CH,Cl, with a 7-ns laser pulse
(Adexe = 266 nm). As discussed in section 2.2.3, the phosphonium tetrafluoroborate
E31—P(p-C1—C6H4)3+ BF, gave a moderate yield of E31" along with significant amounts of
E31" (Figure 2.7a, black curve). In view of the results presented in section 2.2.5 it is no
surprise that we could not observe any carbocation E31" but only the radical E31" when we

irradiated the phosphonium bromide E31-P(p-C1-C4H,);" Br (Figure 2.7a, red curve).

AA —

AA —>

BF,

Alnm—

Figure 2.7. Transient spectra obtained after irradiation of CH,Cl, solutions of benzhydryl
tris(p-chlorophenyl)phosphonium salts with different counter-anions with a 7-ns laser pulse
(Aexe = 266 nm, gate width: 10 ns): (a) E31—P(p—Cl—C6H4)3+ X with X = BF; (black,
A266 nm — 10), X = SbFé_ (blue, A266 nm — 10) and X = Br (red, A266 nm — 10),
(b) E3?VP([?-C1-C6H4)3+ X with X = BF47 (black, A266 nm — 10) and X = SbF(; (blue, A266 nm
=0.9).

When we irradiated CH)Cl, solutions of the phosphonium hexafluoroantimonate
E31-P(p-Cl-C4H,);" SbFs , however, the intensity of the cation band was doubled compared
with that obtained from the corresponding BF4 salt, while that of the radical band remained
virtually unchanged (Figure 2.7a, blue line).

Similarly, the absorbance of E33" more than tripled when we used the hexafluoroantimonate

E33-P(p-Cl-C¢H,);" SbFs (Figure 2.7b, blue curve) instead of the corresponding
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tetrafluoroborate (Figure 2.7b, black curve), while the yield of the benzhydryl radical E33
was unaffected. The combination of the P(p-Cl-C¢Hy4); photo-leaving group and the SbFg
counterion hence finally allowed us to generate E33" in sufficient concentrations to study its
kinetics with nucleophiles in CH,Cl,. Similarly, we could also obtain the highly electrophilic
4,4'-bis(trifluoromethyl)benzhydrylium ion E32" from E32-P(p-Cl-C4H,);" SbFs (Figure
2.S.6 in section 2.S.6).

Apparently, the BF, anions trap a significant portion of the carbocations E(31-33)" within
the [E" BFy4 ] ion pairs that are generated by the laser pulse. This is not the case for the parent
benzhydryl cation E25" which was obtained in similar concentrations from the
hexafluoroantimonate and the tetrafluoroborate precursor (Figure 2.5b, black and blue
curves); on the microsecond time scale we also see a faster decay with the BF, counterion
than with SbF¢ (see below). The trapping of the carbocation by BF4 within the ion pair
becomes less efficient as the electrophilicity of the carbocations is reduced. The higher
reactivity of BF, compared to SbFs is in agreement with the calculated enthalpies of
fluoride abstractions in the gas phase, which are 151 kJ mol™ more exothermic for BF4 than
for SbF6_.54 Furthermore, the photoinitiation efficiencies of onium salts in cationic
polymerizations generally depend on the nature of the anions and decrease in the order SbFs
> AsFs > PFs > BF, .%° This is usually explained by the different nucleophilicities of the
anions which are considered to be relevant for the stability of the active center in the

propagation step of cationic polymerizations.*®

2.2.7 Lifetimes of Benzhydrylium lonsin CH,Cl,, CH3CN, and CF3CH>OH. Not only the
yields of the carbocations E™ on the <10 ns time scale but also their lifetimes on the ps time
scale depend greatly on the experimental conditions. Figure 2.8 shows the time-dependent
absorbances of the parent benzhydrylium ion E25, which we observed when we generated
this carbocation from precursors E25-PPh;" X~ with different counter-anions (X = BF,,
SbF¢ , Br, or Cl) in CH3CN or CH,Cl,. The lifetime of E25" depends on the decay
mechanism of the carbocation, which can be (i) recombination with the photo-leaving group
PPhs, (ii) reaction with the counter-anions X of the phosphonium salt precursor, or
(111) reaction with the solvent.

Recombination with the Photo-nucleofuge. A general limitation of the laser flash photolysis
technique is entailed by the recombination reactions of the carbocations with the free

(diffusionally separated) photo-nucleofuges. Photo-nucleofuges (e.g., Hal , NR3, PR3, RCO, )
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typically undergo diffusion-controlled recombination reactions with highly electrophilic
carbocations (E > 0) in solvents of low nucleophilicity.”> Exceptions to this rule are anionic
photo-leaving groups in fluorinated alcohols which stabilize anions very well (e.g., acetate or
p-cyanophenolate in CF3CH,OH).® In our case, the triarylphosphines (N > 12.58, sy = 0.65)*’
undergo diffusion-controlled or almost diffusion-controlled reactions with the benzhydrylium

ions E(13-33)".
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Figure 2.8. Time-dependent absorbances of E25" obtained after 7-ns irradiation of
E25-PPh;" X~ (4266 nm = 0.5, (1.0-1.2) x 107 M) with different counter-anions X = BFs
(black), SbF¢ (blue), Br (red) or ClI (green) with a 7-ns laser pulse: (a) in CH;CN and (b) in
CH,Cl, (inset: enlarged decay curves for E25" from precursors with halide counterions).

The blue curve in Figure 2.8b shows that the recombination reaction with PPh; can be
observed when E25" is generated by irradiation of E25-PPh;" SbF¢ in CH,Cl,. Since E25
and PPh; are generated in equimolar amounts by the laser pulse, the observed decay of the
absorbance is not mono-exponential. Using the software Gepasi,” we could fit the observed
decay to a kinetic model which takes into account the second-order recombination reaction
with PPh; and a general first-order reaction which summarizes all (pseudo-)first-order

reactions which may occur (Figure 2.9). Details and more examples of such fits can be found
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in section 2.S.7. As expected, second-order rate constants kpph3 ~1x 10" m"' s are found for

the combinations of E20", E21", and E25  with PPhs, indicating diffusion-controlled
reactions. The obtained rate constants ko (s™') for the first-order background decay reactions

agree with the trends discussed below.
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Figure 2.9. Decay of the concentration of E25" observed after irradiation of E25-PPh;"
SbF¢ (4266 nm = 0.53, 1.03 % 10 M) in CH,Cl, with a 7-ns laser pulse: Superposition of
experimental data (o), an exponential fit (black), and a fit calculated by Gepasi (red)
according to the kinetic model with variable [PPh;] shown in this Figure (kpph3 =

(1.31 +0.003) x 10" M s and ko = (6.49 + 0.02) x 10° s™).

At typical concentrations of the photofragments E* and PAr; in our experiments (~10° to
10 M), we find such nonexponential decay kinetics for all systems in which the benzhydryl
cations E” have lifetimes >10 ps. The recombination reaction with the photo-leaving group
thus sets a lower limit for measuring pseudo-first-order kinetics of the benzhydryl cations E"
with external nucleophiles: Only pseudo-first-order rate constants larger than (1-5) x 10° s
can be determined reliably by fitting the data to an exponential decay curve; otherwise the
decay kinetics will be dominated by the second-order reaction with the photo-leaving group.

Reaction with the Counter-anion of the Precursor Phosphonium Salt. When precursors
E25-PPh;" X~ with halide counter-anions were used for the generation of benzhydryl cations
E", we observed exponential decays of the carbocations which were significantly faster than
the decays of carbocations generated from phosphonium salts with X = BF4 or SbFs
(Figure 2.8). Halide ions undergo diffusion-controlled reactions with reactive carbocations
(E > —2) in aprotic solvents’ and the reactions follow pseudo-first-order kinetics since [E'] <<
[X"] (only a small fraction of Ar,CH-PPh;" X is cleaved to the carbocations). For example,
irradiation of 1.2 x 10™ M solutions of E25-PPh;" X with X =Br or Cl in CH;CN (Figure
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2.8a, red and green curves) gave pseudo-first-order rate constants kqps =~ 6 X 10° s! for the
decay of E25". Irradiation of 1.0 x 10 M solutions of the same precursors in CH,Cl, (Figure
2.8b, red and green curves) yielded similar rate constants (ks = 7 x 10° s™). These values
correspond to second-order rate constants of k; = 5 X 1010 m! st (CHsCN) and k, = 7 x 10'°
Mgt (CH,Cl,) for the diffusion-controlled reactions of E25" with Br and CI .

An almost mono-exponential decay of E25" was also observed in CH,Cl, when we irradiated
E25-PPh;" X~ with X~ = BF, (Figure 2.8b, black curve, kops = 2.6 x 10° ). This decay is
much slower than the decays for X = CI or Br but significantly faster than the non-
exponential decay observed for X~ = SbFs (Figure 2.8b, blue curve) indicating that E25"
reacts with BF,4 . Similar mono-exponential decays were found for the benzhydrylium ions
E(22-30)" which were generated from the phosphonium tetrafluoroborates E(22-30)—PAr;"
BF, ; the decay rate constants increase with the electrophilicities £ of the carbocations (see
section 2.S.8 for details). As the yields of the more reactive benzhydryl cations E(31-33)"
obtained from the BF, salt precursors were lower than those from the SbFs salt precursors
(see above), one can conclude that the reactions of E(31-33)" with BF, already occur on time
scales <10 ns. For the highly reactive carbocations E(31-33)" we also observed mono-
exponential decays when they were generated from the corresponding hexafluoroantimonate
salts E(31-33)—P(p-Cl-CsH,);" SbFs . As the background decay rates ko of the carbocations
E(31-33)" observed on the >10 ns time scale after irradiation of E(31-33)—P(p-Cl-CsH,);™ X
with X = BF4 and SbF¢ also become similar (Figure 2.S.8.2 in section 2.S.8), we assume
that now the reactions of E" with solvent impurities such as residual water in CH,Cl, are
dominating.

We have already discussed in section 2.2.5 that the benzhydrylium tetrafluoroborates E" BF,~
predominantly exist as ion pairs in CH,Cl, solutions (in the presence of ~1 x 10* m
phosphonium tetrafluoroborate). Accordingly, a further increase of the concentration of BF4
has little effect on the kinetics. Thus, the decay rate constant of E31" increased only slightly
(factor 1.5) when we irradiated CH,Cl, solutions of E31—P(p-Cl-C6H4){r BF, in the presence
of 1.4 x 10 M KBF4/18-crown-6. The high concentration of BF; ions reduced the initial
absorbance of E31" by less than 30%, i.e., the effect is much smaller than when exchanging
5.7 x 10 M SbFs_ for the same concentration of BF,~ (Figure 2.7a).

Reactions with the Solvent. In CH3CN or 2,2 2-trifluoroethanol (TFE), which are typical
solvents for the laser-flashphotolytic generation of carbocations,' the characterization of

highly electrophilic carbocations is hampered by the nucleophilicity of these solvents. In
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CH;CN, for example, the parent benzhydryl cation E25" decays mono-exponentially with a
first-order rate constant of k; = 2.52 X 10° s when it is generated from E25-PPh;" BF, or
SbFs (Figure 2.8a), that is, it decays at least 1 order of magnitude faster than in CH,Cl,.
A slightly larger value (k; = 3.21 x 10° s') was observed for the decay of E25™ in
trifluoroethanol (TFE). These rate constants are independent of the choice of the photo-
leaving groups (Table 2.3). As solvation effects have a relatively small influence on the
reactivities of carbocations,56 the ~440-fold increase of the decay rate of E25" in CH;CN and
TFE compared with CH,Cl, (ky = 6.5 x 10° s, Figure 2.9) must result from reactions of E25"

with these solvents.®**

Table 2.3. First-Order Rate Constants k; (s) for the Decay of Benzhydryl Cations E* in
CH;CN and 2,2,2-Trifluoroethanol (TFE) at 20 °C.

S . S
L
X Y

ki (CH;CN) /s k; (TFE)/s™
E- X Y E*

E22" 4-F 4F 501 1.1x10°" 582x10°¢
E23" 4-F H 520 1.8x10°° d

E25" H H 547 252x10°% 321x10°¢
E26° 4-Cl 4-Cl 548  28x10°"  1.47x10°¢
E27" 3-F H 623 1.00x10°° 129x10"°¢
E28"4-(CF;) H 670 3.8x10"° d

E30° 3-F 3-F 687 349x10°° 46x10¢

“ Electrophilicity parameters E of the benzhydryl cations E'; see Table 2.1 for references. ” Photolysis of E—CI in
CH;CN.* ¢ Photolysis of E-PPh;" BF,, this work. ¢ Not determined. ¢ Photolysis of E25—Cl in CH;CN gave a
value of 2.5 x 10° 5™ **/ Photolysis of benzhydryl p-cyanophenyl ether in TFE gave a value of 3.2 x 10°s™.®

The most reactive benzhydryl cations of this series, E31", E32", and E33", decay too fast in
CH;CN or TFE (7< 10 ns) to be observed with the nanosecond laser flash photolysis setup. It
is possible, however, to generate the acceptor-substituted benzhydrylium ions E(27-30)" in
these solvents and to follow the exponential decays of their UV/vis absorbances. Since the
first-order rate constants for their reactions with CH;CN and TFE are >1 x 10’ s (Table 2.3),

it is difficult to characterize the electrophilic reactivities of these benzhydrylium ions toward
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other nucleophiles in these solvents, because only nucleophiles that react with rate constants
close to the diffusion limit can efficiently compete with these solvents.

Dichloromethane is considerably less nucleophilic than CH3;CN or TFE. First-order decay rate
constants of ~2 x 10° s (E31") and ~3 x 10° s (E33") were measured when these
carbocations were generated from E(31,33)—P(p—C1—C(,H4)3+ SbF¢ (Figure 2.S.8.2 in section
2.S.8). However, these values are probably due to impurities and do not reflect the reactivity
of CH,Cl, (see above). They just represent an upper limit for the nucleophilic reactivity of
CH,Cl,. Anyway, the lifetimes of the benzhydrylium ions in highly purified CH,Cl, (see
section 2.S.1) are much longer than in anhydrous CH3CN and TFE and allow us to study the

electrophilic reactivities of E(27-33)" toward a variety of nucleophiles.

2.2.8 Counterion Effects on Bimolecular Reactions. As discussed in section 2.2.5, the usual
assumption that only free ions are observed in nanosecond laser flash photolysis
experiments'™® does not hold when the carbocations are generated by photolysis of certain
onium salts with low-nucleophilicity counterions (e.g., BF4, SbFs ). Consequently, the
question arises whether bimolecular reactions of the photolytically generated carbocations are
affected by the nature of the counter-anion in the precursor salt. Previous results already
showed that the rate constants for the reactions of moderately stabilized benzhydrylium ions
such as methoxy- or methyl substituted benzhydrylium ions E(15-21)" with neutral

345657 or hydride donors®® in CH,Cl, are independent of the

nucleophiles like 7z-nucleophiles
nature of the counter-anion and the degree of ion pairing. We now investigated the influence
of the counter-anion on the reactions of the considerably more electrophilic benzhydrylium
ions E25" and E31" with z=nucleophiles (Table 2.4).

When we generated the benzhydrylium ions E* from different precursors E-PAr;” X with
different counter-anions X in the presence of a large excess of 7-nucleophiles, we observed
exponential decays of the UV/vis absorbances of the benzhydryl cations E* from which we
obtained the pseudo-first-order rate constants ops (s'l). Plots of kops versus the nucleophile

concentrations were linear in all cases, as exemplified in Figure 2.10 for the reaction of E25"

with allyltrimethylsilane.
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Table 2.4. Second-Order Rate Constants k, (M s™) for the Reactions of z-Nucleophiles with
Benzhydryl Cations E" Obtained from Different Precursors E-PAr;" X in CH,Cl, at 20 °C.

precursor E-PAr;” X

' ko /M

PAr; X

E25" Reaction with allyltrimethylsilane
PPh; BF,  1.60 x 10’
PPh; SbFs 143 x 10’
PPh; Br- 1.42 x 10’
PPh; Cr 1.53 x 10’

E31" Reaction with 2,3-dimethyl-1-butene
PPh; BF,  8.22x10

P(p-Cl-C¢H;);  BF4 8.24 x 10’
P(p-Cl-C¢Hy)s  SbFs 827 x 10’

8x10°

6x10°

i 00k ™
Toz2 00 t/ps—> 05

-1
Kops / 1 —

4x10°

2x10°

0 0.05 0.10
[allyltrimethylsilane] / M —

Figure 2.10. Plots of the pseudo-first-order rate constants kqps (s'l) for the reactions of E25"
with allyltrimethylsilane in CH,Cl, when E25" was generated by irradiation of 1.0 x 10 M
solutions of the precursors E25-PPh;" X with different counter-anions X = BF, (black
squares), SbFs (blue squares), Br (red squares), or Cl (green squares) against the
concentration of allyltrimethylsilane. The small graphs show the absorbance decays of E25"
in presence of 5.4 x 10 M allyltrimethylsilane (black curve, X~ = BF, ; red curve, X_ = Br).
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The intercepts of these plots vary with the counter-anion X of the phosphonium salts and
correspond to the rate constants ky for the background decay reactions discussed in section
2.2.7. For X = Br and CI, we find quite large intercepts of ko ~ 7 x 10° s™ due to the
diffusion-controlled reactions of E" with the halide anions. For X = BF, and SbFs, the
intercepts are substantially lower and their origin has been discussed above. The slopes of the
four plots are independent of the counter-anion and provide the second-order rate constants k>
(M s) for the reaction of E25" with allyltrimethylsilane listed in Table 2.4. We thus
measured the same rate constants within experimental error for the reactions of E25" with
allyltrimethylsilane when E25" was generated from different precursors E25-PPh;” X~ with
X = BF4, SbFs, Br, or ClI (Table 2.4). As discussed in section 2.2.5, the benzhydryl
cations obtained from precursors with halide ions are the free (unpaired) cations because
[E25" Hal ] pairs collapse to covalent E25-Hal in less than 10 ns. Since E25" BF4 and E25"
SbFe are significantly paired, on the other hand, we can conclude that paired and unpaired
benzhydrylium ions E25" react with the same rate constants in bimolecular reactions and can
be characterized by an anion-independent electrophilicity parameter (E = 5.47).

The same situation has been observed for the reactions of 2,3-dimethyl-1-butene with E31",
which is the most electrophilic carbocation (£ = 7.52) in our series that could be obtained
from precursors with different counterions. When we generated E31" from either
E31-P(p-Cl-C4H,);" BF, or E31-P(p-Cl-C¢Hy);" SbFs , we again measured the same rate
constants within experimental error (Table 2.4). Moreover, we also obtained the same rate
constant when we used E31-PPh;" BF, as precursor, which shows that the photo-leaving
group does not have any effect on the carbocations’ reactivities either. As discussed in section
2.2.6, we could not generate E31" from the phosphonium bromide precursor in CH,Cl,
(radical formation), and therefore we cannot compare the reactivities of free and paired
carbocations in this case. The counterion independence of the experimental rate constants for
carbocation alkene combination reactions implies that ion pairing stabilizes the transition

states to about the same extent as the reactant carbocations.

2.3 Conclusion

The efficiencies of the photo-generation of benzhydrylium ions and benzhydryl radicals from

phosphonium salts E-PAr;" X depend not only on the photo-electrofuge (E") and the
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photoleaving group PAr;, but also on the counterion X , the solvent, and the concentration of
the precursor molecules. Depending on the reaction conditions, benzhydryl radicals E* or
benzhydryl cations E" may be obtained almost exclusively. The results presented in this work
should also be relevant for the photochemistry of other onium salts. Spectroscopic
investigations on the fs to ps time scale like those performed in this and related work™™'®*
provide a complete microscopic understanding of the photo-generation and the dynamics of
reactive intermediates in the geminate solvent cage. With the knowledge of phosphonium salt
photochemistry acquired from the present study, we can now select the proper precursor salts
for the efficient generation of highly reactive carbocations which are not easily accessible by
conventional methods. The method described in this work will subsequently be used to
characterize the electrophilic reactivities of the acceptor-substituted benzhydrylium ions

E(27-33)" in CH,Cl, at 20 °C, which provides a further extension of our long-ranging

electrophilicity scale.”’
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2.S Supplementary Data and Experimental Section

2.S.1Materials

Phosphonium Salts and Reagents. The phosphonium salts E-PAr;” X were prepared by
heating Ar,CH-OH with Ph;PH" X or by treating Ar,CH-Br with PAr; and subsequent
anion metathesis.* Allyltrimethylsilane (ABCR, 98%) and 2,3-dimethyl-1-butene (Aldrich,

97%) were used as received.

Solvents. For the nanosecond laser flash photolysis experiments, p.a. grade CH,Cl, (Merck)
was subsequently treated with concentrated sulfuric acid, water, 10% NaHCOs solution, and
again water. After predrying with anhydrous CaCl,, it was freshly distilled over CaH,.
Acetonitrile (VWR or Sigma-Aldrich, HPLC grade) and 2,2,2-trifluoroethanol (TFE) (Apollo,

99%) were used as received.

2.5.2 Experimental proceduresfor laser flash photolysis measurements
2.S.2.1 Nanosecond laser flash photolysis

Instrumentation. The laser pulses (7-ns pulse length, 4 = 266 nm, 30-60 mJ/pulse) from a
Nd:YAG laser system (Innolas SpitLight 600, 1064 nm) with second (532 nm) and fourth
(266 nm) harmonic generators were directed into a fluorescence flow cell (Starna 73.2-
F/MCTC/Q/10/Z15, UV-quartz glass Spectrosil Q, 2 mm wide and 10 mm pathlength)
containing the sample solution. Perpendicular to the laser pulse, we used the probe light from
a xenon short-arc lamp (Osram XBO 150W/CR OFR in a Hamamatsu E7536 housing with
Hamamatsu C8849 power supply) to record transient UV/vis spectra with an ICCD camera
(PI Acton PI-MAX:1024) or follow the absorbance change at a specified wavelength with a
photomultiplier (Hamamatsu H-7732-10 with Hamamatsu C7169 power supply and Standford
Research Systems SR445A amplifier). A 350 MHz oscilloscope (Tektronix DPO 4032) was

used for data acquisition of the photomultiplier output. A shutter was used to prevent long
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exposure of the sample to the light from the xenon lamp, and the sample solution in the
fluorescence flow cell was replaced completely between subsequent laser pulses by a
membrane dosage pump (KNF Stepdos 03RC). For the precise timing of the laser pulses and
measurements we used a pulse/delay generator (Berkeley Nucleonics BNC 565). The
wavelengths of the CCD output were calibrated using the emission lines of a Pen-Ray Hg(Ne)

lamp (LOT-Oriel).

Transient spectra. Solutions of the precursor phosphonium salts with 4266 nm = 0.2 to 0.9 (ca.
107 to 10™ M) were irradiated with a 7-ns laser pulse (Aexc = 266 nm, 30-60 mJ/pulse) and
transient spectra were obtained as difference spectra from subsequent determinations without
and with laser irradiation using the ICCD camera with a gate width of 10 ns. Typically, four

to eight such spectra were averaged to obtain the spectra published in this work.

Decay kinetics. Kinetics were measured by following the decay of the absorbance of the
benzhydryl cations (see below for wavelengths). Typically, >64 individual runs were
averaged for each measurement, and the (pseudo-)first-order rate constants keps (s') were
obtained by least-squares fitting to the single exponential curve 4, = Ay ¢ ' + C. The second-
order rate constants k, (M s) for the combination reactions with nucleophiles were obtained
from the slopes of plots of ks versus the concentrations of the nucleophiles. The non-

exponential decays were evaluated with the software Gepasi.*
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2.S.3 Transient spectra obtained by irradiation of E-PPhs" BF, in CH.ClI,
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Figure 2.S.3. Transient spectra of E" and E® obtained after irradiation of CH,Cl, solutions of

E—PPh;" BF, with a 7-ns laser pulse (Aexe = 266 nm, gate width: 10 ns).
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Figure 2.S.3 (continued). Transient spectra of E™ and E° obtained after irradiation of CH,Cl,
solutions of E-PPh;" BF4~ with a 7-ns laser pulse (Aexe = 266 nm, gate width: 10 ns).

“ The absorbance maxima at the lower wavelengths can be assigned to the radicals E*,** but only approximate
numeric values can be obtained from the spectra due to the overlap of the PPh;"" absorption band and the
relatively large noise in this range of the spectrum.
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Figure 2.S.3 (continued). Transient spectra of E” and E* obtained after irradiation of CH,Cl,
solutions of E-PPh;" BF, with a 7-ns laser pulse (Aexe = 266 nm, gate width: 10 ns).

“ The absorbance maxima at the lower wavelengths can be assigned to the radicals E*,** but only approximate
numeric values can be obtained from the spectra due to the overlap of the PPh;"" absorption band and the
relatively large noise in this range of the spectrum.
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Figure 2.S.3 (continued). Transient spectra of E™ and E° obtained after irradiation of CH,Cl,
solutions of E-PPh;" BF4~ with a 7-ns laser pulse (Aexe = 266 nm, gate width: 10 ns).

“ The absorbance maxima at the lower wavelengths can be assigned to the radicals E*,** but only approximate
numeric values can be obtained from the spectra due to the overlap of the PPh;"" absorption band and the
relatively large noise in this range of the spectrum.
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2.S.4 Laser flash photolysis of E25-PPh;" BPh, in CH.Cl,

We also tested the photobehavior of the tetraphenylborate salt E25-PPh;" BPhs in CH,Cl..
With this precursor, the phosphonium ion and the tetraphenylborate anion can both be excited
by the laser pulse. When a solution of E25-PPh;" BPhy (4266 nm = 0.5, 5.7 x 107 M) in
CH,Cl, was irradiated with a 7-ns laser pulse (Aexe = 266 nm), we obtained the transient
spectrum shown in Fig. 2.S.4.1 (pink curve). The spectrum features the absorption bands of
E25" and E25" together with a broad absorbance at A < 400 nm. A similar band with Apa, =
363 nm was observed when we irradiated a CH,Cl, solution of NaBPh4/15-crown-5 with the
same BPh, concentration (Fig. 2.S.4.1a, purple curve). The difference spectrum (Fig. 2.S.4.1,
grey curve) obtained from the two measurements resembles the transient spectrum obtained

from the E25-PPh;" CI” precursor (Fig. 2.S.4.1b).

a) ¢ ——— E25 PPh,'BPh,”

0.2+ + Na'BPh,
1 differenge of
<01} e both spectra
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Alnm—

b : +
)
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N'H ‘ Je WA w W’ i V'W' ,M' ) W\” y (as in Fig. a)
0.0 i
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Figure 2.5.4.1. (a) Transient spectra obtained after irradiation of E25-PPh;" BPh, (A266 nm =
0.5, 5.7 x 10™ M) in CH,Cl, (pink) and after irradiation of a solution of NaBPhy (5.7 x 10™ M)
and 15-crown-5 (1.7 x 102 M) in CH,Cl, (purple) with a 7-ns laser pulse (Aexc = 266 nm, gate
width: 10 ns). The difference between the two spectra is also shown (grey). (b) Comparlson
with the transient spectra obtained from E25-PPh;" X~ (A266 nm = 0.5, (1.0-1.2) x 10 M) with
different counterions X = BF4 (black), SbFs (blue), Br (red), or CI” (green) (see Fig. 2.5b
in the main part).

The data presented in Figure 2.S.4.1 are not in conflict with the general photocleavage

mechanism outlined in the main part. However, we refrain from discussing the mechanism
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because the situation is complicated by the fact that the anion BPhy also absorbs at the

excitation wavelength.

Irradiation of a 9.2 x 10 M solution of E25-PPh;" BPh,~ gave a pseudo-first-order rate
constant of keps = 7.93 x 10° s for the decay of E25" (Fig. 2.S.4.2). This value corresponds to
a second-order rate constant of £k, = 9 x 10" m! s'l, indicating a diffusion-controlled reaction

of E25" with BPhy .

0.2
T
< 0.1
O'OM....I....I....I
0.0 0.5 1.0 1.8
t/us —>

Figure 2.5.4.2. Absorbance decay of E25" obtained after irradiation of E25-PPh;" BPh,~
(A2660m = 0.9, 9.2 x 107 M) in CH,Cl, with a 7-ns laser pulse (Aexc = 266 nm).
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2.S.5 lon pairing of E25-PPh3" BF,~ in CH,Cl,

As discussed in the main part, we assume that E™ exist as ion pairs with the BF4 counter-
anions when they are obtained by laser flash photolysis of E-PAr;" BF, . The nanosecond
laser flash photolysis transient spectra of E' published in this work were recorded
immediately after the laser pulse (0 ns gate delay, 10 ns gate width). To confirm that the
association equilibrium of E” BF, is already established in our measurements, we measured
additional spectra of E25" at varying gate delays up to 15 us after irradiation of E25-PPh;"
BF, in CH,Cl, (Fig. 2.S.5). The constant Am. of E25" in these spectra indicate that the
degree of ion pairing does not change substantially during the lifetime of E25", that is, the

association equilibrium is already established in the first spectrum.
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Figure 2.S.5. Transient spectra of E25" recorded with varying ICCD gate delays after
irradiation of a 1.01 x 10™* M solution of E25-PPh;" BF4 in CH,Cl, (A266 nm = 0.5) with a 7-ns

laser pulse (Aexe = 266 nm, gate width: 10 ns).
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2.S.6 Transient spectra obtained by irradiation of E32—PAr;" X~ in CH,Cl,

05 Facca —— E32 PPh,' BF,

0.4 | E32-P(p-CI-C¢H,), SbF,
% 0.3r PPh, .
8? Z.V/JA’ ! P(IO-CI—C,;H4)3” F3CCF3
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Figure 2.S.6. Transient spectra of E32" and E32° obtained after irradiation of CH,Cl,
solutions of E32-PPh;" BF4 (black, 1.8 x 10 M, A266 nm = 0.89) and E32—P(p—C1—C(,H4)3+
SbFs (orange, 5.9 x 107 M, A266 nm = 0.90) by a 7-ns laser pulse (Aexc = 266 nm, gate width:
10 ns).

138



Supplementary Data and Experimental Section
2.S.7 Evaluation of non-exponential decays of E* in CH,Cl,

For benzhydryl cations E~ with lifetimes > ~10 ps, we observed non-exponential UV/vis
absorption decays of the carbocations which we examined more closely in a few cases (Fig.

2.9 and Fig. 2.S.7).
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Figure 2.S.7. Decays of E20" (a) and E21" (b) observed after irradiation of (4.2-4.7) x 10 M
solutions of E(29,21)-PPh;" BF,; in CH,Cl, with a 7-ns laser pulse of Aexe = 266 nm.
Experimental data (black) and fit according to the kinetic model discussed in the text (red).

The non-exponential decay kinetics result from a combination of second- and first-order
processes. The second-order component is the combination reaction of the benzhydryl cations
E" with the photo-leaving group PAr; (eq. 2.S.7.1) which is generated by the laser pulse in the

same initial concentration as the benzhydrylium ions.

E"+PAr; —™ 5 E-PAn’ (2.8.7.1)
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However, second-order kinetics according to eq. 2.S.7.1 alone do not describe our
experimental data satisfactorily. For that reason, we included a general first-order reaction
(eq. 2.S.7.2) which summarizes all first-order reactions which may occur and which are

discussed in section 2.2.7 of the main part.
E" —% 5 other decay products (2.8.7.2)

The absorbances of E” were converted to concentrations [E'] by means of the published log &
(CH3CN).* Using the software Gepasi,” the concentration data was then fitted according to
the kinetic scheme indicated by equations 2.S.7.1 and 2.S.7.2, which yielded diffusion-
controlled rate constants for the combination reaction with PArs, kpa,, = 1 X 101 M s'l, and
rate constants ko for the first-order background decay reaction. Direct determination of the
second-order rate constants for the diffusion-controlled reactions of benzhydrylium ions E"
with PPh; was not attempted because PPh; absorbs at the excitation wavelength of the laser.
Johnston, Scaiano and coworkers reported a rate constant of 5 x 10° M s™ for the reaction of

PPh; with the 2-naphthyl(phenyl)methyl cation in CH;CN.*?

The Gepasi fits for the decays of E(20.21)" obtained by irradiation of E(20.21)-PPh;" BF, in
CH,Cl, (Fig. 2.S.7) yielded ko values which probably reflect the reactions E(20.21)" with
BF, . The obtained values are in good agreement with the directly measured background
decay rate constants ko of the more electrophilic carbocations E(22-30)" when these were
generated from E(22-30)-PPh;" BF, precursors (see section 2.S.8). For the example of E25
obtained by irradiation of E25-PPh;" SbFs in CH,Cl, (Fig. 2.9 in the main part), the exact
nature of the background decay reaction is not clear; as expected the determined k&, value is

considerably smaller than that for the tetrafluoroborate salt.
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2.S.8 Reactions of E*™ with BF, in CH,Cl,

Generally, the background decay rate constants ko (s") measured for E”~ which were obtained
by irradiation of E-PAr;" BF; in CH,Cl, correlate roughly with the electrophilicity
parameters E of the benzhydryl cations E™ (Fig. 2.S.8.1). However, the observed ko values
vary considerably between different experiments which may be a result of varying precursor
concentrations and/or varying concentrations of solvent impurities in the experiments. Since a
large fraction of the carbocations are paired and the ko values partly reflect first-order
reactions within the E" BF,4~ ion pairs, we do not derive nucleophilicity parameters for BF; in

CH,Cl, from these decay rate constants.
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Figure 2.58.1. Typical background decay rate constants ko (s') of E observed after
irradiation of E-PAr;" BF, in CH,Cl, with a 7-ns laser pulse (Aexe = 266 nm) versus the
electrophilicity parameters E of the benzhydryl cations E'. Arbitrary error bars (one
logarithmic unit) symbolize the large uncertainties associated with the individual
measurements. Open symbols: Data for E(21,22)" (obtained by Gepasi fits) and E(31,33)"
(which show a lower dependence on the counter-anions) were not included in the fit.

Fig 2.8.8.2 clearly shows the lower initial absorbances of E(31,33)" when the benzhydryl
cations were obtained by irradiation of E(31,33)-P(p-Cl-C¢H4);* X with X = BF, instead of
precursors with X~ = SbF¢ (also see Fig. 2.7 in the main part). Again, this suggests that BF,4~
very quickly traps a significant fraction of E(31,33)" in the ion pairs generated by the laser

pulse.
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Figure 2.5.8.2. Absorbance decays of E(31,33)" obtained after irradiation of (a) 5.7 x 10° M
solutions of E31-P(p-CI-CsHy); X or (b) 6.5 % 10> M solutions of E33-P(p-Cl-C¢Ha)s X~
with different counter-anions X = BF4 (black) and SbFs (blue) in CH,Cl, with a 7-ns laser
pulse.

We observed exponential decays of the carbocations E(31,33)" with similar rate constants ko
when they were generated from precursors with X~ = BF, or SbFs in CH,Cl, (Fig 2.S.8.2).
This suggests that the benzhydryl cations E” also undergo some additional decay reaction
which is independent of the counterions and becomes more dominant with higher
electrophilicity E of the carbocations. This additional decay pathway probably results from
the reactions of E" with solvent impurities such as residual water in our CH,Cl,, which also
explains why we find slightly varying ky values in different experiments (different batches of
CH,Cl,). Even small amounts of water may have a significant effect on carbocation lifetimes:
1 ppm water in CH,Cl, corresponds to a 7.3 x 10” M solution of water in CH,Cl,. From the
N, and s parameters for pure water (ref.’) one can estimate that the rate constants for reactions
of water with benzhydrylium ions E(22-33)" will only be a few orders of magnitude below the
diffusion limit and the observed rate constants will be quite high in spite of the low water

content.
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2.S.9 Decay kinetics of benzhydryl cationsin CH;CN and TFE

2.5.9.1 First-order decay rate constants of benzhydryl cationsin acetonitrile

GHs
G
*PPh; BF, . CHCN N*
hv, 266 nm K4
X X ’ X X X X
o oo o o) T
X Y X Y X Y
E-PPhs* BF E*
benzhydryl cation [E-PPh;" BF,]/M A/nm k /st
E25 Ph,CH" 1.22 x 10 435 2.52x10%“
E27 mfp(Ph)CH" 1.09 x 10 432 1.00 x 107
E30° (mfp),CH" 1.39 x 10 435 3.49x107°

“ A value of 2.5 x 10° was reported in ref.*’ ” This rate constant is slightly above the limit which can be measured
accurately with our instrument. To minimize the statistical error, 352 individual runs were averaged to obtain
this kg, value.

2.5.9.2 First-order decay rate constants of benzhydryl cations in 2,2,2-trifluor oethanol
(TFE)

*PPhy BF; . TFE HocF,
hv, 266 nm K4
X X ! X X X X
o o o L T
X Y X Y X Y
E-PPh;* BF E*
benzhydryl cation [E-PPh;" BF,]/M A/nm ky /st
ydry
E22° (pfp),CH" 6.15 x 107 447 5.82 x 10°
E25" (Ph),CH" 1.13 x 10™ 440 3.21 x 10%¢
E26" (pep),CH" 1.12x 107 481 1.47 x 10°
E27" mfp(Ph)CH" 1.10 x 10™ 440 1.29 x 107
E30° (mfp),CH" (14-1.5)x 10" 428 46x10"°

“ A value of 3.2 x 10° was reported in ref.* * Such high rate constants cannot be measured accurately with our
instrument. To minimize the statistical error, 384 individual runs were averaged to obtain this &, value.
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2.S.10 Counterion effects on the kinetics of bimolecular reactions of E* with

nucleophilesin CH,ClI,

2.5.10.1 Reactions of E25" with allyltrimethylsilane in dichloromethane at 20 °C.

PPh3 - /\/SIM63 N SiMe3
“ hv, 266 nm .
ARl OR Gl
CH,Cl,, 20 °C ‘/\‘
E12-PPhy*X" E12*

[E25-PPh;" X']/M  [Nu]/m kops /'8! A =449 nm k /Mt st
1.02 x 10 2.52x107 578 x10° S 1.60 x 10
(X =BE,) 539 x 107 1.05x10°

7.94 %102 1.48 x 10° 20806 ¢
1.00 x 10" 1.79 x 10° =, 15606 |
-1 6 P
129x 10" 223x10° ¢ |

K abs = 1.60 x 107 [Nu] + 1.88 x 10°

5.0E+05 )
R™=0.9994
0.0E+00
0 0.02 0.04  0.06 0.08 0.1 012 0.14
[Nu]/M
1.02 x 10* 2.69x 107 4.89 x 10° S 1.43 x 10
(X = SbFy) 529 %107 8.66 x 10°
8.00x 10> 125x100 T
1.01 x 10" 1.56 x 10° =, 158406 |
-1 6 2
128x10" 1.93x10° £ |

K avs = 1.43 % 107 [Nu] + 1.08 x 10°

5.0E+05 5
R™=0.9999
0.0E+00
0 0.02 004 0.06 0.08 0.1 012 014
[Nu]/M
9.95 x 107 279 x 107 7.57x 10° 0BT - 1.42 x 10’
(X =Br) 537x107  7.99x10°  %0ei06 /
759 %102 838x10° Lo ]
9.86 x 107 8.67 x 10° =, 60E+06 |
1 6 z SOEH06
129 %101 9.00x 10° £ 77|
3.0E+06 [ kv = 1.42 % 107 [Nu] +7.23 x 10°
2.0E+06 | R
LOE+06 F R™=09881
0.0E+00

0 002 004 006 008 01 012 014
[Nu]/ M
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Supplementary Data and Experimental Section

[E25-PPh;" X']/M  [Nu]/Mm kops /87! A =449 nm k/M's!
1.03 x 10 242x10% 7.32x10° e 1.53 x 10’
(X =CI) 493 x 107 7.72 % 10° 9.0E+06 |

753107 8.14x10° Lo /-/‘/'/
9.94 x 107 8.45x10° =, 60E06
127 %107 892x10° £ >0%T
30E+06 | K obs = 1.53 % 10 [Nu] +6.96 x 10°
iggi R*=0.9987
0.0E+00

0 002 004 006 008 01 012 014
[Nu]/ M

2.5.10.2 Reactions of E31" with 2,3-dimethyl-1-butenein dichloromethane at 20 °C.

Ay

PAI’3 X +
hv 266 nm F Nu F F
E—— —
U = "0
F F
E18—PAr3 X E18*
[E31-PAr;' X']/M  [Nu]/m kops / 87! A =440 nm k /M!St
5.62 %107 3.51x10°  1.09 x 10’ — 8.24 x 107
(Ar = p-CIC¢H,, 6.66 x 107 1.42 x 107 Sspor |
X =BF,) 9.63 x 107 1.72 x 10’
2.0E+07
1.30x 10" 1.92x 107 -,
158 x 10" 2.17x107 2 WEFOT
1.93 x 10" 2.41 x 107 LOE+07 | K obs = 8.24 % 10" [Nu] +8.57 x 10°
S.0E+06 - R =0.9924
0.0E+00
0 0.05 0.1 0.15 0.2 0.25
[Nu]/M
5.68 x 107 2.83x 107 529 x10° e 8.27 x 107
(Ar = p-CIC¢H,, 6.35%x10% 9.16 x 10° L8EH07 |
X = SbFq) 9.65x10> 116x107 1%
123 x 10" 1.34x10" =, 12807 |
1 7 2 LOE+07
167 x 10" 1.71x10" £ [
6.0E+06 [ K abs=8.27 % 107 [Nu] +3.39 x 10°
;ggi R*=0.9932
0.0E+00
0 0.05 0.1 0.15 0.2
[Nu]/M
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[E31-PAr; X']/M  [Nu]/m kops /s A =440 nm k/m's!
111 x10* 3.67x 107 1.86 x 10’ S 8.22 x 107
(Ar=Ph, 503x10% 200x10" |
X =BF,) 6.49 x 107 2.15x 10’ = .

789x 107 233x107 -, /
9.99x 102 234x10" :"FUT
1.14 x 10" 2.62 x 107 LOEXO7 F Kops =822 % 10 [NUJ + 1.59 x 107
S0EH06 R*=09278
0.0E+00
0 0.02 0.04 0.06 0.08 0.1 0.12

[Nu]/ M
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~ CHAPTER 3 ~

Free Energy Relationshipsfor Reactions of
Substituted Benzhydrylium lons:
From Enthalpy over Entropy to Diffusion Control

Johannes Ammer, Christoph Nolte, and Herbert Mayr

J. Am. Chem. Soc. 2012, 134, 13902-13911

3.1 Introduction

Reactions of benzhydrylium ions (Ar,CH") with a large variety of z-nucleophiles in CH,Cl,
have been used to construct the most wide-stretching linear free energy relationships presently
known.' Using eq 1, it has become possible to predict second-order rate constants k, (M s™)
of reactions of electrophiles with nucleophiles by means of one -electrophile-specific

parameter E and two solvent-dependent nucleophile-specific parameters N and sy.'
log k2(20 °C) = sn(N + E) (1)

Since the beginning of this work,'*" the scope of electrophiles characterized by eq 1 has been
extended considerably. Apart from the benzhydrylium ions E(1-26)" which were employed as

reference electrophiles in the original work (Table 3.1),'™?

eq 1 has been applied to many
other classes of ele:ctrophiles,lc'f including allyl cations,'® reactions of tritylium ions with
sterically nondemanding nucleophiles,® iminium ions,'™ carboxonium ions,' dithiocarbe-
nium ions,'® and cationic metal-z-complexes.'“® Equation 1 is also applicable to reactions of
neutral carbon electrophiles such as acceptor-substituted arenes,” aldehydes,® imines,® and
acceptor-substituted ethylenes such as quinone methides,”® benzylidenemalononitriles,'*
2-benzylideneindan-1,3-di0nes,lf benzylidenebarbituric and  -thiobarbituric acids,'’

d

benzylidene Meldrum’s acids,9C benzylidenemalonates,9 1,2-diaza-1,3-dienes,9e trans-

ﬂ-nitrostyrenes,9f and bissulfonyl ethylenes.”® Equation 1 has furthermore been employed to
describe reactions of carbon nucleophiles with heteroatom electrophiles like diazonium ions, '
azodicarboxylates,'’ and chlorinating agents.'' Currently, the electrophilicity scale defined by

eq 1 encompasses a range of 30 orders of magnitude (—24 < E < +6)."
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CHAPTER 3 — Free Energy Relationships for Reactions of Substituted Benzhydrylium lons

Table 3.1. Electrophiles E(1-33) " and Their Electrophilicity Parameters E.

T

X
.. a | N
no. abbreviation Y/ Z XZ E

Y Z

E1"  (lil),CH" -10.04"
E2"  (jul),CH" —9.45"

E3"  (ind),CH" -8.76"
/ \
E4"  (thq),CH" ~8.22°

E5"  (pyr),CH" Y= Z =4- (N-pyrrohdlno) ~7.69
E6" (dma),CH" Y =Z=4-N(Me), -7.02°
E7" (mpa),CH" =7 = 4-N(Me)(Ph) ~5.89"
E8" (mor),CH" Y =Z=4-(N-morpholino)  —5.53"
E9"  (dpa),CH" Y =Z = 4-N(Ph), —4.72
E10" (mfa),CH™ Y =Z=4-N(Me)(CH,CF;) -3.85
E11" (pfa),CH" Y =Z=4-N(Ph)(CH,CF;) -3.14

E12" fc(Ph)CH' & O —2.64"

E13"  (fur),CH -1.36"
+ . + c

E14" fur(ani)CH OMe ~0.81

E15"  (ani),CH" 4-MeO 4-MeO 0.00”
E16" ani(pop)CH" 4-MeO 4-PhO 0.61”
E17" ani(tol)CH" 4-MeO 4-Me 1.48°
E18" ani(Ph)CH" 4-MeO H 2.11°
E19" pop(Ph)CH" 4-PhO H 2.90
E20"  (tol),CH" 4-Me 4-Me 3.63
E21" tol(Ph)CH" 4-Me H 4.43¢
E22"  (pfp),CH" 4-F 4-F 5.01¢
E23" pfp(Ph)CH" 4-F H 5.20¢
E24" - 3-F, 4-Me 3-F,4-Me  5.24
E25°  Ph,CH" H H 5.47¢
E26" (pcp).CH" 4-Cl 4-Cl 5.48°
E27" mfp(Ph)CH" 3-F H 6.23¢
E28" tfm(Ph)CH" 4-(CF3) H 6.70¢
E29" dfp(Ph)CH" 3,5-F, H 6.74¢
E30" (mfp),CH' 3-F 3-F 6.87°
E31" dfp(mfp)CH" 3,5-F, 3-F 7.52¢
E32" (tfm),CH" 4-(CF;) 4-(CF3)  (7.96)“
E33" (dfp),CH" 3,5-F, 3,5-F, (8.02)"¢

“ Abbreviations as introduced in ref 1b and three new abbreviatons: mfp = 3-fluorophenyl, dfp = 3,5-difluoro-
phenyl, tfm = 4-(trifluoromethyl)pheny]l. ? From ref 1b. © New or revised; this work. ¢ Approximate values.
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The most reactive electrophiles characterized so far were alkyl-substituted benzyl cations (£ =
5.7-9.6)" and tertiary alkyl cations (E =~ 7.5-9.0)," but all electrophilicity parameters of
highly reactive carbenium ions with £ > 6 were only indirectly obtained by competition
experiments. Direct measurements of rate constants for reactions of acceptor-substituted
benzhydrylium ions (£ > 6) with nucleophiles turned out to be a veritable challenge due to the
low stabilities and high reactivities of these carbocations.'*!” We have recently reported an
efficient method to generate the highly reactive benzhydrylium ions E(27-33)" by laser flash
photolysis of the triarylphosphonium salts E-PAr;" X~ in CH,Cl, (Scheme 3.1)."* This
method will be used in this work to determine the second-order rate constants k, for the
reactions of highly reactive benzhydrylium ions E” with a variety of nucleophiles N in order
to provide quantitative information about their electrophilic reactivities. In this way, it has
become possible to investigate free energy relationships in reaction series stretching from
slow reactions proceeding within hours to the fastest bimolecular reactions, which are
controlled by diffusion. The conclusions derived therefrom will be crucial for the

development of theoretical models of polar organic reactivity.

Scheme 3.1. Generation of Benzhydrylium Ions E' by Laser Flash Irradiation of the
Phosphonium Salts E-PAr; X .

“PAr, X~ Nu'
nucleophile
| AN | AN (266 nm) N(1 -16) | X | X
& X T ChCl, // X
Y 4
20°C
E—PAr;* X~

Ar = Ph or 4-CI-CgHy4
X =BF, or SbFg

3.2 Results and Discussion

3.2.1 Kinetics of the Reactions of Benzhydrylium lons with zNucleophiles in CH.Cl..
The presently available electrophilicity and nucleophilicity parameters (eq 1) were derived
from the second-order rate constants of the reactions of the benzhydrylium ions E(1-13)",
E(15-21)", E23", E25', and E26" (—10 < E < +6, Table 3.1) with a variety of z-nucleophiles

in dichloromethane solution.' For the inclusion of acceptor-substituted benzhydryl cations
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into the electrophilicity scale, we now determined the second-order rate constants for the
reactions of these carbocations with the same class of z-nucleophiles in CH,Cl, at 20 °C.
Electrophiles. Indirectly determined estimates of electrophilicity parameters for two
m-chloro-substituted benzhydrylium ions were previously published,'* but further use of these
compounds has been discouraged because they may cause severe skin irritations.'” For that
reason, we now recommend the m-fluoro-substituted benzhydrylium ions E(27,30,31,33)" as
reference systems.”’ Other m-fluoro- (E24" and E29") and p-(trifluoromethyl)-substituted
systems (E28" and E32") were investigated for comparison. We further included E14" and
E22" as new reference electrophiles, and determined additional rate constants for the reactions
of E(21-23)" and E(25,26)" because only limited data were available for each of these
benzhydryl cations at the time of the original correlation analysis.lb

Nucleophiles. Chart 3.1 shows the z-nucleophiles N(1-18) which were used for the kinetic
investigations in this study. Some of them were already employed as reference nucleophiles in
our prior work.'® The characterization of electrophiles with £ > 4 requires nucleophiles in the
range of N < 4, but there are additional restrictions. Nucleophiles which absorb at the
excitation wavelength of the laser (e.g., N17, N18, or compounds containing phenyl groups)
were not used for the laser flash photolysis experiments because they interfere with the
photogeneration of the carbocations. Many of the remaining well-characterized nucleophiles
in the range of N < 4 were not recommended as reference nucleophiles in ref 1b owing to their
volatility or their tendency to undergo side reactions. Therefore, we have also studied
reactions of E” with several other z-nucleophiles which have been characterized only poorly
in our previous work. All z-nucleophiles used in this study could be obtained commercially,

except N12 which was prepared by a literature procedure.”'

Chart 3.1. 7~Nucleophiles Used in This Study.

OSiMe,
/g/OSiMeS é )VSiMeS AN U é & ASiMey )\/\ 65
N4 N5 N6 N7 N8 N9

OMe
N1 N2 N3

M )\( %( Ab/\/SiMeZCI j'\ P Q Q\

N10 N11 N13 N14 N15 N16 N17 N18
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Kinetic Measurements. The benzhydrylium ions E(13-30)" (-2 < E < 7) were generated in
CH,Cl, solution by irradiation of the triphenylphosphonium tetrafluoroborates
E(13-30)-PPh;" BF, (Scheme 3.1) with a 7-ns pulse from the fourth harmonic of a Nd/YAG
laser (Aexe = 266 nm, 30-60 mJ/pulse).”® As previously reported, the highly electrophilic
benzhydrylium ions E(31-33)" with £ > 7 could only be generated efficiently when
P(p-C1-C¢H,); instead of PPh; was employed as the photoleaving group.'® Since the highly
reactive benzhydrylium ions E32" and E33" are consumed by reaction with BF,; so rapidly
that they cannot be observed UV/vis-spectroscopically on the nanosecond time scale, the
investigation of these carbocations additionally required the use of SbFs as counteranion

instead of BF{.18

a) 0.1 b) 1 3x10’

i ?\n 2x10’

2 7

A A B 1x10
< 0 s s
< - 0.0 0.1 0.2

N14]/ M —

0.0 v’\ 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0 100 200 300 400 500

t/ns—>

Figure 3.1. (a) Decay of the absorbance of E33" at A = 445 nm observed after irradiation of a
6.85 x 10> M solution of E33—P(p-C1-C6H4)3Jr SbFs in CH,Cl; in the presence of 5.26 X
10 M N14 and exponential fit of the data (ks = 9.68 x 10° s, R* = 0.9873). (b) Plot of the
pseudo-first-order rate constants kqps for the reactions of E33" with N14 in CH,Cl, against the
concentrations of N14 (ks = 1.06 x 10°[N14] + 3.88 x 10°, R* = 0.9979).

When the benzhydrylium ions E(13-33)" were generated by irradiation of E(13-33)—PAr;" X~
(Ar = Ph or p-Cl-C¢H4, X = BF4 or SbF¢ ) in the presence of a large excess of the
nucleophiles N(1-16), we typically observed monoexponential decays of the absorbances of
the benzhydrylium ions, as illustrated in Figure 3.1a for the most electrophilic benzhydrylium
ion of this series, E33", in the presence of 5.26 x 10 M allylchlorodimethylsilane (N14). The
pseudo-first-order rate constants ke, (s™) were obtained by fitting exponential decay functions
to the experimental data. Plots of ks versus the concentrations of the nucleophiles were linear
(Figure 3.1b) in all cases, and the slopes of these plots provided the second-order rate
constants k, (M" s) which are listed in Table 3.2. Although the benzhydrylium ions E
generated by photolysis of E-PAr;” X may exist as ion pairs E* X~ in CH,Cl, solution, it
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was shown that the rate constants k, for the reactions of E* with added m-nucleophiles are
independent of the nature of X and the degree of ion-pairing.'® Benzhydryl radicals which
are formed as byproducts of the photolysis of the phosphonium salts do not affect the kinetics.
The UV/vis absorption bands of the benzhydryl radicals (Anax = 327-344 nm) never overlap
with those of the benzhydryl cations (Amax > 420 nm)."® Moreover, the reactions of radicals
with 7z-systems are known to be much slower than the reactions of the structurally analogous

carbocations!'*° and, therefore, do not affect the effective concentrations of the z-nucleophiles.

Table 3.2. Second-Order Rate Constants k, (M s™) for Reactions of Electrophiles E* with
z-Nucleophiles and Comparison with Rate Constants ke (M s') Calculated from

Equation 1.7

nucleophile electrophile experiment correlation analysis
N formula N, sn E" abbreviation E B IM!'s kel /MtsT kel ko
N1 N=9.00 E13" (fur),CH" -1367 1.86x10" 3.07x 10’ 1.65
OSMes (=098 E14" fur(ani)CH™ -0.81 447x10" 1.06x10°  2.38
OMe E15"  (ani),CH"  0.00¢ 1.54x10° (6.61x10%  (4.29)
E17" ani(tol)CH" 1487 4.15x10° (1.86x10'%)  (44.9)
E20"  (tol),CH"  3.63¢ 1.02x10° (2.38 x10'%) (2.3 x10%)
E25" (Ph),CH™ 547 1.15x10° (1.52x 10" (1.3 x10%
E30" (mfp),CH" 6.87 1.52x10° (3.57 x10") (2.3 x 10%
N2 osiMe; N=6.57Y E16" ani(pop)CH" 0.61¢ 534x10° 4.76x10° 0.89
sy =0.937 E18" ani(Ph)CH" 2.119 6.64x10" 1.18x 10 1.78
E20" (tol),CH™  3.63 3.00x10° (3.06x10°)  (10.2)
E25" (Ph),CH" 547 9.39x10% (1.57x10'")  (168)
E30" (mfp),CH" 687 1.73x10° (3.16 x 10'%) (1.8 x 10%)
N3 )vsme N=4419 E20" (tol))CH"  3.63 281x10" 523x10’ 1.86
=096 E21" tol(Ph)CH" 443 1.23x10° (3.06 x 10%  (2.49)
E25" (Ph),CH" 547 3.97x10° (3.05x10%)  (7.69)
E30" (mfp),CH" 687 1.14x10° (6.74x10'%)  (59.1)
E31" dfp(mfp)CH"  7.52 121 x10° (2.48x10")  (243)
NA o~ V=376 E9" (dpa),CH" —4.72¢ 1.06x10"¢ 1.34x 10" 1.26
sx=0.91 E10° (mfa),CH" -3.85¢ 7.49x 10" 828 x 10" 1.11
E14" fur(ani)CH"™ -0.81 7.65x 10%¢ 4.84 x 10° 0.63
E20"  (tol),CH"  3.63 6.51x10° 5.31x10° 0.82
E21" tol(Ph)CH™ 443 3.09x10" 2.84x10’ 0.92
E22"  (pfp),CH" 501 637x10" 9.57x10’ 1.50
E25" (Ph),CH™ 547 1.59x10° (2.51 x10%  (1.58)
E26" (pcp),CH" 548 1.60x10° (2.56x10%)  (1.60)
E30" (mfp),CH" 687 6.58x10° (471 x10°)  (8.82)
E31" dfp(mfp)CH" 7.52  1.35x10° (1.84x10')  (13.6)
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Table 3.2 (continued).

nucleophile electrophile experiment correlation analysis
N formula N, sx E" abbreviation E KMt st kgl /M st kadk
N5 N=1.18 E20" (tol),CH" 3.63% 56x10°" 424x10° 0.76
é sy=1.17 E21" tol(Ph)CH" 443 6.13x10° 3.66 x 10° 0.60
E22"  (pfp),CH" 501 153x10" 1.75x 10’ 1.14
E23" pfp(Ph)CH™ 520 3.49x10" 291 x 10’ 0.84
E24" - 524  3.17x10" 3.25x10’ 1.02
E25" (Ph),CH" 547 591x10" 6.03x 10’ 1.02
E26" (pcp).CH™ 548 4.72x10" 6.20 x 10’ 1.31
E27" mfp(Ph)CH" 623 1.76 x 10° (4.67 x 10%)  (2.66)
E30" (mfp),CH" 687 5.87x10° (2.62x10%)  (4.47)
E31" dfp(mfp)CH"  7.52 133 x10° (1.51x10"%)  (11.4)
N6 & N=282 E27° mfp(Ph)CH" 623 1.44x10° (1.13x10%  (0.79)
sy =0.89
N7 sive, N-168 E14" fur(ani)CH™ —0.81 9.95' 7.41 0.75
~ sy=1.00 E21" tol(Ph)CH® 443 249x10° 1.29x10° 0.52
E22"  (pfp),CH™ 501 5.68x10° 4.90x 10° 0.86
E23" pfp(Ph)CH™ 520 1.06x10" 7.59 x 10° 0.72
E24" - 524 9.17x10° 832x10° 0.91
E25" (Ph),CH" 547 150x10"7 1.41x10’ 0.94
E26"° (pcp),CH™ 548 1.54x10" 1.45x10’ 0.94
E27" mfp(Ph)CH" 623 6.19x 10" 8.13 x 10’ 1.31
E28" tfm(Ph)CH" 6.70 1.52x10° (2.40x10%)  (1.58)
E30" (mfp),CH" 6.87 2.13x10° (3.55x10%  (1.67)
N8 )\/\ N=084 E22° (pfp,CH" 501 1.33x10° 1.59x10° 1.19
sv=1.06 E23" pfp(Ph)CH" 520 4.55x10° 2.53x10° 0.56
E24" - 524 2.79x10° 2.78x10° 1.00
E25" (Ph),CH" 547 5.69x10° 4.88x10° 0.86
E26" (pcp),CH"™ 548 5.00x10° 5.00 x 10° 1.00
E27" mfp(Ph)CH" 623 295x10" 3.12x 10’ 1.06
E28" tfm(Ph)CH" 6.70 9.51 x 10" 9.83 x 10’ 1.03
E29" dfp(Ph)CH"™ 6.74 9.16x10" 1.08 x 10* 1.18
E30" (mfp),CH" 6.87 137x10° (1.49x10%  (1.09)
N9 N=1.16 E22" (pfp),CH" 501 226x10° 2.61x10° 1.16
é sy=1.04 E25" (Ph),CH" 547 9.86x10° 7.86x10° 0.80
E27" mfp(Ph)CH" 623 4.68x 10" 4.85x 10’ 1.04
E30" (mfp),CH" 687 147x10° (224x10%  (1.53)
E31" dfp(mfp)CH" 7.52  3.47x10° (1.06 x10%)  (3.07)
N10 M N=0.79 E22" (pfp),CH" 501 150x10° 1.61x10° 1.07
sy=1.07 E25" (Ph),CH" 547 6.61x10° 4.99x10° 0.76
E27" mfp(Ph)CH" 623 291x10" 3.25x 10’ 1.12
E30" (mfp),CH" 6.87 1.82x10° (1.57x10%  (0.86)
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Table 3.2 (continued).

nucleophile electrophile experiment correlation analysis
N formula N, sn E" abbreviation E B IM' st kel /Mt s kel ko
N11 N=0.65 E25° (Ph),CH" 547 193x10° 1.32x10° 0.68
)ﬁ/ sn=1.00 E26" (pcp),CH" 548 1.46x10° 1.35x10° 0.92

E27" mfp(Ph)CH" 623 1.11x10" 7.59 x 10° 0.68

E28" tfim(Ph)CH"™ 6.70 2.11x10" 224 x 10’ 1.06

E29" dfp(Ph)CH" 6.74 235x10" 2.45x 10’ 1.04

E30" (mfp),CH" 687 4.11x10" 3.31x10’ 0.81

E31" dfp(mfp)CH" 7.52 824 x 107 1.48x10* 1.80

N12 N=0.06 E25" (Ph),CH" 547 216x10° 8.26x10° 0.38
%( sy=1.07 E27" mfp(Ph)CH" 623 6.32x10° 537 x10° 0.85

E30" (mfp),CH" 687 242x10" 2.60x 10’ 1.07

E31" dfp(mfp)CH" 7.52 7.52x10" 1.29 x 10 1.72

N13 N=-025 E25" (Ph),CH" 547 6.96x10° 4.90x 10’ 0.70
Ab sy=1.09 E27° mfp(Ph)CH" 623 3.57x10° 3.30x10° 0.92

E28" tfim(Ph)CH* 6.70 1.20x10" 1.07 x 10’ 0.89

E29" dfp(Ph)CH® 6.74 1.42x10" 1.19x10’ 0.84

E30" (mfp),CH" 687 1.51x10" 1.64x 10’ 1.09

E31" dfp(mfp)CH" 7.52 524 x10" 8.40x 10’ 1.60

E32" (tfm),CH' (7.96)" 1.15x10° (2.53x10%  (2.20)

E33" (dfp),CH" (8.02)" 1.24x10° (2.95x10%  (2.38)

N14 S N=-0.57 E31" dfp(mfp)CH" 7.52 3.94x10" 233 x10’ 0.59
sv=1.06 E32" (tfm),CH" (7.96)° 6.17x10" 6.81 x 10’ 1.10

E33" (dfp),CH" (8.02)" 1.06x10° (7.89x107)  (0.74)

N15 cl N=-3.65 E31" dfp(mfp)CH" 7.52 6.68x10" 421 x 10’ 0.63
2 ss=197 E32" (tfm),CH" (7.96)" 1.20x10* (3.10 x 10%)  (8.08)
N6 N=2T77 E22"  (pfp),CH" 501 1.95x10°" 1.44x10° 0.74
sy=141 E31" dfp(mfp)CH" 7.52 5.77x10° 4.98 x 10° 0.86

E32" (tfm),CH" (7.96)° 231x10" 2.08 x 10’ 0.90

E33"  (dfp),CH" (8.02)" 2.54 x 10’ " "
N17 @ N=133 E14" fur(ani)CH" —0.81 341 4.69 1.37
\J sn=1.29
N18 s N=135 E14" fur(ani)CH" -0.81 6.18 3.42 0.55
v sy =0.99

“ A complete list of rate constants used in the correlation analysis is given in Table 3.S.3.1 in section 3.S.3.
» Unless noted otherwise: Laser flash photolysis of benzhydryl triarylphosphonium salts, this work; only rate
constants with log k, < 8.0 were used for the correlation analysis. © Calculated from eq 1. Calculated values for
rate constants £, > 1.0 x 10® M s are shown in parentheses as eq 1 does not account for the limiting effect of
diffusion. ¢ These values were kept fixed to values obtained from the original correlation analysis.'"” ¢ From
ref 22. / Conventional UV/vis spectrophotometry, this work. ¢ Stopped-flow UV/vis measurement, this work.
" Determined from nonexponential decay curves as the reaction of E20" with N5 does not follow pseudo-first-
order kinetics due to recombination of E20" with the photoleaving group PPhs. See section 3.S.2.5 for details.
" From ref 23a./ From ref 18. * These £ parameters are based on only one or two rate constants, as reactions with
k> 10° M s™! were not included in the correlations. ' From ref 15. ™ ke = k; since this is the only rate constant
used for determining the E parameter of E33'.
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Background Reactions. The positive intercepts of the ks versus [N] plots correspond to the
rate constants ko (s™) for the background reactions without added nucleophile, which may be
reactions with the BF, anions of the phosphonium salts or with impurities that are still

present in the rigorously purified CH,Cl.'

With increasing electrophilicity of the
carbocations E', these background reactions become faster, which sets a lower limit for the
determination of the second-order rate constants k, by this method, because the bimolecular
reactions of interest must be able to compete with the background reactions. For the most
electrophilic benzhydrylium ions in our series, E32" and E33", ky is in the range of (4-8) x 10°
s”! when the carbocations are generated from E(32,33)—P(p—C1—Cf,H4)3+ SbFe in CH,Cl,. As a
consequence of these fast background reactions, there is only a very limited group of
nucleophiles N which react fast enough to determine &, but slow enough to stay below the
diffusion-controlled regime (see below). Moreover, reactions of E” with suitable nucleophiles
N can only compete with the background reaction when the nucleophiles are employed in
sufficiently high concentrations, since k[ N] must be of comparable magnitude as k.

Another restriction for the determination of rate constants with the laser flash photolysis
technique is imposed by the recombination of the photogenerated carbocations E™ with the
photoleaving group PAr; which occurs on time scales >~10 pus at typical concentrations of the
photofragments in our experiments.”® As E” and PAr; are generated in equimolar amounts
(10°-10° M) by the laser pulse, the reaction of E" with PArs is not of first order, and a
nonexponential decay of E is observed in these cases. Thus, even with moderately stabilized
carbocations, such as E(13-21)", there is a lower limit of (1-5) x 10° s™' for the pseudo-first-
order rate constants ks that can be determined by a monoexponential fit of the experimental
data, because slower reactions of E* show more complicated decay kinetics due to the
concurrent diffusion-controlled second-order reaction of E™ with PAr3.18 The second-order
rate constant k» = 5.6 x 10° M s for the reaction of E20" with N5, for example, was
obtained by fitting the decay of [E20'] to a kinetic model consisting of two second-order
processes for the reactions of E20" with N5 (E20" + N5, second-order rate constant k) and
with PPhj (EZOJr + PPh; — E20-PPh;’, second-order rate constant kphosphine) Using the
software package Gepasi’® (see section 3.S.2.5 for details). Second-order reactions of

! cannot be evaluated

benzhydrylium ions (E > 0) which proceed slower than ~5 x 10° M §”
reliably, because even in the presence of high nucleophile concentrations the reaction with the

photoleaving group PAr; is observed almost exclusively.
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Diffusion Limit. Besides the experimental limits discussed above and the upper limit
accessible by our instrumentation (kops =~ 3 X 10’ s'l), there is another more fundamental
limitation that needs to be considered for a quantitative description of reactivities: In very fast
reactions, the reaction rates are controlled by the rate of the diffusive approach of the
reactants and not by the intrinsic reactivities of the reaction partners. Although N1 reacts
almost 40,000 times faster with stabilized benzhydrylium ions than N3,'® we measured almost
the same rate constants k» ~ (1.1-1.7) x 10° M s for the reactions of N(1-3) with the highly
electrophilic carbocations E(30,31)" (Table 3.2), indicating that these reactions are entirely
controlled by diffusion. The diffusion rate constants for the reactions of N1 and N2 with
benzhydrylium ions in CH,Cl; are thus slightly smaller than the rate constants determined for
the reactions of the same nucleophiles with E26" in CH;CN (ky = 2.4 x 10° m! s'l).25 For the
less nucleophilic compounds N(4-16), the diffusion limit (plateau of log &, vs E correlations)
could not be determined due to the lack of a method to generate sufficiently electrophilic
carbocations.

For reactions of N(1-3) that proceed with rate constants k, < 1 x 10° M s, there is an
excellent agreement between the experimental rate constants from the laser flash
measurements (Table 3.2) and the rate constants calculated by eq 1 using the previously
published E, N, and sy parameters which were derived from reactions monitored by
conventional and stopped-flow UV/vis spectrophotometry.'” On the other hand, the rate
constants for the reactions of N(1-3) in the range of k, = (1-5) x 10* M s show substantially
larger deviations from the values predicted by eq 1, which indicates that the limiting effect of
diffusion is already noticeable in reactions with second-order rate constants k, > 1 X 108
M s, Relative reactivities derived from product ratios in CH,Cl, had previously led to the

.14
same conclusion.

3.2.2 New Electrophilicity Parameters. Data Set for the Correlation Analysis. The directly
measured rate constants for the reactions of E™ with N(1-3) in CH,Cl, which are presented in
the preceding paragraphs confirm our previous practice to consider only rate constants k, <
1.0 x 10° M s for the correlation analysis, as the correlation lines are flattening when this

10626 solvent effects on the rates of the

rate constant is exceeded.'® As reported before,
reactions of benzhydrylium ions with neutral z-nucleophiles are small. This can be derived
from the good agreement between the rate constants for the reactions in CH,Cl, (Table 3.2)

and the rate constants that were previously published for some of these electrophile-
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nucleophile combinations in CH;CN.> Although the differences between the two solvents are
small (factor 1.2-5), the rate constants reported for CH3CN are generally higher than those
measured in CH,Cl,. As we can now also determine rate constants for fast reactions in
CH,Cl,, i. e., in the same solvent which was employed for measuring the rate constants of the
slower reactions (k, < 10° M s7),'® we restricted the correlation analysis in this work to data
acquired in CH,Cl, (Table 3.2), and we excluded the data for reactions in acetonitrile which
were included in the original correlation analysis.'®

The data determined by laser flash photolysis experiments in this work (Table 3.2) are

supplemented by other previously reported!®!>!2223:27

and newly determined (Table 3.2)
rate constants for the reactions of benzhydryl cations E with the 7z-nucleophiles N(1-16) in
CH,Cl, which were determined by conventional®® or stopped-flow'® UV/vis spectroscopic
measurements. Although we have not determined additional rate constants for the reactions of
(E)-propenylbenzene (N19), m-xylene (N20), and toluene (N21), their N and sx parameters
were also subjected to the correlation analysis because they are linked to the electrophilicities
of the benzhydrylium ions E(21-23,25,26)" (E > 4) which will be revised in this work.”® A
complete list of all rate constants used for the correlation analysis can be found in Table
3.5.3.1 in section 3.S.3.

Variables in the Correlation Analysis. One of the reasons why we selected benzhydrylium
ions as reference electrophiles for deriving reactivity parameters of nucleophiles according to
eq 1 was to avoid the need for a continuous reparametrization whenever we acquired
reactivity parameters for previously uncharacterized compounds.'™® In this work, we have
gathered a large number of new rate constants for a series of benzhydrylium ions which have
not yet belonged to the reference electrophiles (Table 3.2), and there is no reason for treating
these data differently from those for other benzhydrylium ions. In addition, Table 3.2 lists 18
new rate constants k, for reactions of E(21,23,25,26)" with z-nucleophiles in CH,Cl, at 20 °C
which are below 10° M s”'. As the E parameters for these benzhydrylium ions had previously
been derived from 14 rate constants determined in CH,Cl, and 8 rate constants from laser
flash photolysis experiments in CH3;CN,'® we have now revised the electrophilicity
parameters of the four reference systems E(21,23,25,26)" using only the rate constants for
their reactions with 7-nucleophiles in CH,Cl, (from Table 3.2 and refs 1b, 27).

In order to avoid insignificant changes of all previously published reactivity parameters for
the sake of introducing some new systems and updating a small section (E > 4) of our

electrophilicity scale (—24 < E < 6), we kept the E parameters of E(1-13)" and E(15-20)" fixed
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to the values obtained in the previous correlation (Table 3. 1).lb Thus, the only variables in the
correlation analysis were the E parameters of E(21-33)" (E > 4) and of E14" (not reported
previously), as well as the reactivity parameters N and sy of N(4-21) which were derived from
the reactions of the corresponding nucleophiles with E(21-33)". The N and sy parameters of
the overwhelming number of other nucleophiles are not affected by the new correlation
analysis, because they were derived exclusively from the reactivities toward less reactive
electrophiles with unchanged E parameters.”

Fixed points of our initial correlation were E = 0.00 for E15" and sy = 1.00 for N8."°
However, the inclusion of the rate constants listed in Table 3.2 in the correlation more than
doubles the number of available rate constants for N8, which now adopts a value of sy = 1.06.
In order to avoid extensive changes of published reactivity parameters, the slopes of the
correlations are now defined by reactions of allyltrimethylsilane (N7; sy = 1.00).%
Correlation Analysis. In analogy to our previous treatment,'® the E parameters of E(21-33)"
and E14" and the N and sy parameters of N(4-21) were calculated by a leastsquares
minimization. For that purpose, we minimized A” specified by eq 2 using the nonlinear solver
program “What’sBest/ 7.0 Industrial” by Lindo Systems Inc.”’ with the constraints that were

discussed in the previous section.

A=Y (Igk, ~ gk, ) = (Igk, - sy (N +E))’ 2)

A total of 116 rate constants for the reactions of 14 benzhydrylium ions with 19
~nucleophiles were employed for this correlation analysis (see Table 3.S.3.1 in section
3.S.3). Tables 3.2 and 3.S.3.1 provide a comparison of the calculated rate constants ki
obtained in this manner with the experimental values k,. The quality of the new correlation
(standard deviation as defined in ref 1b: o= 1.36) is slightly poorer than that of the previous
correlation analysis (o= 1.19)."° The larger deviations may be due to the incorporation of
more reactions with rate constants k, > 10’ M s and of more reactions for which the rate
constants k(20 °C) were extrapolated from measurements at lower temperatures. These
reactions also showed larger deviations in the previous correlation analysis.'® Still, for 112 out
of 116 reactions, the deviations between kcac and ke, are within the range observed in the
previous analysis (deviation < factor 1.7)."

Figure 3.2 illustrates the correlations by plotting log k; for the reactions of E” with N against
the £ parameters of the benzhydrylium ions. The figure also shows the good agreement of

experimental (filled symbols) and calculated (lines) rate constants for the reactions of E” with
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N(1-3), whose N and sn parameters were kept fixed in the correlation analysis. As discussed
above, deviations from linearity are observed for reactions with k, > 10° M™' s, and these rate
constants (open symbols) were excluded from the calculation of the E, N, and sx parameters.
The excellent linear correlations for reactions with 4, < 108 M 57! demonstrate the agreement
of the different kinetic methods employed to measure the rate constants. These methods
include conventional UV/vis spectrophotometry at 20 °C, extrapolation of k(20 °C) from
conventional UV/vis spectrophotometry at lower temperatures, stopped-flow UV/vis

spectrophotometry (20 °C), and laser flash photolysis measurements (20 °C) from this work.

diffusion limit
, laser flash
8 photolysis
. AH* =0
/
OSiMes ‘o ) stopped-
4 OMe w flow
Lo o |
x 2t i ‘o~
ke w
0} conventional
........... > UV/Vis
ol OSiMes spectroscopy
N2~ v i /\E/SiMezCl
4 L e J\ N13 N14
4 SiMe, /\o ~_~_ N6 O J
6 N3 N4 N17
-12 -10 -8 -6 -4 -2 0 2 4 6 8

Electrophilicity E —

Figure 3.2. Plot of log k, versus E for the reactions of benzhydryl cations with
z-nucleophiles. Open symbols indicate rate constants k> > 10° M s, For the sake of clarity,
only selected data are shown; complete plots for all correlations are compiled in sections
3.5.3.4 and 3.S.3.5. The blue-shaded area indicates the region where the activation enthalpy

reaches the value AH* =0 (see text).

For the sake of clarity, not all correlations are shown in Figure 3.2, and several rate constants
ky > 10° M s are omitted. Complete plots of log k, versus E for all nucleophiles N are
compiled in section 3.S.3.4. Equation 1 requires linear correlations with slopes of unity for

plots of (log k»)/sx versus N. Such plots are shown for all electrophiles E” in section 3.S.3.5,
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and the readers may convince themselves that the optimized slopes are indeed close to unity
(sg =1.00 £ 0.14).

The electrophilicity parameters E of E(21-33)" and E14" obtained from the new correlation
analysis are summarized in Table 3.1. The values for E(21-23)" and E(25,26)" are 0.2-0.5 unit
smaller than the previously published values.'” Calculations based on the new values will
yield rate constants that deviate by less than a factor of 3.5 from those obtained with the old £
parameters. The largest change is found for E26" (E = 5.48), which can be rationalized by the
fact that the previously published value of E = 6.02 for E26" was mostly based on reactions in
CH;CN, which are somewhat faster than in CH,Cl, (see above).

Since only one or two rate constants k, < 10° M s are available for the most electrophilic
benzhydrylium ions E32" and E33", their £ parameters have to be considered approximate.
Although rate constants k, > 1.0 x 10* M™' s™" were not considered in the correlation analysis,
the data in Table 3.2 show that in many cases eq 1 also provides good estimates for reactions
with rate constants in the range of (1.0-2.0) x 10° M™ s or only slightly overestimates the rate
constants of such reactions. The good agreement between k... and k, for reactions of E32"
and E33" with rate constants k> < 2.0 x 10° M s thus substantiates the electrophilicity
parameters of E = 7.96 for E32" and E = 8.02 for E33" that were derived from the few

available rate constants £, < 1.0 X 108 Mg,

number of m-F substituents

2 3 4
|
1
1

7.0 |

6.0 -

Electrophilicity E —

1 2
number of p-CF, groups

0 0.5 1 1.5

.
o —>

5.0

Figure 3.3. Plot of the E parameters for the parent (m), m-F-substituted (e), and p-CFs-
substituted (A) benzhydrylium ions E(25)" and E(27-33)" against the sum of the o
parameters of their substituents (linear fit: £=1.920" + 5.52, R*=0.9927, n=28).
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Figure 3.3 illustrates that the substituent effects of the m-F and p-CFs; groups on the
electrophilicities of the benzhydrylium ions E" are additive: Each p-CF; substituent increases
the £ value by 1.2 units and each m-F substituent by ~0.7 unit. A comparison of the F
parameters of E24" and E20" shows a similar increment of AE = 0.8 per m-F substituent.
Additivity of the m-F-effects has also been reported for the electrophilicities £ of tritylium

2% and the electrofugalities Er of benzhydrylium® and tritylium ions.**® In contrast, the

ions
effects of donor substitutents have generally been found to be nonadditive (saturation

effect).'™

3.2.3 Free Energy Relationships. As shown in Figure 3.2, all rate constants k, < 10° M 57!
correlate linearly with E, and curvature is only observed for k, > 10° M™' s™ as the diffusion
limit is approached. In previous work, we had determined activation parameters for the
reactions of benzhydrylium ions with olefins in CH,Cl,."™ Typically, variation of the
electrophiles only affected the activation enthalpy AH* while the activation entropy AS*
remained constant within experimental error for reactions with rate constants in the range 107
<ky <5 x 10* M s Figure 3.4 (open symbols) illustrates this behavior for reactions of
benzhydrylium ions with allyltrimethylsilane (N7) and 2-methylpent-1-ene (N8).
Extrapolation of the correlation lines, as indicated by the dashed lines in Figure 3.4, showed
that for the investigated reactions AH* might become 0 for carbocations of E = 5-6, and the
question arose whether the rate constants would grow further when more electrophilic
carbocations are employed. As it was not possible at that time (1995) to generate more
electrophilic carbocations laser-flash-photolytically in CH,Cl, solution (only investigations in
CH;CN were possible), we approached this question indirectly. From competition
experiments with 7z-systems of different reactivity, we concluded that crossing the point AH*
= 0 is not associated with a bend of the linear free energy relationship and that AS* starts
changing as AH* becomes zero.”

Using the recently introduced method to generate highly reactive carbocations in CH,Cl,
solution from benzhydryl triarylphosphonium salts with complex counterions,'® we have now
been able to study also rates of the reactions of highly reactive carbocations with olefins in

CH,Cl,, as listed in Table 3.2. Figure 3.4 shows that the correlation log 4, versus £ does not

experience a break when the extrapolated correlation line AH* vs E arrives at AH* = 0.
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Figure 3.4. Correlations between the activation parameters AH? (A) and —T. AS* (o) for the
reactions of benzhydrylium ions E* with (a) allyltrimethylsilane and (b) 2-methylpent-1-ene
and the electrophilicity parameters £ of the benzhydrylium ions. The correlations of log & (®)
versus £ remain linear well beyond the extrapolation to AH* = 0.

Table 3.S.4.1 in section 3.S.4 summarizes previously determined activation parameters for the

reactions of N7 and N8 with benzhydrylium ions in CH,Cl. For these and other structurally

1b,27

related nucleophiles, we typically found activation entropies AS* in between —110 and

162



CHAPTER 3 — Free Energy Relationships for Reactions of Substituted Benzhydrylium Ions

—130 J mol™ K! which correspond to second-order rate constants of k, = (1-10) x 10°m! 5!
for AH* = 0. Figure 3.2, where this range of rate constants is marked by a light-blue shading,
shows that all correlation lines cross this range without noticeable bending. Bending only

occurs for k, > 10°* M s when the diffusion limit is approached.

3.24 Kinetics of the Reactions of Benzhydrylium lons with Other Classes of
Nucleophiles. In the previous sections we have derived electrophilicity parameters for the
acceptor-substituted benzhydrylium ions E(27-33)" from the rate constants of their reactions
with 7z-nucleophiles in CH,Cl,. In the subsequent sections we will examine the applicability

of these E parameters to other types of reactions such as reactions of benzhydrylium ions with

1b,34 16,35-37

hydride donors and solvents.
Triethylsilane in CH>Cl,. The second-order rate constants k (M'1 s'l) for the reactions of
benzhydrylium ions E" with the hydride donor triethylsilane (N22) in CH,Cl, at 20 °C, which
are listed in Table 3.3, were determined in the same manner as described above for the
m-nucleophiles. Figure 3.5a shows an excellent linear correlation of these rate constants with
the electrophilicity parameters £ of the benzhydrylium ions. From this correlation, we
obtained the nucleophilicity parameters N = 3.58 and sy = 0.70 for N22, in good agreement
with the previously reported values (N = 3.64, sy = 0.65)' that were based on only two rate

constants.

Table 3.3. Second-Order Rate Constants k, for the Reactions of Electrophiles E" with
Triethylsilane (N22, H-SiEt;, N = 3.58, sy = 0.70) in CH,Cl; at 20 °C and Comparison with
Rate Constants k., Calculated from Equation 1.

electrophile experiment calculated
E" abbreviation E  k/M's' kal/M's' keadks
E13" (fur),CH" -1.36 3.76 x 10'" 3.58 x 10’ 0.95
E14" fur(ani)CH™ —-0.81 7.94 x 10'¢ 8.69 x 10" 1.09
E15" (ani,CH™  0.00 3.98 x 10*” 3.21 x 10? 0.81
E17" ani(to)CH" 148 4.87x10°” 3.48 x 10° 0.72
E18" ani(Ph)CH™ 2.11 529x10°? 9.62 x 10° 1.82
E27" mfp(Ph)CH™ 6.23 6.66 x 10°¢  7.36 x 10° 1.11
E30° (mfp),CH" 6.87 2.51x107¢ 2.07 % 10’ 0.82
E31" dfp(mfp)CH" 7.52 6.04 x 10’  5.89 x 10’ 0.97

“ Calculated from eq 1. ” Stopped-flow UV/vis measurement, from ref 23b. ¢ Conventional UV/vis
spectrophotometry, from ref 23a. ¢ Conventional UV/vis spectrophotometry, from ref 1b. ¢ Laser flash photolysis
of triarylphosphonium salts, this work.
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Figure 3.5. Plots of log k> or log k; for reactions of benzhydrylium ions E* with triethylsilane
(a), 2,2,2-trifluoroethanol (b), and acetonitrile (c) versus the E parameters of E.
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Trifluoroethanol. Equation 1 can also predict first-order rate constants k; (s*) for reactions of
carbocations with solvents when the solvent-specific nucleophilicity paramters N, and sy are
employed.” It was shown, for example, that the first-order rate constants &, for the decay of
benzhydrylium ions E' in 2.2,2-trifluoroethanol correlate with the E parameters of E'.*°
Because trifluoroethanol stabilizes anions very well, the recombination reactions of the
photofragments proceed with negligible rates when anionic photoleaving groups such as
acetate or p-cyanophenolate are employed. Using this method, McClelland and Steenken were
able to determine rate constants in the range 1 x 10" < k; <4 x 10°s™ for the first-order decay
reactions of the benzhydrylium ions E(15,17,18,20,21,25)+ in trifluoroethanol.’’ Figure 3.5b
illustrates that the rate constants for the reactions of E22", E26', E27", and E30" with
trifluoroethanol'® nicely extend the correlation line and thus confirm the consistency of the £
values determined in this work. The reactivity parameters of trifluoroethanol obtained from
Figure 3.5b, Ny = 1.11 and sx = 0.96, are close to the previously reported values (N; = 1.23, sx
=0.92).%

Acetonitrile. The formation of nitrilium ions from carbenium ions and nitriles is a key step in
the Ritter reaction.”®*’ In dry CH3CN (<2 mMm H,0), photolytically generated benzhydrylium
ions (E") with E > 5 were reported to decay via formation of nitrilium ions E-N'=C—CHj,
which are subsequently hydrolyzed to N-(diarylmethyl)acetamides E—NHC(O)CH;.*
Photolytically generated benzhydrylium ions with £ < 5 show nonexponential decay kinetics
in CH3CN due to the recombination of E™ with the photoleaving group.'®*® Therefore, the
reactions of CH3;CN with these benzhydrylium ions cannot be followed with the laser flash
photolysis technique.

The previously reported first-order rate constants for the decays of the highly electrophilic

benzhydrylium ions E(22-30)" in anhydrous acetonitrile'**

that proceed via formation of the
nitrilium ions E-N"=C—CHj3 can now be correlated with the electrophilicity parameters £ of
the benzhydrylium ions E" from this work to characterize the solvent nucleophilicity of
acetonitrile (Figure 3.5c). The resulting solvent nucleophilicity parameters for acetonitrile, N,
= 2.23 and sy = 0.84, are comparable to those of trifluoroethanol. As E15" BF, (E = 0.00)
can be dissolved in CH3CN to give a persistent solution despite a calculated rate constant of
74.7 s (7, < 10 ms) for its reaction with CH3CN, one can conclude that CH3CN is a weak

Lewis base and its reaction with E15" is highly reversible.
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3.3 Conclusion

Second-order rate constants for the reactions of the benzhydrylium ions E(13-33)" with
z-nucleophiles in CH,Cl, could be determined using benzhydryl triarylphosphonium salts as
precursors for the laser flash photolytic generation of these carbocations.' In this way, it
became possible to determine electrophilicity parameters £ for the highly reactive acceptor-
substituted benzhydrylium ions E(27-33)", which have previously not been accessible by laser
flash photolysis.'® The consistency of the newly determined E values was demonstrated by
showing that the electrophilicity parameters derived from reactions with z=nucleophiles are
also applicable to reactions of these carbenium ions with other types of nucleophiles, such as
triethylsilane, acetonitrile, or trifluoroethanol. This study thus presents an extension of our
electrophilicity scale to the more reactive carbocations E(27-33)", which will be employed in
subsequent work to characterize the reactivities of further weak nucleophiles.

Most remarkable is that, in all series investigated, the linear correlations of log &, versus £ do
not show any bending over the entire range of rate constants from 10 to 10° M s, although
this range encompasses reaction series with widely differing transition states, and leveling
only occurs for k, > 10° M™' s, when the diffusion limit [(1.1-1.7) x 10° M s™ in CH,CL,] is
approached. Figure 3.4 shows that in slow reactions (10 <k, <5 x 10* M s") of N7 or N8
with the alkoxy- and methyl-substituted benzhydrylium ions E(13-20)", variation of the
benzhydrylium ions exclusively changes the activation enthalpies AH* while the activation
entropies AS* remain almost constant. One can extrapolate that AH* will disappear for
reactions with k, > (1-10) x 10° M s™. Despite the fact that such fast reactions correspond to
processes which proceed only downhill on a potential energy surface, log k, continues to
increase linearly with £. We are not aware of any other reaction series, where linear free
energy relationships extend over such wide ranges, and only bend when the observed reaction
constants exceed 10° m™! s'l, i.e., get close to the diffusion rate constants.

The observation that, in all reaction series investigated, variation of a carbocation has exactly
the same effect on the rate constants of enthalpy-controlled reactions as on rate constants of
reactions where the reactants slide into each other without crossing an enthalpy barrier is of
fundamental importance for our understanding of chemical reactivity. Though proportional
changes of SAH* and SAS* have long been known (compensation effect),’’ it is most
surprising that the linearity of linear free energy relationships persists in the range of

activation-less reactions, which challenges theoretical treatments.
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3.S Supplementary Data and Experimental Section

3.S.1 Details of the kinetic experiments
3.S.1.1 Materials

Solvents. For the kinetic experiments, p.a. grade CH,Cl, (Merck) was subsequently treated
with concentrated sulfuric acid, water, 10% NaHCO; solution, and again water. After

predrying with anhydrous CaCly, it was freshly distilled over CaH,.

Phosphonium salts. The phosphonium salts E(13-33)-PAr;” X (Ar = Ph or p-Cl-C¢Hy,
X =BF, or SbF¢ ) were prepared by heating E(13-33)-OH with PhsPH" BF, or by treating
E(13-33)-Br with PAr; and subsequent anion metathesis. Details of the synthetic procedures

are reported in CHAPTER 1 of this work.

3.S.1.2 Laser flash photolysis experiments

Procedure. For the laser-flash-photolytic generation of the benzhydryl cations, solutions of
the precursor phosphonium salts with 4266 nm = 0.2 to 0.9 (ca. 10° to 10™ M) were irradiated
with a 7-ns laser pulse (forth harmonic of a Nd:YAG laser, Aexe = 266 nm, 40-60 mJ/pulse). A
xenon lamp was used as probe light for UV/Vis detection. The system is equipped with a
fluorescence flow cell and a dosage pump which allows replacing the sample cell volume
completely between subsequent laser pulses. The setup is described in detail in ref.'®

Kinetics were measured by following the decay of the absorbance of the benzhydryl cations
(see below for wavelengths) in the nucleophilic solvent mixtures or in CH,Cl, solution in
presence of varying concentrations of nucleophiles. For each (pseudo-)first-order rate
constant, > 64 individual runs were averaged. All measurements were performed in an air-
conditioned laboratory at 20 + 1 °C.

Spectra of the benzhydryl cations were obtained as difference spectra from subsequent
determinations without and with laser irradiation using an ICCD camera with a gate width of

10 ns. Four to eight such spectra were averaged for noise recuction.
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Transient spectra of the carbocations. The benzhydryl cations E(13-23)" and E(25-33)" were
identified by their previously reported UV/vis spectra.'® The transient spectrum obtained by
irradiating a solution of E24-PPh;" BF, in CH,Cl, is shown in Fig. 3.S.1.1.

04 .  [E24-PPh;" BF,1=1.03x 10* M
Avmnm =0.78

300 350 400 450 500 A/nm—

Figure 3.S.1.1. Transient spectrum obtained after irradiation of a CH,Cl, solution of
E24-PPh;" BF, with a 7-ns laser pulse of Aexe =266 nm.

3.S.1.3 Evaluation of thekinetics

The rate constants kobs (s) were obtained by least-squares fitting of the absorbance decays of
the benzhydryl cations to the single exponential curve 4, = Aoe ™' + C. Non-exponential
kinetics were evaluated using the software Gepasi.”* The second-order rate constants k;
(M s for the combination reactions with nucleophiles were obtained from the slopes of

plots of the ko5 for each nucleophile concentration versus the nucleophile concentrations.

3.S.1.4 Reaction products

We did not attempt to isolate products from the photo-Sy1 reaction of benzhydryl
triarylphosphonium salts with nucleophiles because multiple irradiations of the precursor
molecules and reaction products cannot be avoided when the conditions of our kinetic
experiments are scaled up for product analysis.

Reactions of benzhydrylium ions E” with all of the nucleophiles employed in this work
(except n-butyl vinyl ether) and many structurally analogous nucleophiles (including ethyl
vinyl ether) have been studied extensively in previous work by our group.'®!'3?223826:2752 1y

the presence of complex counterions which can act as halide donors, 1:1 products are usually

obtained quantitatively. Asymmetric alkenes are attacked in such a way that the most
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stabilized carbenium ion is formed. Reactions of m-chloro-substituted benzhydryl cations
with alkenes in the presence of chloride donors also gave the expected chloride-trapped 1:1
adducts'® and reactions of m-chloro-substituted benzhydryl cations with allylsilanes gave the

expected 1,1 -diarylbutenes.S2j
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3.S.2 Kinetics of thereactions of electrophileswith z~nucleophilesin CH,ClI,

3.S5.2.1 Reactions of benzhydrylium ions (E*) with 1-methoxy-2-methyl-1-(trimethyl-
siloxy)propene (N1) in dichloromethane at 20 °C.

“PAr; BF;
| N | N hv, 266 nm | N
& pS . V&
X v CHyClp, 20°C
E-PAr;* BF,

OSiMe,
ZSoMe

N1

Y ka

D
//
X

Reactions of (pfa),CH" (E11"), (dpa).CH" (E9"), (dma),CH" (E6"). (py:CH" (E5), and
(jul),CH"™ (E2") tetrafluoroborate salts with N1 have previously been reported to yield methyl
3,3-diaryl-2,2-dimethylpropionates as the final products.'™**

[E13-PPh;" BF,]/M [N1]/Mm ks / 87! A=540 nm b /Mgt
1.40 x 107 3.14x 102 623 x10° 14E+06 1.86 x 107
438 x 102 823 x10° —
461 %102 9.01x10° Log+0s |
6.63x 107 127 x10° =, gops
:E 6.0E+05 [
40E+05 | K avs = 1.86 % 107 [N1] +3.27 x 10°
2.0E+05 | R” =0.9965
0.0E+00
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
[N1]/M
[E14-PPhy" BF,]/M [N1]/Mm kops /8™ A =530 nm k /Mt st
2.74 x 107 1.01 x 107 4.64 x 10° O 4.47 x 10
223 %107 993 x 10°
3.04x 102 1.36 x 10° 208106 1
4.07x10%  1.84x 10° =, 15806 |
2 6 3
500x10% 224x10° £ |
K abs =447 x 10" [N1] +5.94 x 10°
5.0E+05 )
R™=0.9998
0.0E+00 L L L L L 4
0 0.01 0.02 0.03 0.04 0.05 0.06
[N1]/M
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[E15-PPh;" BF, ]/M  [N1]/Mm kops /87! A=516nm k/M's!
2.12 % 107 1.02x 107 1.37x10° 8OE+06 1.54 x 10°
1.87 x 107 2.61 x 10° 708406 |
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[E30-PPh;' BF, ]/M  [N1]/Mm kops /'S A=432 nm k/m's!

1.01 x 10 734 x 10" 4.49 x 10° 0.0E-06 - 1.52 x 10°
1.47x 107 5.46 x 10° 80E+06 |

220107 7.06 x 10° ZgEx I

.OE+ r
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0 00005 0001 00015 0002 00025 0.003 0.0035
[N1]/M

3.S.2.2 Reactions of benzhydrylium ions (E*) with 1-(trimethylsiloxy)cyclopentene (N2)
in dichloromethane at 20 °C.

0OSiMe;
+
“PAr; BF; . OSiMe;
Q) e ) o [ e
X 2 CHCl20°C 2% Ky X Y
E-PAr;* BF, E*

Reactions of (mfa),CH" (E10"), (dpa),CH" (E9"), (mor),CH" (E8"), (dma),CH" (E6"), and
(ind),CH" (E3") tetrafluoroborate salts with N2 have previously been reported to yield
2-(diarylmethyl)cyclopentanones as the final products.'™%*

[E16-PPh;" BF, ]/M  [N2]/Mm Kops /87 A=521nm kb /M st

5.88 % 10° 3.36x 107 1.85x10° 50E+05 5.34 x 10°
561 x102% 3.12x10° 45E+05 |

2 5 4.0E+05 |

727 %102 4.05 % 10 sspr0s |
8.68 x 107 4.66 x 10° =, 308+05 |
3 25E+05 |

< 20E+05 F

LSE+05 ke ops =5.34 % 10° [N2] +9.41 x 10°

10E+05 s
soson | R*=09974
0.0E+00
0 0.02 0.04 0.06 0.08 01
IN2]/M
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[E18-PPh;" BF, ]/M [N2]/M kops / s A=471 nm k/Mm's!
1.90 x 107 1.66 x 107 1.13 x 10° 45E406 [ 6.64 x 10
239x10%  1.67 x 10° 40406 |
3.10x10%  2.17 x 10° 3.5E406 |
385102 2.67x10° «, oo |
595x10% 3.99x10° £ 20m06
1:5E+06 K abs = 6.64 x 107 [N2] +7.51 x 10°
1.0E+06 [ B
5.0E+05 R”=0.9986
0.0E+00
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
[N2]/M
[E20-PPh;" BF, ]/M  [N2]/Mm Kops /87 A =480 nm kb /Mt st
571 x 107 9.82x10° 3.52x 10° S 3.00 x 10°
2.41x10% 8.04 x 10° LSEH7 |
344x102 110x107 U
4.10x 107 1.38x 10" =, 128007 |
2 7 7 LOERO7
572x10% 1.75x107 £ 7l
6.0E+06 | K abs = 3.00 x 10° [N2] +7.82 x 10°
4.0E+06 | )
20406 | R™=0.9927
0.0E+00
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
[N2]/M
[E25-PPh;" BF, ]/M  [N2]/Mm kops / 5! A =453 nm k /Mt st
1.09 x 10* 6.91 x 10" 9.19 x 10° 4.0E+06 9.39 x 10°
1.38x10°  1.53 x 10° 3.5E406 |
2.07x10°  2.19x10° 308406
2.76 x 107 2.88 x 10 -, 2506 F
345x10° 348 x10° £ %[
= 15E+06 | . ,
LOE+06 F k obs=9.39 x 10" [N2] +2.48 x 10
50E+05 R*=099%91
0.0E+00
0 0.001 0.002 0.003 0.004
[N2]/M
[E30-PPh;" BF, ]/M  [N2]/Mm kops /5! A=432 nm k /Mt st
1.11 x 10" 6.91 x 10 4.30 x 10° e 1.73 x 10°
138 x10°  5.60 x 10° 9.0E+06 |
207x10° 672x10° S|
2.76 x 107 8.05x 10° =, 6006 |
3 6 3 SO0EH06 [
345x10° 9.04x10° 27 "0 [
3.0E+06 F Kavs = 1.73 % 10° [N2] +3.16 x 10°
2.0E+06 [ 5
LOB+06 - R™=0.9981
0.0E+00 L L L !
0 0.001 0.002 0.003 0.004
[N2]/M
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3.S.2.3 Reactions of benzhydrylium ions (E*) with (2-methylallyl)trimethylsilane (N3) in
dichloromethane at 20 °C.

‘PAr;  BFS /J‘vs""'es - SiMes
3 4 +
|/\ | > hv, 266 nm |/\ | i N3 l/\ | i —>  products
= X ° = 2 Z A
X ¢ CHLh20°C g Y ka X Y
E-PAr;* BF E*

Reactions of (pfa),CH" (E11"), (mfa),CH" (E10"), (dpa),CH' (E9"), (mor),CH (ES8"),
(mpa),CH" (E7"), (dma),CH" (E6"), (pyr),CH" (E5"), (ani),CH" (E15"), ani(Ph)CH  (E18"),
(tol),CH™ (E20"), (Ph),CH" (E25"), (pcp).CH" (E26"), the 3-chlorobenzhydrylium ion, and
the 3,3’-dichlorobenzhydrylium ion with N3 have previously been reported to yield

4,4-diaryl-2-methyl-1-butenes as the final products.lb’SZf’SZj
[E20-PPh;" BF, /M [N3]/M  kg/s" A =464 nm ky/m's!
9.98 x 10°° 455x10° 1.67x10° 4B - 2.81 x 10’
1.04 x 107 3.42x 10° .
294 %107 8.82x10° Log+06 -

438 x 102 127 x10°

8.0E+05

kobs /s

6.0E+05 [

4.0B+05 | K avs=2.81 x 107 [N3] +4.54 x 10"

20E+05 R*=09998
0.0E+00
0 0.01 0.02 0.03 0.04 0.05
[N3]/M
[E21-PPh;" BF, ]/M  [N3]/M kops /87! A =462 nm k/M's!
471 %107 3.88x 107  4.66 x 10° LOBHOT - 1.23 x 10

9.87 x 107 1.27 x 107 3se07 |
1.26 x 10" 1.60 x 107 308407 |
1.57 x 10" 2.01 x 10’ 25EH07 ¢
1.93x 10" 2.35x 107
221 %100 2.68 x 107

2.0E+07

kobs/s

L.5E+H07

8 5
LOE+07 kobs =123 x 10" [N3] +2.42 x 10

237x 10" 2.96 x 10’ S.0E+06 R*=09978

256x 10" 3.13x 10’ 0.0E+00 : : : : :

280 x 10" 351 %107 0 005 0.1 015 02 025 03
. ' [N3]/M
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[E25-PPh;" BF, ]/M  [N3]/M kops /87! A =453 nm ky/Mm's!
1.05 x 107 6.16 x 10" 6.11 x 10° L8E06 [ 3.97 x 10°
123 x10°  8.01 x 10° 16E+06 |
1.85x10% 1.01 x 10° 14B06 1
246 %107 137x10° ~, 1|
3.08x10° 1.55x10° £ sowos
60405 1 K aps = 3.97 x 10° [N3] +3.35 x 10°
4.0E+05 |
20405 | R*=0.9867
0.0E+00
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
[N3]/M
[E30-PPh;" BF, ]/M  [N3]/Mm Kops /87 A=432 nm kb /Mt st
1.08 x 10 6.16 x 10*  4.30 x 10° 8.0EH06 [ 1.14 x 10°
123 x10%  5.00 x 10° 708406 |
1.85x10° 5.67 % 10° 6.0E+06 |
246 x10° 636 x 10° -, SOE06 |
3.08x10°  7.14x10° £ “OFL
= 3.0E+06 [
20406 | ks = 114 107 [N3] +3.59 x 10°
1.0E+06 |- R*=0.9994
0.0E+00
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
[N3]/M
[E31-PAr;' BF;]/M  [N3]/M kows /5™ A =440 nm kp /M s!
5.81x 107 1.93x10°  1.15x 10’ S 121 x 10°
(Ar = p-CIC¢Hy) 3.86 x 107 1.42x 10’
579 %107 1.58 x 10 20RO
7.72%x 107  1.82x 107 -, 1se07 |
3 7 2
9.65x10° 212x107 £ |
K aps =121 x 10’ [N3] +9.14 x 10°
50E+06 )
R™=0.9905
0.0E+00

0 0002 0004 0006 0008 001 0012
N3]/ M
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3.5.2.4 Reactions of benzhydrylium ions (E*) with n-butyl vinyl ether (N4) in
dichloromethane at 20 °C.

The reactivity of vinyl ethers does not depend much on the alkyl rest,”> and n-butyl vinyl
ether (N4) can be expected to have a similar reactivity as ethyl vinyl ether (N = 3.92, sy =
0.90).' Due to its lower vapor pressure, we preferred the n-butyl derivative for the kinetic
experiments in this study.

Reactions of benzhydryl cations with vinyl ethers yield alkoxy carbenium ions which are
prone to oligomerization reactions and the final products depend on the exact reaction
conditions.***>** When (ani),CH—CI (E15-Cl) was ionized by ZnBr,-(OEt,), and reacted with
ethyl vinyl ether in CH,Cl, at =78 to —40 °C, the 1:1 adduct could be trapped by the
halozincate counterion and 3,3-bis(p-methoxyphenyl)propanal was obtained after aqueous
workup.Sze On the other hand, the reaction of (dma),CH" BF,; (E6" BF,) with ethyl vinyl
ether at 20 °C gave rise to the formation of polymeric products,®* because the intermediate
alkoxy carbenium ion is considerably more electrophilic than (dma),CH".

Similarly, it was reported that the kinetics of reactions of (dpa),CH" BF, (E9" BF;) with
excess ethyl vinyl ether or n-butyl vinyl ether (N4) showed pseudo-first-order behavior only
for the first 20-30% conversion, because the nucleophile was consumed by oligomerization
reactions.”

For the reactions of (mfa),CH" BF, (E10" BF,), fur(ani)CH" BF, (E14" BF,), and more
reactive benzhydryl cations with n-butyl vinyl ether (N4) reported in this work, however, we
observed good pseudo-first-order kinetics for the decay of the benzhydryl cations when we
employed N4 in a >20-fold excess. Apparently, these reactions were sufficiently fast so that
the subsequent oligomerization reactions did not affect the pseudo-first-order conditions.

Laser-flash kinetics

“PAr; BF4 ZhoT 0T
|/: | i v 268 nm @/\® Ne @/% —>  products
X 2 CHCl20°C  &F 2% ky F 25
E-PAr;* BF4 E*
[E20-PPh;" BF, ]/M  [N4]/Mm Kops /87! A=478 nm k /Mt st
424 x 107 8.20x 107 5.92x 10° - 6.51 x 10°

124 x 10" 8.64 x 10°
1.72 x 10" 1.18 x 10°
230 10" 1.56 x 10°
2.88x 10" 1.93x10°

2.0E+06

1L.5E+06

kobs /s

1.0E+06

K abs = 6.51 x 10° [N4] +5.91 x 10°

50E+05 | s
R*=1

0.0E+00
0 005 01 015 02 025 03 035
[N4]/ M
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[E21-PPh;' BF, ]/M  [N4]/m kops /'S A =460 nm k/m's!
9.42 x 107 546107 178 x 10° 0.0E-06 - 3.09 x 107
1.07 x 10" 3.23 x 10° 8.0E+06 |
1.31x 10" 4.05x 10° TOEX06
1 ¢ 60EH06 |
1.88 x 107" 578 x10° =, (|
253 <107 7.89x10° £ aomos
30E+06 1 K obs =3.09 x 10" [N4] + 6.63 x 10°
2.0E+06
LOE+06 L R*=09992
0.0E+00
0 0.05 0.1 0.15 02 0.25 03
[N4]/M
[E22-PPh;" BF, ]/M  [N4]/M kops / s A =450 nm kb /M s!
5.06 x 107 549 %107 3.53 x 10° L0 - 6.37 x 10’
1.07x 10" 6.84 x 10° e
1.37x 10" 8.79 x 10° Log07 |
1.53x 10" 981 x 10° =, gomeos |
1.82x 107" 1.16 X 10" £ qopeos |
4.0E+06 K abs = 6.37 % 10" [N4] +3.10 x 10°
20E+06 | R =1
0.0E+00
0 0.05 0.1 0.15 02
[N4]/M
[E25-PPh;" BF, ]/M  [N4]/Mm Kops /87 A =448 nm kb /M st
1.87 x 10* 556x 107 8.18 x 10° 5E07 - 1.59 x 10
9.35x 107 1.32x 10’ 308407 |
1.31x 10" 1.91 x 10’ e
1.60 x 10" 2.35x 107 =, som07 |
203x10" 316 10" £ jspor |
1.0E+07 | K as = 1.59 x 10° [N4] - 820 x 10°
S0E+06 | R*=0.9991
0.0E+00
0 0.05 0.1 0.15 0.2 025
[N4]/M
[E26-PPh;" BF, ]/M  [N4]/Mm Kops /87 A =486 nm kb /M st
1.10 x 107 7.10x 107 114x10" o . 1.60 x 10°
8.06x 107 1.26x107  4oe07 | .
1.18 x 10" 1.89 x 10’ 3SBH07 1
1 7 30BH07 p
1.83x 10" 2.87x10" -, [ |
217x 10" 339x10" £ 20m07 |
235x 10" 3.81 x 107 LSEHOT K as = 1.60 x 10° [N4] - 1.22 % 10°

1.OE+07
5.0E+06

0.0E+00

R*=0998

0

0.05

0.1

015 02 025
[N4]/ M
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[E30-PPh;" BF, ]/M  [N4]/m kops /8™ A=432 nm k /Mt st
125 x10* 572x10°  6.75x 10° e 6.58 x 10*
1.16 x 107 1.08 x 10’ 18E07 |
192102 1.61x107 50|
220% 102 1.72x107 =, 12807 |
7 LOERO7
< 80EH06
6.0E+06 | K abs = 6.58 x 10° [N4] +3.10 x 10°
4.0E+06 | 5
20406 | R™=0.9963
0.0E+00
0 0.005 0.01 0.015 0.02 0.025
[N4]/ M
[E31-PAr;" BF, ]/M  [N4]/M kops / s A =440 nm k/Mm's!
5.87 %107 3.97 x 107" 7.92 x 10° LB - 1.35 x 10°
(Ar = p-CIC¢Hy) 7.94 x 10*  9.10 x 10° Logor b
1.19x 107 9.18 x 10° /
3 ¢ B8OEH6 [
1.59x10°  9.95x10° -,
199 x 10°  1.02x 107 £ *f
40E+06 | K obs = 1.35 x 10° [N4] + 7.6 x 10°
20E+06 R*=09153
0.0E+00
0 0.0005 0.001 0.0015 0.002 0.0025
[N4]/M
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3.5.2.5 Reactions of benzhydrylium ions (E") with 1-methylcylopentene (N5) in

dichloromethane at 20 °C.
hv, 266 nm N5

X = % CH,Cly, 20 °C X = v ko X = \%

“PAry BF;

—>  products

E-PArs* BF, E*

When ani(Ph)CH-C1 (E18-Cl) was ionized with BCl; at —70°C and reacted with N5 in
CH,Cl,, the resulting 1:1 adducts were trapped by the BCly counter-ion yielding the
1-chloro-1-methyl-2-(diarylmethyl)cyclopentane, accompanied by formation of indanes
through an intramolecular reaction with one of the aryl rings.”™

When we irradiated E20-PPh;" BF, in the presence of variable concentrations of N5, the
decays of E20" (1 = 462 nm) did not follow pseudo-first order kinetics due to recombination
of E20" with the photo-leaving group PPh3.18 A second-order rate constant of Apnosphine =
1.19 x 10" M ™' s™! (average of three published values in ref. '*) was previously determined for
the diffusion of PPh; in CH,Cl,. The second-order rate constant k, for the reaction of E20"
with N5 was then obtained by fitting the decay of [E20'] to a kinetic model consisting of two
second-order processes for the reactions of E20" with N5 (E20" + N5 — 1:1 adduct, rate
constant k;) and with PPh; (E20" + PPh; — E20-PPh;’, rate constant kphosphine = 1.19 X 10'°
M s using the software package Gepasi.*

[E20-PPh;" BF, ]/ M [N5],/ M [E20']y /M “ ky/mts?!

424 x 107 7.92 x 10 5.02 x 10°° 5.81 x 10°
1.11 x 10" 5.09x10° 524 x10°
1.41 x 10™ 5.02 x 10°° 5.59 x 10°
1.92 x 10 5.00x10° 538 x 10°
2.22x10" 4.94 x 10° 5.83 x 10°
3.13x 10" 4.89 x10° 5.90 x 10°

average. 5.6 (+0.3) x 10°

“[E20"], = [PPhs], calculated from the initial absorbance 4, and &= 74100 M cm™ (H,SO,).*

[E21-PPh;' BF, ]/M  [N5]/Mm kops /s A =462 nm k/m's!

471 x 10” 1.15x 10" 7.75x 10° 2sE06 - 6.13 x10°
1.56 x 10" 1.03 x 10°
226x 10" 1.47 x 10°
245x 10" 1.60 x 10°
279 %107 1.74 x 10°
3.03x 10" 1.95x 10°

2.0E+06 [

1.5E+06

kobs /s

1.0E+06 [

K abs = 6.13 x 10° [N5] +7.45 x 10°

50E+05 | )
R*=09975

0.0E+00

0 005 01 015 02 025 03 035
[N5]/ M
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[E22-PPh;" BF, ]/M  [N5]/M kops /8™ A =450 nm k /Mt st
5.05x 107 1.19x 10" 1.83 x 10° 6.0E+06 1.53 x 10’
L73x 10" 255x10° o)
2.16x 10" 3.19 x 10°
1 6 _ 4.0E+06
277x10" 417x10° -,
325107 498x10° & NS
208406 1 K abs = 1.53 x 10" [N5] - 5.42 x 10°
LOE+06 - R*=09978
0.0E+00
0 0.05 0.1 0.15 0.2 0.25 03 0.35
[N5]/M
[E23-PPh;' BF,]/M  [N5]/Mm kops /5™ A=451 nm k /Mt st
8.76 x 107 4.10x 107 1.54 % 10° . 3.49 x 107
7.92 x 107 2.86 x 10° 70E406 |
1.14x 10" 4.16 x 10° 6.0E+06 |
1.54 x 10" 547 x10° -, SOB6 ¢
1.94x 10" 6.88x10° £ T
= 3.0E+06
205406 | Koos =349 x 10" [N5] + 1.17 x 10°
LOE+06 - R*=09997
0.0E+00 L L L L !
0 0.05 0.1 0.15 0.2 0.25
[N5]/M
[E24-PPh;" BF, ]/M  [N5]/M kops /! A =483 nm k/mts?
123 x10* 433 %107 1.54x10° 0BG - 3.17 x 107
8.15x10% 2.77x10° 6.0E406 - .
1.18x 10" 3.75 x 10° 50E+06 |
149 x 10" 471 x10° =, ,omos |
181 x 107" 6.03x10° £ 50506 |
2.0E+06 Kap=3.17x 10" [N5] +1.23 % 10°
1.0E+06 | R*=0.9942
0.0E+00
0 0.05 0.1 0.15 0.2
[N5]/ M
[E25-PPh;" BF, ]/M  [N5]/M kops / s A =448 nm kb /M s!
1.87 x 10 436x107 2.74x10° L4 - 591 %107
7.54x 107 434 x10° e
120 x 10" 7.15x 10° Log07 |
1.69x 10" 1.02x 107 =, gomeos |
209% 10" 123x10" £ qopus |
40E+06 | K aps=5.91x 10" [N5] + 1.82 x 10°
2.0E+06 | R*=0.9998
0.0E+00
0 0.05 0.1 0.15 0.2 0.25
[N5]/ M
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[E26-PPh;' BF, ]/M  [N5]/Mm kops /'S A =486 nm k/m's!
1.10x 10 1.08 x 10" 5.90 x 10° L0 - 472 x 10
1.52x 10" 8.00 x 10° 14E+07 |
1.92x10" 9.82x10° 126407 |
220x 10" 1.14x 107 =, W07
273x 107 1.38x 107 £ BOECT
= 6.0E+06 ; .
40E+06 F kobs=4.72 x 10" [N5] +7.72 x 10
20E+06 R*=09981
0.0E+00
0 0.05 0.1 0.15 0.2 0.25 0.3
[N5]/ M
[E27-PPh;" BF, ]/M  [N5]/M kops /87! A =450 nm ky/M's!
2.51 x10* 5.60x 107  3.07 x 10° S 1.76 x 10°
1.34x 102 438 x10°
226x107 6.62x10° ™[
3.50x 107 836 x10° =, 1sEw07 |
487x10% 1.05x10" £ |
748 x 102 1.61 x 107 K obs = 176 x 10° [N5] +2.23 x 10°
1.02x 10" 1.99 x 10’ S0ER06 T R?=09955
0.0E+00
0 0.02 0.04 0.06 0.08 0.1 0.12
[N5]/M
[E30-PPh;" BF, ]/M  [N5]/M Kops /87 A=432 nm kb /M st
1.12x10* 8.29x 10" 7.32x10° L0 5.87 x 10°
1.66 x 10°  7.78 x 10° 9.0E+06 |
249x10° 851x10°0 ol
332x10° 8.80x10° =, 6006 |
3 6 7 SOBH06
415x10° 9.25x10° £ 7 [
3.0E+06 | K abs = 5.87 % 10° [N5] + 6.87 x 10°
2.0E+06 )
LOE+06 L R™=0.9855
0.0E+00
0 0.001 0.002 0.003 0.004 0.005
[N5]/ M
[E31-PAr;" BF,]/M  [N5]/M Kops /87 A =440 nm kb /M st
5.60 x 107 3.76 x 10*  6.93 x 10° N 1.33 x 10°
(Ar=p-CIC¢H,)  7.53x 10"  7.56 x 10° 9.0E+06 | »
L13x10° 746x10° o /
1.51 x 10° 822 x10° =, 60B+06 [
3 6 2 S.O0E+06
1.88x 107 9.11x10° 27 [
3.0E+06 [ K aps = 1.33 % 10° [N5] + 635 x 10°
iggx R*=08983
0.0E+00
0 0.0005 0.001 0.0015 0.002
[N5]/M
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3.5.2.6 Reaction of benzhydrylium ions (E*) with methylenecyclopentane (N6) in
dichloromethane at 20 °C.
N6

"PAr; BF, .
hv, 266 nm
X X ! X X X X
L < J L ] T et
X ¢ CHChR20°C v ks X v
E-PAry* BF, E*

When ani(Ph)CH"™ (E18") tetrachloroborate salt or (tol),CH" (E20") trichlorozincate salt were
reacted with N6 in CH,Cl, at —78°C, the 1:1-adducts were trapped by the complex
counterions and 1-[2,2-diarylethyl]-1-chlorocyclopentanes were isolated as the main
products.?7*5%

[E27-PPh;" BF, /M [N6]/M kops /87! A =425 nm ky /M
2.51 x10* 9.08 x 10°  3.74 x 10° R 1.44 x 10°
1.76 x 107 4.67 x 10° L6EH07 |
2.84x 107 6.10 x 10° L4E+07 |
2 6 1.2E+07 |
499107 9.41x10° =, ||
9.50x 107 1.57x107 £ soos
60E+06 K obs = 1.4 x 10° [NB] +2.25 x 10°
4.0E+06 |
2 0E+06 ¥ R*=0.999%
0.0E+00
0 0.02 0.04 0.06 0.08 0.1
[N6]/ M
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3.5.2.7 Reactions of benzhydrylium ions (E") with allyltrimethylsilane (N7) in
dichloromethane at 20 °C.

. + .
*PAr BF; X /\/SIMeg SiMe3
hv, 266 nm N7
X X X X X X
L J el VI QY l J ) T produes
X ¢ CHLCh20°C v Ky X v
E-PAr;* BF, E*

Reactions of (fur),CH" (E13"), fur(ani)CH" (E14"), (ani),CH" (E15"), ani(tol)CH" (E17"),
ani(Ph)CH" (E18"), pop(Ph)CH" (E19"), (tol),CH™ (E20"), (Ph),CH" (E25"), (pcp),CH"
(E26"), the 3-chlorobenzhydrylium ion and the 3,3’-dichlorobenzhydrylium ion with N7 in
CH,Cl, have previously been reported to yield 4,4-diaryl-1-butenes as the final

pro ducts 23%52652
[E21-PPh;' BF, ]/M  [N7]/Mm kops / 87! A =462 nm k /M!St
4.96 x 10” 732 x10°  2.53 % 10° Q005 - 2.49 x 10°
1.15x 10" 3.53 x 10° 708405 |
1.49 x 10" 434 x10° 6.0E+05
1.82 x 10" 521 x10° -, SOBEOS F
263 %107 723 x10° 2 MO
= 30E+05 |
508405 - K abs = 2.49 x 10° [N7] + 6.81 x 10°
L.OE+05 [ R*=09997
0.0E+00
0 0.05 0.1 0.15 0.2 0.25 0.3
[N7]/M
[E22-PPh;" BF, ]/M  [N7]/M kops / s A =450 nm kb /M s!
6.02 x 107 7.68 x 107 7.16 x 10° L8E+06 [ 5.68 x 10°
1.20x 10" 8.97 x 10° L6E+06 |
1.45x 10" 1.11x10° LAER06
1 6 1.2E+06 |-
208 %107 148x10° =, ||
2.54x 10" 1.68x10° £ soeos
60E+05 1 K abs = 5.68 x 10° [N7] +2.64 x 10°
4.0E+05 N
2.0E+05 [ R =0.9927
0.0E+00
0 0.05 0.1 0.15 0.2 0.25 0.3

IN7]/M
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[E23-PPh;' BF, ]/M  [N7]/M kg / 87! A=451 nm b /M st
8.77 x 107 2.64x102 3.92x10° L6E+06 1.06 x 107
543 %102 6.50 x 10° 14E406 |
740 x 102 936 x 10° 125406 |
1.00 x 10" 1.18 x 10° =, LOE¥06 r
130 x 107 147 x10° 2 BFO [
= 6.0E+05 [ . ,
40E+05 kobs=1.06 x 10" [N7]+ 1.12x 10
2.0E+05 R =09953
0.0E+00
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
[N7]/M
[E24-PPh;" BF, ]/M  [N7]/M kg / 87! A=483 nm b /Mgt
1.23 x 10 276 x 107 4.00 x 10° L4E06 - 9.17 x 10°
483 x 107 536x10° -
739 %107  8.25x10° L0E+06 |
1.02x 10" 1.03x 10° =, gomeos |
124 %107 129 x10° £ qopeos |
4.0B+05 | Kabs=9.17 x 10° [N7] + 1.26 x 10°
2.0E+05 R*=0.9934
0.0E+00 . . . . . . !
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
[N7]/M
[E26-PPh;' BF, ]/M  [N7]/Mm kops /'S A =486 nm k /M!St
1.09 x 10 6.53 x 107 1.49 x 10° SOE06 - 1.54 x 10’
1.03x 10" 2.05x 10° 45E+06 |
1.63x 10" 292x10° (ool
1.95x 10" 3.56x 10° =, 30806 |
1 6 7 25B+06
263x 10" 448x10° £ 2 [
1.5B+06 | K abs = 1.54 % 10" [N7]+4.79 x 10°
1.0E+06 | )
5.0E+05 R =09977
0.0E+00
0 0.05 0.1 0.15 0.2 0.25 0.3
[N7]1/ M
[E27-PPh;" BF, ]/M  [N7]/M kops / s A=435nm kb /M s!
1.15x 10 2.70 x 107 2.11 x 10° 0006 6.19 x 10
523 %102 3.75x 10° 8.0E+06 |-
6.82x 102 4.69 x 10° TOEH06 |
6.0E+06
9.81 x 107 640 x 10° =, . ..o |
124 x 10" 8.19x10° £ aomos
3.0E+06 [

188

2.0E+06
1.OE+06

0.0E+00

K o =6.19x 10" [N7]+4.57 x 10°

R =0.9988

0 0.02 004 006 0.08 0.1 012 014

[N7]/M
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[E28-PPh;" BF, /M [N7]/M  ky/s” A=436 nm ky/m's!
1.06 x 10 122107 3.71 x 10° LB - 1.52 x 10
299x10% 6.55x10° |
351 %102 7.27 x 10° ‘
8.0E+06 |
4.60x 102 9.10x10° -,
5.92x 107 1.07x10" £ T
40E+06 | Kobs = 152 x 10° [N7] + 1.94 x 10°
2.0E+06 R*=09979
0.0E+00
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
[N7]1/M
[E30-PPh;" BF, ]/M  [N7]/M kops /87! A=431nm ky/M's!
1.10 x 10* 3.80 x 107 1.38 x 10’ 0BT - 2.13 x 10°
422x10% 147x10" |
543 x10%  1.72x 10’
742x10% 2.19x10" -, [
8.79x 107 241x107 £ U7

1.0E+07

5.0E+06

0.0E+00

Kobs = 2.13 x 10° [N7] +5.71 x 10°

R*=0.9977
0 0.02 0.04 0.06 0.08 01
N7]/M
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3.5.2.8 Reactions of benzhydrylium ions (E*) with 2-methyl-1-pentene (N8) in
dichloromethane at 20 °C.

.
*PAr; BFj . )\/\
hv, 266 nm N8
X X X X X X
1, VI @ l ) Iy T produk
X ¢ CHfh20°C v ko X v
E-PAr;* BF4 E*

When ani(Ph)CH-CI (E18-Cl), (tol),CH-CI1 (E20-Cl) or Ph,CH-CI (E25-Cl) were ionized
with BCl; or ZnCl,-(OEt,), at low temperature and reacted with N8 in CH,Cl,, the 1:1-
adducts were trapped by the complex counterions and 3-chloro-1,1-diaryl-3-methylhexanes

were isolated as the main products. 25258
[E22-PPh;" BF, ]/M  [N8]/M kops /87! A =450 nm ky /M
6.74 x 107 734 x107 227 x10° SOE0S - 1.33 x 10°

940 x 102 236x10° 45E405

- 4.0E+05
127107 2.89 x 10° 3.5E+05 |-
1.47x 10" 3.14x10° 3.0B+05
1.92x 10" 3.86x10°

2.5E+05 |
2.0E+05
257107 459 x 10° 15E05 |
1.0E+05 |

kobs/s

Kape=1.33 x 10° [N8] + 1.21 x 10°

S0EH04 R*=09935
0.0E+00
0 0.05 0.1 0.15 02 0.25 03
[N8]/M
[E23-PPh;" BF, ]/M  [N8]/M Kops /87 A=451 nm kb /M st
8.76 x 107 3.61 x 107 291 x 10° 0.0E40S 4.55 % 10°

6.72 x 107 4.24 x 10° 80E+05 |
1.02x 10" 590x10° 70405

- 6.0E+05
132107 7.28x10° =, sl
1.60 x 10" 8.50 x 107 £ 40me0s f

3.0E+05

K abs =4.55 x 10° [N8] + 1.24 x 10°

208405 |
1 0B+05 [ R*=09998
0.0E+00
0 0.05 0.1 0.15 02
[N8]/ M
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[E24-PPh;" BF, ]/M  [N8]/M kops /87! A =483 nm k/M's!
123 x10* 1.73 x 107 2.11 x 10° SOEH05 - 2.79 x 10°
420x10% 2.82x10° |
6.88 x 107 3.71 x 10°
4.0E+05 |
820 %102 3.97x10° -,
122 %107 5.02x10° £ 207
208405 ¢ K abs =2.79 x 10° [N8] + 1.68 x 10°
1.0E+05 R>=0.99
0.0E+00
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
[N8]/M
[E25-PPh;" BF, ]/M  [N8]/M Kops /87 A=453 nm kb /Mt st
1.16 x 10* 432x10% 5.65x10° L4E+06 [ 5.69 x 10°
7.18x10%  7.30 x 10° L2506 -
9.74 x 107  8.81 x 10° Log+0s |
134107 1.08 x 10° =, gomeos |
1.53x 10" 1.19x10° £ gopeos |
40E+05 | K abs = 5.60 x 10° [N8] +3.20 x 10°
2.0E+05 | R*=0.9997
0.0E+00
0 0.05 0.1 0.15 0.2
[N8]/M
[E26-PPh; BF, ]/M  [N8]/Mm kops / 5! A =486 nm k /Mt st
1.10 x 10* 7.56 x 107 5.78 x 10° L4E+06 [ 5.00 x 10°
1.15x 10" 7.71 x 10° L2606 |
1.40x 10" 897 x 10’ L0806 |
1.98 x 10" 118 x 10° =, gopsos |
220x 10" 1.31x10° £ gopeos |
40E+05 | K abs = 5.00 x 10° [N8] + 1.97 x 10°
2.0E+05 R*=0.9993
0.0E+00
0 0.05 0.1 0.15 0.2 0.25
[N8]/M
[E27-PPh;" BF,]/M  [N8]/M Kops /87! A =443 nm k /Mt
1.08 x 10™ 474 %107 233 x10° SOE06 - 2.95x 10’
6.50 x 107 2.90 x 10° 45E+06 |
761 x 102 328x10° oo |
9.62 x 107 3.80 x 10° =, 30B+06 |
116 % 107 434x10° £ 20T

2.0E+06 [
1.5E+06

1.OE+06

5.0E+05

0.0E+00

K abs =2.95 x 107 [N8] +9.47 x 10°

R*=0.9989

0 002 004 006 008 01 012 014
[N8]/M
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[E28-PPh;" BF, ]/M  [N8]/M Kops /87! A =436 nm ky /Mt
111 x10* 725 %107 9.64 x 10° S 9.51 x 107
935x10% L16x10" |
146 x 10" 1.72 x 107
226 %1070 246x107 -, |
248 x 10" 260x 107 2TV
10E+07 1 K abs=9.51 x 107 [N8] +2.89 x 10°
SOE06 1 R*=09979
0.0E+00
0.05 0.1 0.15 0.2 0.25 0.3
[N8]/M
[E29-PPh;" BF, ]/M  [N8]/Mm Kops /87 A=438 nm k /Mt st
1.62 x 10 4.08 x 107 5.61 x 10° S 9.16 x 107
1.30x 10" 1.51 x 107 20807 |
1.94x 10" 1.89 x 10’ 5 sg07 |
241 x 10" 248 %107 =, ,opor |
322% 107 315% 107 £ s |
1.0B+07 | K abs=9.16 x 107 [N8] +2.20 x 10°
5.0E+06 | R*=09938
0.0E+00 . . . . . . !
0.05 0.1 0.15 0.2 0.25 0.3 0.35
[N8]/M
[E30-PPh;" BF, /M  [N8]/M Kops /8™ A=431nm ky/m's!
4.06 x 107 470 x 107 9.24 x 10° S 1.37 x 10°
1.00 x 10" 1.60 x 10’ e .
1.42x 10" 2.11x 10’ e
1.74 x 10" 2.62x 10" =, om0 |
191 <107 293x107 % 5 |

1.0E+07

5.0E+06 [

0.0E+00

R*=0.9955

K obs = 1.37 x 10° [N8] +2.40 x 10°

0.05

0.1

0.15
[N8]/M

0.2

0.25
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3.5.2.9 Reactions of benzhydrylium ions (E*) with methylenecyclohexane (N9) in
dichloromethane at 20 °C.
N9

“PAr; BF; .
hv, 266 nm
T J [ T) 7 o
X 2 CHCL,20°C 2% ko X 2%
E-PAF3+ BF4_ E*

When ani(Ph)CH™ (E18") tetrachloroborate or (tol),CH" (E20") trichlorozincate were reacted
with N9 in CH,Cl, at —78°C, the 1:1-adducts were trapped by the complex counterions and

1-[2,2-diarylethyl]-1-chlorocyclohexanes were isolated as the main products.”’>5**
[E22-PPh;" BF, ]/M  [N9]/M Kops /87 A =450 nm k /Mt st
2.68 x 10 3.08 x 107 1.80 x 10° P 2.26 x 10°

6.82x10%  2.55x 10’
9.99 x 107 3.24 x 10°
1.35x10"  4.09 x 10°
1.74 x 10" 5.00 x 10°

5.0E+05

4.0E+05 |

3.0E+05

kobs /s

2.0E+05 5

k obs =2.26 % 10° [N9] + 1.05 x 10

1.0E+05 Rz ~0.9981
0.0E+00
0 0.05 0.1 0.15 0.2
[N9]/M
[E25-PPh;" BF, ]/M  [N9]/Mm kops /8™ A =453 nm k /Mt st
1.09 x 10 3.86 x 107 8.19x 10° S 9.86 x 10°
6.90 x 10%  1.03 x 10°
9.82x 107 1.32x 10° 2006 T
132x 10" 1.79 x 10° -, 1sEe06 |
-1 6 3
171107 2.06x10° ¢ |
K obs = 9.86 x 10° [N9] +3.98 x 10°
5.0E+05 | )
R™=0.9851
0.0E+00 L 1 L ,
0 0.05 0.1 0.15 0.2
[N9]/ M
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[E27-PPh;" BF, ]/M  [N9]/M kops /! A=435nm k/mts?
1.08 x 10 3.68 x 107 2.52x10° L0 4.68 x 10
7.03x10%  4.14 x 10° 9.0E+06 |
9.88x 102 555x10° o[
1.34x 10" 6.96 x 10° =, 60E+06 |
1 6 < SO0EH06
170 x 10" 8.79x10° 2 7 [
3.0E+06 | K abs = 4.68 x 107 [NO] + 8.33 x 10°
2.0E+06 [ 5
1.0E+06 R7=0.9993
0.0E+00 L L L !
0 0.05 0.1 0.15 0.2
[N9]/M
[E30-PPh;" BF, ]/M  [N9]/M kops /57 A =432 nm k/mts?
111 x10* 1.71 x 107 7.39 x 10° 0BT - 1.47 x 10°
3.53x 107 1.04 x 10’ 18E407 |
500x 102 128x107 1T
6.71 x 107 1.44x 107 =, 126007 |
2 7 2 LOE+07 r
8.63x10% 1.78x10" 2 [
6.0E+06 | K obs = 1.47 % 10° [N9] +5.03 x 10°
4.0E+06 [ )
2 0E+06 - R”=0.9931
0.0E+00
0 0.02 0.04 0.06 0.08 0.1
[N9]/M
[E31-PAr;" BF, ]/M  [N9]/M kops /87! A =440 nm k/M's!
557 %107 1.03 x 107 1.38 x 10’ L0EH0T - 3.47 x 10°
(Ar = p-CICgH,) 1.91 x 102 1.75 % 10’ rspior |
2.41x10% 1.98x 107
2 7 20EH07 F
3.12x102 2.15x107 -,
417x107 244x 10" £ "FUT
10B+07 | K abs = 347 x 10° [NO] + 1.07 x 10/
S.OE+06 R*=09881
0.0E+00
0 0.01 0.02 0.03 0.04 0.05
[N9]/M
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3.5.2.10 Reactions of benzhydrylium ions (E*) with 2,3,3-trimethyl-1-pentene (N10) in
dichloromethane at 20 °C.

.
“PAr; BF4 . M

N N hv, 266 nm N N N10 O AN quct
) gl VS QN ) U] T produeks
X §¢  CHLCh20°C v ko X v

E-PArs* BFy E*

When ani(Ph)CH-CI1 (E18-Cl) was ionized with BCl; at —70°C and reacted with N10 in
CH,Cl,, the 1:1-adduct was trapped by the complex counterion and 3-chloro-1,1-diaryl-
3,5,5-trimethylhexane were isolated as the main product.*”

[E22-PPh; BF, /M [N10]/M  kops/s™ A =450 nm k/M's!

6.10 x 107 7.75 x 107 2.46 x 10° ASE0S ¢ 1.50 x 10°
1.17 x 10" 3.05x10° 40E+05 -
147 x 10" 3.42 x 10° 33405 1
152% 100 353x10° =, Lo |
1.96 x 10 4.27 x 10°

2.0E+05

kobs/s

15E05 | K abs = 1.50 x 10° [N10] + 1.27 x 10°
1.0E+05
SO0E+04 | R =09955
0.0E+00
0 0.05 0.1 0.15 0.2 0.25
[N10]/M
[E25-PPh;" BF, ]/M  [N10]/M ks /s™ A=453 nm kb /M st
1.10 x 10* 7.98 x 107 1.06 x 10° 20E+06 [ 6.61 x 10°
9.92x10% 1.22x10° L8EH06 [
- 1.6E+06
148 x 10" 1.51 x 10° Labros -
1.71x 10" 1.68 x 10° =, 12606 |
1 6 7 1OE+06
186 x 107" 1.78x10° 2 "0 [
6.0E+05 | K obs =6.61 x 10° [N10] +5.45 x 10°
4.0E+05 | )
20E+05 F R™=0.9984
0.0E+00
0 0.05 0.1 0.15 0.2
[N10]/M
[E27-PPh;" BF, ]/M  [N10] /M kops/s™ A=435nm k /M st
111 x10* 6.67 x 107 3.91 x 10° 8.0EH06 [ 291 x 10’

111 x 10" 4.94 x 10° iy
1.14 x 10" 5.19 x 10° 6.0B+06 |-
1.55x 10" 6.35x 10° SOEH06
1.85x 10" 7.32x10°

4.0E+06

kobs/s

3.0E+06 |
K abs=2.91 x 10’ [N10] + 1.87 x 10°

2.0E+06
1.0E+06 |- R*=0.9941
0.0E+00
0 0.05 0.1 0.15 02

[N10]/M
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[E30-PPh;' BF, ]/M [N10]/M kg /s A=432 nm k/m's!

1.07 x 10 2.68 x 107 9.15x10° S 1.82 x 10°
3.64x 107 1.14 x 107 20807 |
589 %107 1.42x 10’ 555007 -
6.41 x 107 1.41 x 10’
7.17 %102 1.51x 10’ 156007 |
8.58 x 102 1.94 x 10’ LOE+07 |
1.11 x 10" 2.53 x 107 5.0E+06 £ R*=09765

1.37x 10" 2.85x 107 0.0E+00 - - ;
0 0.05 0.1 0.15
[N10]/M

2.0E+07

kobs/s”

K as = 1.82 x 10° [N10] + 3.66 x 10°

3.5.2.11 Reactions of benzhydrylium ions (E*) with 2,3-dimethyl-1-butene (N11) in
dichloromethane at 20 °C.

-
“PAr; BF; . )ﬁ/
hv, 266 nm N11
X X X X X X
L el VS BN L) T produes
X §  CHCl20°C v ko X v

E-PAr;* BF E*

When ani(Ph)CH-CI1 (E18-Cl) was ionized with BCl; at —70°C and reacted with N11 in
CH,Cl,, the resulting 1:1 adduct was partly trapped by the BCls counter-ion yielding the
3-chloro-3,4-dimethyl-1,1-diarylpentane or the rearranged product 2-chloro-2,3-dimethyl-
5,5-diarylpentane, accompanied by formation of tetrahydronaphthalenes through an intra-
molecular reaction of the rearranged carbocation with one of the aryl rings.””

[E25-PPh;" BF, ]/M  [N11]/M ks /s” A=453 nm kb /M st

1.11 x 10 122 %107 1.65x10° 256406 1.93 x 10°
141 x 10" 1.69 x 10°
199 x 107 1.74x 106 2% /
231 x 10" 1.80 % 10° =, 1sEw06 |
2.80x 10" 1.92 x 10° Lopsos |
3.17x 10" 2.04 x 10° K abs = 1.93 x 10° [N11] + 1.39 x 10°

3.58x 10" 2.09 x 10° S0E05 1 R*=0.9661

0.0E+00

kobs /s

0 0.1 02 03 04
N11]/M
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[E26-PPh; BF, /M [N11]/M  kops/s” A =486 nm k/Mm's!
1.11x 10 126 x 10" 5.60 x 10° LOE+06 1.46 x 10°
1.76 x 10" 6.26 x 10° 9.0E05 I
222x10" 690x10° S|
2.82x 10" 7.76 x10° =, coes0s
1 5 7 SOEH05
352x10" 892x10° £ "0l
3.0E+05 F K obs = 146 x 10° [N11] +3.71 x 10°
2.0E+05 )
LOE+05 | R™=0.9974
0.0E+00
0 0.1 0.2 0.3 0.4
[N11]/M
[E27-PPh;" BF, ]/M  [N11]/M ks /s” A=435nm kb /Mt st
1.13 x 10 123 x 10" 4.98 x 10° 8.0E+06 T 1.11 x 107
1.72 x 10" 5.66 x 10° 708406 |-
226 x 10" 6.14 x 10° 6.0B+06 |-
278 x 10" 6.73 x 10 -, S0E06 F
331x10" 736x10° 2 0 E
= 3.0E+06 [
50406 | Kaps= 111 x 10" [N11] +3.66 x 10°
1.0E+06 |- R =0.9965
0.0E+00
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
[N11]/M
[E28-PPh;' BF, ]/M  [N11]/M ks /s™ A =436 nm k /Mt st
1.10 x 10* 7.17 x 107 4.41 x 10° LB - 2.11 x 10
1.37x 10" 5.97 x 10° Logor b
1.87 x 10" 6.97 x 10° -
.0E+06
253 x 10" 836x10° -,
324107 9.77x10° M
40E+06 T Kaps=2.11 x 10" [N11]+2.99 x 10°
2.0E+06 R*=0.9988
0.0E+00
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
[N11]/M
[E29-PPh;' BF, ]/M  [N11]/M ks /s™ A=438 nm k /Mt st
1.62 x 10 6.84 x 107 3.61 x 10° BT - 2.35x 10’
L4ox10" s547x10° |
2.00 x 10" 6.53 x 10° -
.OE+ r
2.54x 10" 8.02x10° -,
321x 10" 9.60x10° £ T
4.0E+06 |

2.0E+06

0.0E+00

Kavs =2.35 % 107 [N11]+2.03 x 10°

R*=0997

0 005 01 015 02 025 03 035
[N11]/M
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[E30-PPh;' BF, ]/M  [N11]/M ks /s™ A=431nm k /Mt st

1.05 x 10* 121 x 10" 1.02 x 10 I 4.11 %107
1.68 x 10" 1.20 x 107
224 x 10" 1.52x10’
2.55% 10" 1.56 x 107
322x 10" 1.87x10’
348 x10"  1.96 x 107

2.0E+07

1L.5E+H07

kobs /s

1.0E+07

Kaps=4.11x 10" [N11]+5.35 x 10°

50E+06 F R
R*=09912

0.0E+00
0 0.1 02 03 04
N11]/M

3.5.2.12 Reactions of benzhydrylium ions (E*) with 2,3,3-trimethyl-1-butene (N12) in
dichloromethane at 20 °C.
N12

“PAr; BF; .
hv, 266 nm
X ! X X X X
L < L J ] T prodes
> (¢  CHCl20°C ¢ ks % v
E-PAry* BF, E*

When ani(Ph)CH-CI (E18-Cl) was ionized with BCl; at —70°C and reacted with N12 in
CH,Cl,, the resulting 1:1 adduct was partly trapped by the BCly counter-ion yielding the
3-chloro-2,2,3-trimethyl-5,5-diarylpentane or the rearranged product 2-chloro-2,3,3-trimethyl-
5,5-diarylpentane, accompanied by formation of tetrahydronaphthalenes through an intra-
molecular reaction of the rearranged carbocation with one of the aryl rings.”™

[E25-PPh; BF, /M [N12]/M ks / s A =453 nm k/M!s!

113 x 10" 622 %102 4.08 x 10° L0B+06 2.16 x 10°
1.11 x 10"  4.64 x 10° 9.0E+05 |
178 x 10»1 618 x 105 8.0E+05 |

7.0E+05
233x 10" 7.71 x10° -, 60Ew0s |

2.84x 10" 8.63 x 10° S0E505 1

4.0E+05
3.0E+05
2.0E+05
1.OE+05
0.0E+00

kobs/s

K aps=2.16 x 10° [N12] +2.50 x 10°

R*=09878

0 0.05 0.1 0.15 0.2 0.25 0.3
[N12]/M
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[E27-PPh; BF, /M [N12]/M  kops/ s A=435nm k/Mm's!
1.08 x 10 5.68x 107 1.67 x 10° 30E+06 [ 6.32 x 10°
9.82x 107 186x10°  _ |
146 x 10" 2.28 x 10°
1 ¢ 20EH06 F
1.88 x 10" 240 x10° -,
236107 2.81x10° & N[
10E+06 1 K abs = 6.32 % 10° [N12] + 1.29 x 10°
SOEH05 R*=0.9806
0.0E+00
0 0.05 0.1 0.15 0.2 0.25
[N12]/M
[E30-PPh;" BF, ]/M  [N12]/M ks /s™ A=432 nm kb /Mt st
1.15 x 10* 2.90 x 107 6.67 x 10° LB - 242 %10
559x 107 7.01 x 10° Logor b
9.02x 107 829 x 10°
1 ¢ 8O0EH6 F
1.12x 10" 8.80x10° -,
149 x 107 9.83x10° £ *%
1.81x 10" 1.00 x 107 A0E+06 - K aps =242 % 10" [N12] +5.95 x 10°
20E+06 R*=0.969
0.0E+00
0 0.05 0.1 0.15 0.2
[N12]/M
[E31-PAr;' BF,1/M  [N12]/M ks /s™ A =440 nm k /Mt st
5.82x 107 2.82x 107  1.13x 10 255407 7.52 %10
(Ar=p-CICH,)  5.71x 107 1.40 x 10’
736 %107 1.66 x 107 2OBROT T
120 10" 1.83x10" =, 1see07 t
-1 7 2
1.50x 10" 2.10x10" 2
K aps =7.52 % 10" [N12] +9.79 x 10°
5.0E+06 | R
R™=0.9587
0.0E+00
0 0.05 0.1 0.15 0.2
[N12]/M
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3.5.213 Reactions of benzhydrylium

dichloromethane at 20 °C.

“PAr; BF,
| \ | N hv, 266 nm
x/ = X’Y CH,Cl,, 20 °C
E-PAI'?,+ BF4

»
//
X

ions (E") with 2-norbornene (N13) in

—> products

When ani(Ph)CH-CI (E18-Cl), (tol),CH-CI1 (E20-Cl) or Ph,CH-CI (E25-Cl) were ionized
with BCl;, ZnCl,-(OEt,), or SnCly at low temperature and reacted with N13 in CH,Cl,, the
l:1-adducts were trapped by the complex counterions, yielding exo-2-chloro-syn-

7-(diarylmethyl)norbornanes as the final products.?’*5"
[E25-PPh; BF, ]/M  [N13]/M ks /s™ A =453 nm k /Mt st
1.14 x 10 7.81 x 107 230 10° LOEH0S. - 6.96 x 10°
127 x 10" 2.64 x 10° 3.5E405 |
1.76 x 10" 2.94 x 10° 308405
239x 10" 3.46x10° -, 2EOSF
2.85x 107 3.72x10° £ 2EOL
= 15E+05
LoE+0s | k=696 x 10° [N13] + 1.76 x 10°
SO0E+04 R*=0997
0.0E+00 . . . . . !
0 0.05 0.1 0.15 0.2 0.25 03
[N13]/M
[E27-PPh;" BF, ]/M  [N13]/M kg /s A=435nm k/m's!
1.14 x 10 422x10% 7.27x10° 0BG - 3.57x10°
7.94x10% 8.21x 10’ 18E+06
135x 10" 110x10° S|
1.62 x 10" 1.07 x 10° =, 12806
1 6 < LOE+06 [
190 x 10" 1.40x10° 2 [
231 %100 1.43x10° 6.0E+05 K obs = 3.57 x 10° [N13] +5.87 x 10°
-1 6 4.0B+05 5
2.73 x 10 1.64 x 10 Sogs0s | R*=09615
3.16 x 10" 1.69 x 10° 0.0E+00 - : : -
3.44 x 10»1 1.73 x 106 0 0.1 0.2 0.3 0.4
[N13]/M
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[E28-PPh; BF, /M [N13]/M  kops/s” A =436 nm k/M's!
1.15x 10 2.58x 107 3.82x 10° 70406 [ 1.20 x 107
7.51x10% 4.48 x 10° 605406 |
125x 10" 536 x 10° 50E+06 -
1.67 x 10" 557 x10° =, 40806 -
2.19%x 10" 6.14%x10° £ 50506 |
2.0E+06 K abs = 1.20 x 107 [N13] +3.60 x 10°
1.0E+06 | R*=09743
0.0E+00
0 0.05 0.1 0.15 0.2 0.25
[N13]/M
[E29-PPh;" BF, ]/M  [N13]/M  keps/s” A=438 nm kb /Mt st
1.08 x 10 3.84 x 107 4.50 x 10° 9.0E+06 [ 1.42 x 10’
9.02x10% 5.17 x 10° BOE06 |
1.39x 10" 5.96 x 10° TOEX06 |
1 6 _ GOBH6 F
175 % 10" 636x10° =, (o b
2.18x 107 7.05% 10° % om0
2.65%10" 771 x 10° 30E+06 1 K= 142 x 107 [N13] +3.94 x 10°
2.0E+06 [
LOB+06 | R*=0.9987
0.0E+00
0 0.05 0.1 0.15 0.2 0.25 0.3
[N13]/M
[E30-PPh;' BF, ]/M  [N13]/M ks /s™ A=432 nm k /Mt st
1.14 x 10* 226 x 107 5.24 % 10° N 1.51 x 10’
558 x 107 5.92x10° 9.0E+06 |
9.12x10% 631x10° ol
121 x 107 679 x 10° =, 60B+06 |
144> 10" 701x10° £ 00T
1.77 x 10" 7.69 x 10° 3.0E+06 | K aps = 1.51 x 10" [N13] +4.98 x 10°
213% 107 846x10° T R*= 09895
2.58x 10" 8.68 x 10° 0.0E400
0 0.05 0.1 0.15 0.2 0.25 0.3
[N13]/M
[E31-PAr;' BF,]/M  [N13]/M ks /s™ A =440 nm k /Mt st
5.65x 107 251 %107 9.33x10° — 5.24 x 107
(Ar=p-CICH,)  5.02x 107  1.05x 10’
8.70 x 102 1.23 x 10’ 2OBT 1
1.12x 10" 1.40x 107 <, 15807 |
132x10" 155x107 £ |
1.68 x 10" 1.74 x 107 K avs = 5.24 x 10" [N13] +8.07 x 10°
1.95x 10" 1.80 x 10’ SOB06 1 R*=0.9916
226x 10" 2.01 x 10’ 0.0E+00 - - - - - -
2‘55 x 10»1 209 X 107 0 0.05 0.1 0.15 0.2 0.25 0.3

[N13]/M
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[E32-PAr;" SbFs /M [N13]/M ko /s™ A =441 nm k /Mt st
5.90 x 107 2.76 x 107 8.86 x 10° e 1.15 x 10
(Ar=p-CICH,)  4.66x 107 1.11 x 10’ L8EH07
720x 102 158x10" oo |
9.80 x 102 1.64 x 107 =, 128007 |
7 LOERO7
< 80EH06
6.0E+06 k ops=1.15 % 10x [N13] + 6.03 x 10(’
4.0E+06 [ 5
20406 | R™=09179
0.0E+00
0 0.02 0.04 0.06 0.08 0.1 0.12
[N13]/M
[E33-PAr;" SbFs /M [N13]/M ko /s™ A =450 nm k /Mt st
6.74 x 10” 1.83 x 107 9.83 x 10° — 1.24 x 10°
(Ar=p-CIC¢H,)  4.25x 107 1.37x 10’
6.89 x 102 1.54x 10’ 2OBOT 1
8.48 x 107 1.80 x 107 -, 156407 |
-1 7 P
1.04x 10" 2.10x10" 2 |
K avs = 1.24 x 10° [N13] +7.73 x 10°
5.0E+06 [ 5
R™=0.9796
0.0E+00 . . . . . !
0 0.02 0.04 0.06 0.08 0.1 0.12
[N13]/M
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3.5.2.14 Reactions of benzhydrylium ions (E*) with allylchlorodimethylsilane (N14) in
dichloromethane at 20 °C.

. + .
“PAr; BFy N A-SiMeLl SiMe,Cl
hv, 266 nm N14
J - [ W) = prodwes
X CH,C, 20°C ¢ ks X v
E-PAr;* BF, E*

When ani(Ph)CH—CI1 (E18-Cl) was ionized with BCl; at —78°C and reacted with N14 in

CH,Cl,, quantitative formation of 4-(p-anisyl)-4-phenyl-1-butene was observed.>*
[E31-PAr;" BF, ]/M  [N14] /M ks /s™ A =440 nm kb /M st
5.68 x 107 518 x 107 4.41x10° 60T - 3.94 x 107
(Ar = p-CIC¢H,) 1.07 x 10" 7.44 x 10° 14B07 |
1.57x 10" 8.98 x 10° 12E407 |

213 x 10" 1.15x 107 - 1OE07 f
268 x 1070 1.30 x 107 8.OE+06 |-

kobs /s

6.0E+06 |
K abs =3.94 x 107 [N14] +2.80 x 10°

4.0E+06 [
20E+06 | R*=09859
0.0E+00 . . . . . !
0 0.05 0.1 0.15 0.2 0.25 0.3
[N14]/M
[E32-PAr;" SbFs /M [N14]/M ks /s A =441 nm k /Mt st
591 x 107 1.54 x 107 4.94 x 10° 0.0E-06 - 6.17 x 107

(Ar = p-CIC¢H,) 223 %102 533 x10° 80EH06 |
3.86x 102 6.17 x 10° 70E06 |
6.0E+06 [

524 %102 749 x10°

5.0E+06
7.00 x 102 8.17 x 10° 40E+06

kobs/s”

30E+06 1 K avs=6.17 % 10" [N14] +3.97 x 10°
2.0E+06
LOE+06 L R*=0983
0.0E+00 L L L 4
0 0.02 0.04 0.06 0.08
[N14]/M
[E33-PAr;" SbFs /M [N14]/M kg /s A =445 nm k /M!St
6.85 x 107 526107 9.69 x 10° 0BT - 1.06 x 10°
(Ar=p-CICH,) 828 x 107 1.26 x 10’ Jseor |
1.07 x 10" 1.49 x 107 ‘
160x 100 2.06x 107 - 7
1.5E+07 |

kobs /s

1.84 x 10" 238 x 107
2.10x 10" 2.60 x 10’ 10E+07 |

K obs = 106 x 10° [N14] +3.88 x 10°

S.0E+06 R*=0.9979
0.0E+00
0 0.05 01 015 02 025
[N14]/M
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3.5.2.15 Reactions of benzhydrylium ions (E") with 2-chloropropene (N15) in
dichloromethane at 20 °C.

Cl Cl

N ¢
“PAr; BF;

+
hv, 266 nm N15
|/\ | § |/\ | § |/\ | § —> products
= X o = X = X
X Y CH,Cl,, 20 °C X v ko X v

E-PAr;* BF, E*

When (tol),CH-Cl (E20-Cl), pfp(Ph)CH-CI (E23-Cl), Ph,CH-Cl (E25-Cl), or 3-chloro-
benzhydryl chloride were ionized with TiCly or GaCl; at —78 °C and reacted with N15 in
CH,Cl,, the 1:1-adducts were trapped by the complex counterions, yielding 3,3-dichloro-
1,1-diarylbutanes."™"

[E31-PAr;" BF, /M [N15]/M ks /s A =440 nm k/Mm's!

5.79 x 107 111 x 107 2.49 x 10° 6OE+06 [ 6.68 x 107
(Ar = p-CIC¢H,) 221x10% 3.19 x 10°
3.32x10% 4.04 x 10°

442 x10% 4.78 x 10°

553 x 107 5.39 x 10°

5.0E+06 [

4.0E+06 |

3.0E+06

kobs/s

20E+06 | K abs = 6.68 x 10" [N15] + 1.76 x 10°
1OE+06 - R*=0.9972
0.0E+00
0 0.01 0.02 0.03 0.04 0.05 0.06
[N15]/M
[E32-PAr;" SbFs /M [N15]/M  kops /s A =441 nm ky/M's!
5.88 x 107 1.19 x 107 6.35 x 10° L0 - 1.20 x 10
(Ar=p-CIC¢H,) 237 x 107 7.81 x 10° g7 b
3.56x 107 9.24 x 10° Log07 |
475 %107 1.08x 107 =, gomos |
593 %107 120% 10" % gops |
4.0E+06 K abs = 120 x 10° [N15] +4.96 x 10°
20E+06 | R =0.9984
0.0E+00

0 0.01 0.02  0.03 0.04 005 006 007
[N15]/M
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3.5.2.16 Reactions of benzhydrylium ions (E*) with 1-hexene (N16) in dichloromethane
at 20 °C.

“PAr; BF,
hv, 266 nm
X = 2 CH,Cl,, 20 °C = Z

E-PAry* BF,

When tol(Ph)CH™ (E21"), pfp(Ph)CH" (E23"), or Ph,CH" (E25") were generated from the
corresponding benzhydryl chlorides using TiCls as Lewis acid and combined with N16 in

CH,Cl,, the 1:1-adducts were trapped by TiCls , yielding 3-ch10ro-1,l-diarylhep‘[al1es.52‘jl
[E31-PAr;" BF, /M [N16]/M ks /s A =440 nm ky/mts!
573 x 107 9.16 x 107 2.16 x 10° 45E406 [ 5.77 x 10°
(Ar = p-CIC¢H,) 1.98 x 10" 3.26 x 10° 40E+06 |
3.05x 10" 3.40 x 10° jzx I
417107 420x10° <, a0l
:E 2.0E+06
1:5E+06 K abs = 5.77 % 10° [N16] + 1.79 x 10°
1.0E+06 [
50405 R*=09276
0.0E+00
0 0.1 02 0.3 0.4 0.5
[N16]/M
[E32-PAr;" SbFs /M [N16]/M ko /s™ A =441 nm k /Mt st
5.80 x 10 6.40 x 107 7.55 x 10° L6E07 2.31 %10’
(Ar=p-CIC¢H,)  1.30x 10" 9.11 x 10° 14E407 |
1.91x 10"  1.01 x 10’ 128407 |
241 x107 1.14x 107 -, 0BT
321x10" 136x107 £ B0EST
= 6.0E+06 , .
40E+06 F k obs=2.31x 10" [N16] +5.98 x 10
2.0E+06 - R*=09918
0.0E+00
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
[N16]/M
[E33-PAr;" SbFs /M [N16]/M  kops/s™ A =450 nm k /M st
5.40 x 107 6.43 x 107 7.00 x 10° P 2.54 x 10

(Ar = p-CIC¢Hy) 131x10" 9.02x10° Lap07 |
1.95x 10" 1.07 x 10’ 12B+07 |
257x 10" 1.19x 107 -, 1LOBO7F
320 %107 1.36 x 10’ SO0 1

kobs/s"

6.0E+06 |

405406 | K abs =2.54 x 10" [N16] +5.53 x 10°

20E+06 R =099

0.0E+00 . . . . . . !
0 005 01 0I5 02 025 03 035

[N16]/M
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3.S3Correlation analysis for the reactions of electrophiles with

m-nucleophilesin CH,CI,

3.S.3.1 Data set

Table 3.S.3.1 lists the experimental second-order rate constants k(20 °C) determined in this
work, supplemented by relevant literature data for the reactions of benzhydryl cations E" with
the z-nucleophiles N(1-18)'"'>182223227 angq with further previously used reference
nucleophiles.'® As discussed in the article, only reactions with 4»(20 °C) < 1.0 x 10* M s™!
were used for the correlation analysis. Rate constants determined in acetonitrile, which were
included in the original correlation analysis,'® were excluded from the correlation in this

work.

Some rate constants kp(7) taken from the literature were determined at lower temperatures
than 20 °C and converted to 7' = 293.16 K using the Eyring equation (eq. 3.S.3.1) and the
relationship AG* = AH* — TAS*. By substituting the k»(7) and the activation entropies AS* into
eq. 3.8.3.1, we calculated AH* from which we obtained the rate constants k2(293.16 K) from
eq. 3.S.3.1.

e KT (3.8.3.1)

In some cases, the activation entropies AS* were not available and we estimated the AS*
values based on known AS* for structurally analogous systems (see footnotes in Table 3.S.3.1;

note that this procedure is only applicable for reactions in the isoentropic regime’?).
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Table 3.S.3.1. Experimental second-order rate constants k; (m' s') for reactions of
electrophiles E* with znucleophiles and comparison with rate constants kege (M s
calculated from eq. 1.

nucjl\;eophile | / | \ experiment correlation analysis
L SN X Y
E"  abbreviation E ky/M'st oref. used? kel /M'ST ke / ko
E2"  (jul),CH' 945 3.16x10" o 3.62x 10" 1.15
OSiMes E5"  (pyr),CH™  -7.69° 232x10" . 1.92 x 10" 0.83
OMe E6"  (dma),CH'  -7.02° 796x10" ™ . 8.72 x 10" 1.10
N1 E9"  (dpa),CH"  —4.72° 1.66x10" ™ o 1.56 x 10* 0.94
N=9.00,sy=0.98 E11" (pfa),CH" -3.14°  480x10° . 5.53 x 10° 1.15
E13"  (fur),CH" -136° 1.86x10" ¢ . 3.07 x 107 1.65
E14" fur(ani)CH"  —0.81 447x10" ¢ v 1.06 x 10 2.38
E15"  (ani),CH' 0.00°  1.54x10° ¢ o  (6.61x10%  (4.29)
E17" ani(to)CH™ 148  4.14x10° ¢ o (1.86x10") (449
E20"  (tol),CH" 3.63°  1.02x10° ¢ o (238x10") (2.3x10%
E25°  (Ph),CH' 5.47 1.15x10° ¢ x  (1.52x 10" (1.3x10%
E30" (mfp),CH" 6.87 1.52x10° ¢ x  (3.57x107) (2.3 x10%

OSiMe; E3"  (ind),CH' -8.76° 9.44x10° . 9.19 x 10 0.97

E4"  (thq),CH"  -822° 268x10° ' o 2.92 %107 1.09

E6"  (dma),CH"  -7.02° 3.61x10" ™ . 3.82 x 10" 1.06

N2 E7" (mpa),CH"  —5.89° 4.52 b o 429 0.95
N=657 sy=093 E8  (mor),CH"  -553° 1.05x10" ™ . 9.27 0.88
E9"  (dpa),CH"  —4.72° 580x10" ™ o 525 %10 0.91

E10" (mfa),CH"  -3.85° 320x10* ' o 3.39 x 10? 1.06

E12" fe(Ph)CH'  —2.64° 331x10° o 4.52 x 10° 1.36

E13"  (fur),CH"  -1.36° 936x10* ™ o 7.00 x 10* 0.75

E16" ani(pop)CH™  0.61°  534x10° ¢ o 476 x 10° 0.89

E18" ani(Ph)CH™  2.11°  6.64x10" ¢ o 1.18 x 10* 1.78
E20°  (tol),CH" 3.63°  3.00x10% ¢ . (3.06 x 10°)  (10.2)

E25"  (Ph),CH" 5.47 939 x10% x  (1.57x10")  (168)

E30"  (mfp),CH" 6.87 1.73x10° ¢ x  (3.16 x10'%) (1.8 x10%)

E6"  (dma),CH"  -7.02° 3.04x10° ™ . 3.12 x 107 1.03

)Vsuvlea E7"  (mpa),CH"  -589° 3.64x102 ™ o 3.79 x 107 1.04
E8"  (mor),CH"  -5.53° 854x102 ™ . 8.41 x 10 0.98

N3 E9"  (dpa),CH"  —4.72° 6.13x10" ™ . 5.04 x 107 0.82
N=441°sy=096° E10" (mfa),CH"  —3.85° 2.97 b o 3.45 1.16
E11"  (pfa),CH" -3.14°  135x10" . 1.66 x 10" 1.23

E12" fe(Ph)CH™  —2.64° 545x10" ™ o 5.00 x 10' 0.92

E13"  (fur),CH' -136° 1.16x10° . 8.47 x 10° 0.73

E15°  (ani),CH' 0.00°  1.53x10* '™¢ o 1.71 x 10* 1.12

E20"  (tol),CH" 3.63°  281x10" ¢ . 5.23 x 10’ 1.86

E21"  tol(Ph)CH" 4.43 123 x10% ¢ x (3.06 x 10%)  (2.49)

E25°  (Ph),CH" 547  397x10° ¢ x  (3.05x10°)  (7.69)

E30"  (mfp),CH" 6.87 1.14x10° ¢ x  (6.74x10"%  (59.1)

E31" dfp(mfp)CH"  7.52 121 x10° ¢ x (248 x10")  (243)
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Table 3.5.3.1 (continued).

nucleophile | /; | ; experiment correlation analysis
N, sn X Y
E"  abbreviation E ky/M'st o oref. used? ke /M'ST ke / ko
E9"  (dpa),CH"  —4.72° 1.06x10" * v 1.34 x 107! 1.26
P SN E10" (mfa),CH"  -3.85° 7.49x10" / v 8.28 x 10" 1.11
E14" fur(ani)CH"  —0.81  7.65x 10> ¢ 4.84 x 10 0.63
N4 E20"  (tol),CH" 3.63°  6.51x10° ¢ 531 x10° 0.82

2.84 x 10’ 0.92
9.57 x 10’ 1.50
(2.51 x 10%  (1.58)
(2.56 x 10%)  (1.60)
(471 x10°)  (8.82)
(1.84x 10"  (13.6)

N=376,sy=091 E21" tol(Ph)CH" 443  3.09x10" ¢
E22"  (pfp),CH" 501 637x10" ¢
E25°  (Ph),CH' 5.47 1.59 x 108 ¢
E26°  (pcp).CH' 5.48 1.60 x 10° ¢
E30"  (mfp),CH" 687  6.58x10° ¢
E31" dfp(mfp)CH"  7.52 135x10° ¢

7.07 x 10° 1.29
424 x 10° 0.76
3.66 x 10° 0.60
1.75 x 107 1.14
2.91 x 107 0.84
3.25x 107 1.02
6.03 x 10’ 1.02
6.20 x 107 1.31
(4.67 x 10%  (2.66)
(2.62 x10°)  (4.47)
(1.51 %10  (11.4)

E18" ani(Ph)CH®  2.11° 5.46x10°" 2™

é E20"  (tol),CH" 3.63°  25x10°7 A
E21"  tol(Ph)CH" 443  6.13x10° ¢

N5 E22"  (pfp),CH 5.01 1.53x10" ¢
N=1.18,sy=117 E23" pfp(Ph)CH" 520  349x10" “
E24" - 524  317x10" ¢

E25"  (Ph),CH" 547  591x10" ¢

E26"  (pcp).CH' 548  472x107 ¢

E27° mfp(Ph)CH"  6.23 1.76 x 10° ¢

E30°  (mfp),CH" 687  587x10% ¢

E31" dfp(mfp)CH"  7.52 133x10° ¢

1.45 0.96
3.23 x 10° 1.09
6.71 x 10° 1.09
2.44 x 10 1.20
1.23 x 10° 0.91

(1.13 x 10%  (0.79)

E12" fc(Ph)CH™  —2.64° 1.51 b
& E15°  (ani),CH' 0.00°  2.96x 10> ™¢
E17" ani(to)CH™ 148  6.15x10° ™

N6 E18" ani(Ph)CH™  2.11° 204 x10* ™
N=2.82,5x=0.89 E19° pop(Ph)CH"  290° 135x10° '™¢
E27° mfp(Ph)CH"  6.23 1.44x10° ¢

E13"  (fur),CH"  -1.36° 2.14 b 2.09 0.98

A~ SiMe; E14" fur(ani)CH"  —0.81 9.95 2a 7.41 0.75
E15"  (ani),CH 0.00°  4.69x10" 4.79 x 10" 1.02

N7 E17"  ani(tol)CH" 148  141x10° ™ 1.45 x 10° 1.03

6.17 x 10° 1.38

3.80 x 10* 1.15

2.04 x 10° 1.67

1.29 x 10° 0.52

4.90 x 10° 0.86

7.59 x 10° 0.72

8.32 x 10° 0.91

1.41 x 10’ 0.94

1.45 x 10’ 0.94

8.13 x 107 1.31
(2.40 x 10%)  (1.58)
(3.55x10%  (1.67)

N=1.68,sy=1.00 E18" ani(Ph)CH" 2,11 448x10° '
E19" pop(Ph)CH"  2.90° 331x10*
E20"  (tol),CH" 3.63°  122x10° '™¢
E21"  tol(Ph)CH" 443  249x10° ¢
E22"  (pfp),CH' 5.01 5.68 x10° ¢
E23" pfp(Ph)CH™ 520  1.06x10" ¢
E24" - 524 9.17x10° ¢
E25"  (Ph),CH" 5.47 1.50x 107 '8
E26"  (pcp).CH' 5.48 1.54x10" ¢
E27° mfp(Ph)CH" 623  6.19x10" ¢
E28"  tfm(Ph)CH" 6.70 1.52x10% ¢
E30"  (mfp),CH" 687  2.13x10% ¢

¥ % NN 0NN RN e o RN x x X XX
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Table 3.5.3.1 (continued).

+

nuczl\?ophile @/\® experiment correlation analysis
> SN X Y
E"  abbreviation E ky/Mtst ref. used? kel /M's' ke K
E15"  (ani),CH' 0.00° 9.35 b v 7.77 0.83
)\/\ E16" ani(pop)CH™  0.61°  3.65x 10" ™ v 3.44 x 10 0.94
E17"  ani(tol)CH" 148 299x10*> v 2.88 x 10? 0.96
N8 E18" ani(Ph)CH™  2.11° 1.12x10° ™ v 1.34 % 10° 1.20
N=0.84,sx=1.06 E19" pop(Ph)CH"  2.90° 6.65x10° v 9.21 x 10° 1.39
E20"  (tol),CH" 3.63°  4.01x10" v 5.47 x 10* 1.36
E22"  (pfp),CH" 5.01 133 x10° ¢ v 1.59 x 10° 1.19
E23" pfp(Ph)CH™ 520  455x10° ¢ v 2.53 x 10° 0.56
E24" - 524 279x10° v 2.78 x 10° 1.00
E25"  (Ph),CH" 5.47 5.69x10° ¢ 4 4.88 x 10° 0.86
E26"  (pcp).CH 548  5.00x10° ¢ v 5.00 x 10° 1.00
E27" mfp(Ph)CH™  6.23 295%x10" ¢ 4 3.12 x 107 1.06
E28"  tfm(Ph)CH" 670  9.51x10" ¢ 4 9.83 x 10’ 1.03
E29"  dfp(Ph)CH" 674  9.16x10" ¢ 4 1.08 x 10 1.18
E30"  (mfp),CH" 6.87 137 x10% ¢ x (1.49 x 10%  (1.09)
E18" ani(Ph)CH™  2.11° 256x10° *° v 2.52x10° 0.98
é E22°  (pfp),CH" 5.01 226x10° 4 2.61 x10° 1.16
E25"  (Ph),CH" 547  986x10° ¢ v 7.86 x 10° 0.80
N9 E27" mfp(Ph)CH 6.23 468x10" ¢ 4 4.85x 10’ 1.04
N=1.16,sx=1.04 E30" (mfp),CH" 6.87 1.47 x 108 ¢ x (224 x 10%  (1.53)
E31" dfp(mfp)CH"  7.52 347 x10% x (1.06 x 10°)  (3.07)
E18" ani(Ph)CH"  2.11° 1.26x10° ™ v 1.27 x 10° 1.01
A E22"  (pfp),CH' 501  150x10° ¢ v 161x10°  1.07
E25"  (Ph),CH' 5.47 6.61 x10° ¢ 4 4.99 x 10° 0.76
N10 E27" mfp(Ph)CH"  6.23 291x10" ¢ 4 3.25x 10’ 1.12
N=0.79,sx=1.07 E30" (mfp),CH" 6.87 1.82x10% ¢ x (1.57 x 10%)  (0.86)
E18" ani(Ph)CH"  2.11° 4.51 x 10*/ ™ 4 5.75 x 10° 1.28
)\( E25"  (Ph),CH" 5.47 1.93x10° ¢ v 1.32 % 10° 0.68
E26"  (pcp).CH' 5.48 1.46 x 10° ¢ v 1.35x10° 0.92
N11 E27° mfp(Ph)CH"  6.23 111 x10" ¢ v 7.59 x 10° 0.68
N=0.65sy=1.00 E28" tfm(Ph)CH" 670  2.11x10" ¢ 4 2.24 x 10’ 1.06
E29" dfp(Ph)CH" 674  235x10" ¢ 4 2.45x 10’ 1.04
E30"  (mfp),CH" 687  411x10" ¢ v 3.31 x 10’ 0.81
E31" dfp(mfp)CH"  7.52 824 x10" '8 v 1.48 x 10° 1.80
E18" ani(Ph)CH®  2.11° 148 x10* ™ 4 2.10 x 10? 1.42
%( E25"  (Ph),CH' 547  2.16x10° ¢ 4 8.26 x 10° 0.38
E27° mfp(Ph)CH™ 623  632x10° ¢ v 537 x 10° 0.85
N12 E30" (mfp),CH" 687  242x10" ¢ 4 2.60 x 10’ 1.07
N=0.06,sx=1.07 E31" dfp(mfp)CH" 752  752x10" ¢ v 1.29 x 10° 1.72
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Table 3.5.3.1 (continued).

nucleophile | /; | § experiment correlation analysis
N, sx X %
E"  abbreviation E ky/M'st o oref. used? ke /M'ST ke / ko
E18" ani(Ph)CH"  2.11° 8.83x10' *™ v 1.07 x 10° 1.21
Ab E25"  (Ph),CH" 5.47 6.96 x 10° ¢ 4 4.90 x 10° 0.70
E27° mfp(Ph)CH" 623  3.57x10° ¢ 3.30 x 10° 0.92
N13 E28"  tfm(Ph)CH" 6.70 120x10" ¢ 1.07 x 10’ 0.89

1.19 x 10’ 0.84
1.64 x 10’ 1.09
8.40 x 10’ 1.60
(2.53 x 10%)  (2.20)
(295 x 10%  (2.38)

N=-025,sy=109 E29" dfp(Ph)CH" 6.74 1.42x10" ¢
E30°  (mfp),CH" 6.87 1.51x10" ¢
E31" dfp(mfp)CH"  7.52 524x10" ¢
E32" (tfm),CH (7.96)" 1.15x10% ¢
E33"  (dfp),CH"  (8.02) 124x10% ¢

E15"  (ani),CH' 0.00° 3.15x10" '™¢ 2.49 x 107! 0.79

A SiMeCl E18" ani(Ph)CH™  2.11° 537x10" ™ 4.29 x 10" 0.80
E20"  (tol),CH" 3.63°  1.04x10° ™ 1.75 x 10° 1.68

N14 E21"  tol(Ph)CH" 4.43 8.84 x 10° '®¢ 1.23 x 10* 1.40

233 x 107 0.59
6.81 x 107 1.10
(7.89 x 107y (0.74)

N=-0.57,sx=1.06 E31" dfp(mfp)CH" 752  394x10" ¢
E32" (tfm),CH"  (7.96)* 6.17x10" ¢
E33"  (dfp),CH"  (8.02)f 1.06x10% ¢

9.13 x 107! 0.39
3.44 x 10" 1.86
1.13 x 10° 1.26
3.85 % 10° 1.73
421 x 10’ 0.63
(3.10 x 10%  (8.08)

E20"  (tol),CH" 3.63° 2.32 R
E21"  tol(Ph)CH" 4.43 1.85x10" ®
E23" pfp(Ph)CH" 520  895x10* ™

N15 E25"  (Ph),CH" 547  223x10° °
N=-3.65s=197 E31" dfp(mfp)CH" 752  6.68x10" ¢
E32" (tfm),CH"  (7.96)* 120x10° ¢

Cl

E20"  (tol),CH" 3.63¢  193x10' ™ 1.63 x 10" 0.85

NN E21"  tol(Ph)CH" 443  275x10% '™¢ 2.19 x 10* 0.80
E22"  (pfp),CH" 5.01 1.95x10° 1.44 x 10° 0.74
N16 E23" pfp(Ph)CH" 5.20 1.69 x 10°  '™¢ 2.67 x 10° 1.58

6.41 x 10° 1.62
498 x 10° 0.86

2.08 x 107 0.90
1 1

N=-277,sy=141 E25"  (Ph),CH" 547  396x10° '™
E31" dfp(mfp)CH" 752  5.77x10° ¢
E32"  (tfm),CH (7.96)" 231x10" ¢
E33" (dfp),CH"  (8.02" 2.54x10" ¢

o E12" fc(Ph),CH'  —2.64° 1.83x10% ™ 2.04 x 107 1.12

W E13"  (fur),CH"  -1.36° 1.32 o 9.15 x 107! 0.69

N17 E14" fur(ani)CH"  —0.81 3.41 4 4.69 1.37
N=133,sy=129 E15"  (ani),CH" 0.00° 543x10" 5.20 x 10 0.96
s E12" fe(Ph),CH"  -—2.64° 6.51x10% 5.28 x 107 0.81

W E13"  (fur),CH' ~-136° 459x10" 9.77 x 107! 2.13

N18 E14" fur(ani)CH"  —0.81 6.18 4 3.42 0.55
N=135,5y=0.99 E15" (ani),CH" 0.00° 2.13x10" 2.17 x 10 1.02
E17"  ani(tol)CH" 1.48°  1.16x10" '™¢ 1.47 x 10 1.27

8.16 x 10 0.87
6.98 x 10° 0.77
5.07 x 10° 1.15
4.46 x 10* 1.11

AN
@A/ E18° ani(Ph)CH'  2.11° 941x10'

E19° pop(Ph)CH"  2.90°  9.03x 10> ™
N19 E20°  (tol),CH" 3.63°  441x10° '™¢
N=-0.49,sy=1.18 E21" tol(Ph)CH" 443  4.00x10* '™¢

AR NI N N N N N NN AN N N N N N N R U N N N I 2 N N N NN 2 N N N N N NI S T N N NN
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Table 3.5.3.1 (continued).

+

nucleophile @/\® experiment correlation analysis
N, sy X %
E"  abbreviation E ky/Mtst ref. used? kel /M's' ke K

E20"  (tol),CH" 3.63° 1.19 b v 1.33 1.12

@\ E21"  tol(Ph)CH" 4.43 638 x 10" 4 6.15 x 10" 0.96

E22"  (pfp),CH' 5.01 120x10° ™ v 9.89 x 10? 0.82

N20 E25°  (Ph),CH" 547  645x10° ' v 8.95 x 10° 1.39

N=-3.57,sy=2.08 E26" (pcp),CH" 5.48 1.01 x10* ™® v 9.39 x 10° 0.93

E22"  (pfp),CH" 5.01 143 x10" ™ v 1.41 x 10 0.99

© E23" pfp(Ph)CH" 520  298x10" ® v 3.07 x 10 1.03

E25°  (Ph),CH' 547  853x10' ™ v 9.22 x 10 1.08

N21 E26°  (pep).CH 5.48 1.04x 10 ' v 9.60 x 10" 0.92

N=-436,sn=1.77

“ Only rate constants k, < 1.0 x 10° M s™ were used for the correlation analysis (v), larger rate constants were
not used (*). Electrophile/nucleophile combinations for which all £, N, and sy parameters were kept constant are
marked with a dot (®) and were also not used in the correlation analysis. ” Calculated from eq. 1. Data points
with k, > 1.0 x 10° M s are shown in parentheses as eq. 1 does not account for the limiting effect of diffusion.
° These values were kept fixed to values obtained from the original correlation analysis." ¢ This work; laser flash
photolysis. © Estimated activation entropies AS* were used to calculate £,(20 °C) values in the original work.'
/ This work (C. Nolte); conventional UV/Vis spectrophotometry. ¢ This work (C. Nolte); stopped-flow UV/Vis
spectrophotometry. ” An estimated activation entropy of AS* = —136 J mol™ K! was used to calculate k,(20 °C).
" Determined from non-exponential decay curves as the reaction of E20" with N5 does not follow pseudo-first-
order kinetics due to recombination of E20" with the photo-leaving group PPh;. See Section 3.S.2.5 for details.
/" An estimated activation entropy of AS* = —120 J mol' K was used to calculate k»(20 °C). * These E
parameters are based on only 1 or 2 rate constants. ! keale = ko since this is the only rate constant used for
determining the E parameter of E33".

3.S.3.2Variables

Electrophilicity parameters. The electrophilicity parameters E of the electrophiles E(1-20)"
were kept fixed at the values obtained in the previous correlation,® except for that of
fur(ani)CH™ (E14") which was not reported previously. The E parameters of E(21-23)" and
E(25,26)" are revised in this work. The acceptor-substituted benzhydryl cations E24" and
E(27-33)", which have not been characterized previously, were included in the correlation

analysis.

Nucleophilicity parameters. The N and sy parameters of most z-systems that were employed
as reference nucleophiles in the original correlation'® are not affected by the new correlation
analysis, because they were only characterized by reactions with E(1-13)" and E(15-20)"

whose E parameters were kept constant. The N and sy parameters of N(1-3) were also kept
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constant, as these nucleophiles were only used to measure reactions close to the diffusion
limit (Ig k»(20 °C) > 8.0) and to characterize the electrophilicity of fur(ani)CH" (E14").

The N and sy values of the nucleophiles N(4-16) as well as those of (E)-propenylbenzene,
m-xylene and toluene were variable in the correlation analysis. The N and sy parameters of
N17 and N18 were also revised in this work because the previous values were based on only
three rate constants k(20 °C) for reactions of each of these nucleophiles with reference

electrophiles.
3.S.3.3 Least squares optimization
As in our previous treatment,'® the reactivity parameters £, N and sy, as defined by eq. 1,
1g kealc(20 °C) =s (N + E) (1)
were calculated by a least squares optimization, minimizing A” as specified by eq. 2,
N =Ygk, ~lghy) =X gk, —sy\(N+ B)) (@)

using the nonlinear solver program “What’sBest/ 7.0 Industrial” by Lindo Systems Inc.”!

Table 3.S.3.1 features a comparison of the experimental rate constants k, with the calculated

rate constants kg, obtained from the least squares optimization.
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3.S.3.4 Plots of Ig k, versus E for nucleophiles N(1-18)

gk,

g k2

lgk2

“ These N and sy parameters from ref. 1b were not changed.
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2 F
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N7 )\/\ N8
_~_SiMe, N=1.68 N=0.84
~ sx = 1.00 sx = 1.06
10 r 10 ¢
= 1.002x + 1.6852
. y RS? (’)‘997:85 o | v = 1059 + 0.8671
e R2 = 0.9982
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> 4t 2 4 L
2} 2+
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N13
Ab N=-025
sy =1.09
10
g | V= 10899x-02722
R® = 0.9965
~ 6 F
X
2 4t
2 F
0 1 1 1 1 1 1
-4 -2 0 2 4 6 8
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o N19 N20
@N N=-0.49 N=-3.57
sn=1.18 sn=2.08

6 _
s y = 2.078x - 7.4286
R? = 0.9974
N 4 i N
4 X
= > 92 L
2 L y = 1.1766x - 0.5759
R? = 0.9957
0 1 1 1 ] 0 1 1 1
0 2 4 6 8 0 2 4 6
E
N21
N=-436
SN = 1.77
3 _
y = 1.7691x - 7.714
R? = 0.9966
>
o
1 1
4 6
E

3.8.3.5 Plots of (Ig ko)/sy versus N for electrophiles E14" and E(21-33)"

* E21"
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o OMe Me
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3.S.4 Activation parameters for reactions of benzhydrylium ions with N7
and N8in CH,Cl,

Table 3.5.4.1. Activation enthalpies AH* and activation entropies AS* for the reactions of
benzhydrylium ions with N7 and N8 in CH,Cl,.

+

nucleophile activation parameters
p )l / | XY p

N, sy E"  abbreviation E  AH*“*/kImol' AS*“/Jmol' K
E13"  (fur),CH" -1.36 35.6 ~117
~SiMe; E14" fur(ani)CH" —0.81 31.9° ~117°
E15"  (ani),CH"  0.00 26.1 ~124
N7 E17" ani(to)CH® 148 19.9 -117
N=168,sy=100 E18 ani(Ph)CH  2.11 155 ~122
E19° pop(Ph)CH"  2.90 13.7 ~111
E15"  (ani),CH™  0.00 29.7 -125
)\/\ E17" ani(to)CH"  1.48 22.7 -120
E18" ani(Ph)CH'  2.11 18.6 -123
N8 E19° pop(Ph)CH"  2.90 153 ~119
N=0.84,s5y=106 E20" (tol),CH"  3.63 11.6 -117

“ From ref.'® unless noted otherwise. ? From ref,*
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3.S.5Kinetics of the reactions of benzhydrylium ions with other classes of

nucleophiles

3.S.5.1 Triethylsilane (N22)

3.55.1.1 Reactions of benzhydrylium ions (E") with triethylsilane (N22) in
dichloromethane at 20 °C.

“PAr; BF,; . H-SiEts H H
g)\@ hv, 266 nm N N N22 N N
pe pRCEEnE
- PN ; (- X e PN
> ¢ CHCh20°C ¢ ko X ¢
E-PArs" BF E'

Reactions of (fur),CH" (E13"), fur(ani)CH" (E14"), and ani(Ph)CH" (E18") with N22 have
previously been reported to yield diarylmethanes as the final products.**5%

[E27-PPh; BF, 1/M  [N22]/M ks /s A=435nm k/Mm's!
1.12x10* 579 x 107  1.44 x 10° 0E06 - 6.66 x 10°
925x10% 1.77x10° |
1.53x 10" 2.08 x 10°
201 %1070 246x10° -,
2.54x107 2.77x10° 2 PERT
1.0E+06 K abs = 6.66 x 10° [N22] + 1.09 x 10°
S.OE+05 R*=09935
0.0E+00
0 0.05 0.1 0.15 0.2 0.25 0.3
[N22]/M
[E30-PPh;" BF, ]/M  [N22]/M ks /s A=432 nm kb /M st
1.06 x 10™* 511102 4.42x10° L0 2.51 %10’

1.02x 10" 5.58 x 10° 9.0E+06 I
151x 10" 655x 100 ol
2.02x 10" 8.05x10° 60E+06 |
249 x 10" 9.42 x 10°

5.0E+06 [
4.0E+06

kobs /s

3.0E+06 K avs=2.51 x 10" [N22] +3.00 x 10°
20E+06 s
Log+06 - R?=09932
0.0E+00
0 005 01 015 02 025 03
[N22]/M
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[E31-PAr; BF, 1/M  [N22]/M ks /s A =440 nm k/Mm's!
5.55x 107 2.50x 107 7.86 x 10° R 6.04 x 107
(Ar = p-CIC¢H,) 523 %107 9.49 x 10° 148407 |
7.63x 107 1.09 x 107 12E+07 |
1.02x 10" 1.24x107 5, LB T
127107 140x 107 £ %]
= 6.0E+06 [ . .
40E106 | k o =6.04 x 10" [N22] +6.32 x 10
20E+06 R>=09997
0.0E+00

0 002 004 006 008 01 012 014
[N22]/ M

3.5.5.1.2 Revised nucleophilicity parameter for triethylsilane (N22)

nucleophile | / | \ experiment calculated
N, sn X Y
E"  abbreviation E* ky/M's ref. ke IM'sT ke / o

E13"  (fur),CH' -136  3.76x 10" P 3.58 x 10" 0.95

H—SiEt; E14" fur(ani)CH'  -0.81  7.94x10' 2 8.69 x 10! 1.09

E15°  (ani),CH" 0.00  3.98x10° ** 3.21 x 10 0.81

N22 E17"  ani(tol)CH" 148  487x10° *° 3.48 x 10 0.72

N=3.58,sy=0.70° E18" ani(Ph)CH" 2.11 529x10° 9.62 x 10° 1.82

E27° mfp(Ph)CH" 623  6.66x10° ¢ 7.36 x 10° 1.11

E30" (mfp),CH" 687  251x10" ¢ 2.07 x 107 0.82

E31" dfp(mfp)CH" 752  6.04x10" “ 5.89 x 107 0.97

“ E parameters derived from data for reactions of znucleophiles in CH,Cl,. ” Calculated from eq. 1. ¢ The
previously published nucleophilicity parameters (N = 3.64, sy = 0.65) were based on kinetics with only two
reference electrophiles.'® ¢ This work; laser flash photolysis.

3.S.5.1.3 Plot of Ig k. versusE for triethylsilane (N22)

N22
H-SiEt; N=358
SN = 0.70
10 r
8 y = 0.7003x + 2.507
R? = 0.9976
~ 6 |
X
> 4L
2 L
0 1 1 1 1 1 1
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3.S.5.2 Trifluor oethanol

3.5.5.2.1 Revised solvent nucleophilicity parameter for 2,2,2-trifluor oethanol (TFE)

*PAr, BFj . TFE o™ cr,
hv, 266 nm K4
X X ! X X X X duct
W ) e TN T YT e
E-PAr;* BF, E*
solvent | /: | § experiment calculated
Nl, SN X 7 Y
E"  abbreviation E° k /st ref kead’ /87! keate 1 Ky
CF3CH,0H E15°  (ani),CH' 0.00 14x10" ¥ 1.16 x 10 0.8
Ny =1.11,5y=0.96 E17" ani(tol)CH" 1.48 28x10° Y 3.06 x 10? 1.1
E18" ani(Ph)CH" 2.11 12x10°0 ¥ 1.23 x 10 1.0
E20°  (tol),CH" 3.63 24x10* Y 3.55 x 10" 1.5
E21°  tol(Ph)CH" 443 27x10° Y 2.08 x 10° 0.8
E22°  (pfp),CH" 5.01 582x10° '8 7.50 x 10° 1.29
E25"  (Ph),CH' 547  321x10° 87 2.07 x 10° 0.65
E26°  (pcp),CH' 5.48 1.47x10° " 2.12 x 10° 1.44
E27° mfp(Ph)CH"®  6.23 129 x 10" ' 1.11 x 107 0.86
E30"  (mfp),CH" 6.87 46x10" '8 4.58 x 107 1.0

“ E parameters derived from data for reactions of z-nucleophiles in CH,Cl,. b Calculated from eq. 1.

3.5.5.2.3 Plot of Ig k; versus E for 2,2,2-trifluor oethanol (TFE)

CFchon N1 =1.11
sy =0.96
8 r
7 F
6 |
< o7
o 4t
3 y = 0.9599x + 1.0619
2 R? = 0.9969
1 1 1 1 1 1 1 1

-1 01 2 3 4 5 6 7 8
E
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3.5.5.3 Acetonitrile

3.5.5.3.1 Solvent nucleophilicity parametersfor acetonitrile

¢Hs
C
“PAr;  BF,; . CHsCN N+
hv, 266 nm k4
X X ’ X X X X
— duct:
)l// l XY 20 °C )l// | XY )l// | XY producs
E-PAr;* BF, E*
solvent | /; | § experiment calculated
Nl, SN X 7 Y
E"  abbreviation E* ki/s'  ref ke’ /s keae ! Ky
CH4CN E22"  (pfp),CH" 5.01 L.1x10° 1.21 x 10° 1.1
N, =2.23,sy=0.84 E23" pfp(Ph)CH" 5.20 1.8 x10° 1.74 x 10° 1.0
E25"  (Ph),CH' 547  2.52x10° '8 2.94 x 10° 1.17
E26°  (pcp),CH' 5.48 2.8x100 3.00 x 10° 1.1
E27° mfp(Ph)CH™  6.23 1.00x 10" ' 1.28 x 107 1.28
E28"  tfm(Ph)CH" 6.70 3.8x10" % 3.17 x 107 0.8
E30" (mfp),CH" 687  349x107 " 4.41 x 10’ 1.26

“ E parameters derived from data for reactions of z-nucleophiles in CH,Cl,. b Calculated from eq. 1.

3.5.5.3.2 Plot of Ig k; versus E for acetonitrile and plot of N; versus water content for
acetonitrile/water mixtures

CH5CN N, =2.23 N parameters for acetonitrile/water mixtures
sy =0.84
8 - 6 from ref. 35
A
5

7k
> z 4
T 6t y = 0.8353x + 1.8651

R2 = 0.989 3T this work
q “
5 1 1 1 1 2 1 1 1 1 1
4 5 6 7 8 0 20 40 60 80 100
E vol.-% H,0O
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~ CHAPTER 4 ~

Solvent Nucleophilicities of
Hexafluor oisopropanol/Water Mixtures

Johannes Ammer and Herbert Mayr

J. Phys. Org. Chem. 2013, 26, 59-63

4.1 Introduction

Because of their unique solvating properties, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and

(-7 and for

HFIP/water mixtures have been employed as solvents for synthetic transformations
the study of protein structures.*”! HFIP/water mixtures have also played a key role in
solvolytic studies due to their high ionizing powers and low nucleophilicities,"'*' which
allowed one to investigate Sx1 reactions of substrates which solvolyze with nucleophilic
solvent assistance in other media.!"! However, also in HFIP/water mixtures, a change from
Sn1 to Sn2 processes is occurring, when the Syl process would lead to poorly stabilized
carbocations. In order to predict this change of mechanism from Sy1 to Sx2, the nucleophilic
reactivity of the solvent must be known.!'®

We have recently reported that highly reactive acceptor-substituted benzhydrylium ions can
be generated by laser flash photolysis of phosphonium salts!'” and employed this method to

determine the empirical electrophilicity parameters E of these benzhydrylium ions!'™

as
defined by Eqn 1. This linear free energy relationship relates the second-order rate constants
ky (M s) of bimolecular reactions of electrophiles with nucleophiles to the electrophile-

specific parameter £ and the nucleophile-specific parameters N and sy.["*2"

log k>(20 °C) = sy(N + E) (1)

Equation 1 can also be used to predict the first-order rate constants k; (s™) for the reactions of
electrophiles with solvents, when the solvent-specific parameters N; and sy are employed

(Eqn la).l?

log k>(20 °C) = sy(N; + E) (1a)
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With the aid of our recently determined electrophilicity parameters £ for the highly reactive

[18]

acceptor-substituted benzhydrylium ions,” we can now provide quantitative reactivity

parameters for the weakly nucleophilic HFIP/water mixtures.

4.2 Results and Discussion

Irradiation of ca. 10 M solutions of the phosphonium salts E-PAr;” BF; (Ar = Ph or
p-Cl-C¢Hy) in mixtures of HFIP and water (W) ranging from S0HFIP50W to 99HFIP1W
(w/w) yielded the benzhydrylium ions E" (Scheme 4.1 and Table 4.1).

Scheme 4.1. Generation of benzhydrylium ions E' by laser flash irradiation of the
phosphonium salts E-PAr;" BF; (Ar = Ph or p-Cl-CgHy).

*PAr; BF; . H. o Solv
©)\© hv, 266 nm @/\@ SolvOH m ol
x/ = /\’Y 20 °C X/ = /\'Y k4 X/ ~ /\'Y products
E-PAr;* BF, E*

Table 4.1. Electrophiles E" and their electrophilicity parameters E.

no. NS >, E*

X Y
E18" 4-MecO H 2.11
E20" 4-Me 4-Me 3.63
E21" 4-Me H 4.43
E22" 4-F 4-F 5.01
E24" 3-F, 4-Me 3-F,4-Me 5.24
E25° H H 5.47
E26° 4-Cl 4-Cl 5.48
E27" 3-F H 6.23
E28" 4-(CF;) H 6.70
E29" 3,5-F, H 6.74
E30" 3-F 3-F 6.87
E31" 3,5-F, 3-F 7.52

E33" 3,5-F, 3,5-F,  (8.02)°

“ From ref. [18] "Approximate value.
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In those cases where the reactions of E” with the solvent were faster than the recombination
with the photo-leaving group PArs, exponential decays of the UV/Vis absorbances of E" can
be observed, as illustrated in Fig. 4.1a for the decay of the most electrophilic carbocation in
our series, E33", in 99HFIP1W. From the exponential decays, we derived the first-order rate

constants k; (s") listed in Table 4.2 for the reactions of E” with the HFIP/water mixtures.

a)

0.05

AA >

0.00

Figure 4.1. (a) Decay of the absorbance of E33" at A = 439 nm observed after irradiation of a
8.52 x 107 M solution of E33—P(p-C1-C6H4)3Jr BF, in 99HFIP1W and exponential fit of the
data (k; = 5.11 x 10° s, R? = 0.9685). (b) Plot of Ig k; obtained from reactions of E27", E30",
E31", and E33" with 99HFIPIW against the electrophilicity parameters E of these
benzhydrylium ions (Ig k&, = 1.09(-1.93 + E), R* = 0.9973).

Table 4.2. First-order rate constants &, (s™) for reactions of electrophiles E” with HFIP/water
mixtures and comparison with rate constants ke (s'l) calculated from Eqn 1a.

nucleophile electrophile experiment calculated
solvent” Ny, sx E abbreviation E b /st keud? /87! keatcl
S50HFIPS0W N, =1.50 E18"  ani(Ph)CH' 2.11 556x10°¢  523x10° 094
38.5% (v/v) sy=1.03 E20" (tol),CH" 3.63 1.50 x 10° 1.92x10° 128
xuerp = 0.097 E21"  tol(Ph)CH" 4.43 1.20 x 10° 128 x10°  1.07
E22" (pfp),CH" 5.01 532x10°  5.07x10° 095
70HFIP30W N, =1.65 E20" (tol),CH" 3.63 1.13 x 10° 1.17x 10° 1.04
59.3% (v/v) sy =0.96 E21°  tol(Ph)CH" 4.43 8.06x10°  6.87x10° 085
xerp = 0.200 E22" (pfp),CH" 5.01 325x10°  248x10°  0.76
E24" - 5.24 332x10° 412x10° 1.4
E25" (Ph),CH" 5.47 7.52x10°  6.84x10° 091
90HFIPIOW N, =0.96 E21"  tol(Ph)CH" 4.43 1.10x10°  1.03x10°  0.94
84.9% (v/v) sx=0.93 E22" (pfp),CH" 5.01 3.74x10° 357x10° 095
xuerp = 0.491 E25" (Ph),CH" 5.47 1.01 x10°  9.55x10°  0.95

E27"  mfp(Ph)CH" 6.23 521x10°  486x10° 093
E29"  dfp(Ph)CH" 6.74 1.55x107  145x107  0.93
E30" (mfp),CH" 6.87 2.10 x 10’ 1.91x10" 091
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Table 4.2 (continued). First-order rate constants k; (s") for reactions of electrophiles E™ with
HFIP/water mixtures and comparison with rate constants kcajc (s'l) calculated from Eqn 1a.

nucleophile electrophile experiment calculated
solvent” Ny, sn E abbreviation E ki /s kel 15" kadk
93HFIP7W N, =0.34 E21"  tol(Ph)CH" 443 3.88x 10"  3.79x 10"  0.98
89.3% (v/v) sn=0.96 E22° (pfp),CH" 5.01 139x10° 1.37x10° 098
xuep = 0.588 E25" (Ph),CH" 5.47 3.99x10° 3.78x10° 095

E26" (pep),CH" 5.48 261 x10° 3.87x10° 148
E27"  mfp(Ph)CH" 6.23 1.96x10°  2.03x10°  1.04
E28"  tfm(Ph)CH" 6.70 626 x10°  573x10°  0.92
E30" (mfp),CH" 6.87 9.10 x 10°  835x10°  0.92
E31"  dfp(mfp)CH"  7.52 292x10"  3.51x107 120
95HFI P5W N; =-0.10 E21"  tol(Ph)CH" 4.43 1.67 x10*  1.59x10*  0.95
92.2% (v/v) sn=0.97 E22° (pfp),CH" 5.01 578 x 10 5.79x10*  1.00
xuep = 0.671 E25" (Ph),CH" 5.47 1.70 x 10° 1.62x10° 095
E27"  mfp(Ph)CH" 6.23 8.61x10°  883x10°  1.03
E30"  (mfp),CH" 6.87 453x10°  3.69x10° 081
E31"  dfp(mfp)CH" 7.52 1.55 x 10’ 1.58x 10" 1.02

97HFIP3W N =-1.19 E22° (pfp),CH" 5.01 1.52x10*  1.34x10"  0.88
95.3% (v/v) sy =1.08 E25" (Ph),CH" 5.47 501 x10*  419x10*  0.84
xrrp = 0.776 E26" (pep).CH" 5.48 3.00x 10 430x10*  1.43

E27°  mfp(Ph)CH" 6.23 268 x10° 277x10°  1.04
E29"  dfp(Ph)CH" 6.74 1.11x10°  9.86x10°  0.89
E30"  (mfp),CH" 6.87 146x10°  1.36x10°  0.93
E31"  dfp(mfp)CH"  7.52 6.48 x10°  6.86x10°  1.06

98HFIP2W Ny =-1.62 E22" (pfp),CH" 5.01 6.17x10°  536x10°  0.87
96.8% (v/v) sy=1.10 E25" (Ph),CH" 5.47 2.04 x 10* 1.72x 10 0.84
xprrp = 0.840 E26" (pep).CH" 5.48 124x10"  1.76 x10° 142

E27°  mfp(Ph)CH" 6.23 1.14x10°  1.18x10°  1.03
E30" (mfp),CH" 6.87 6.54x10°  596x10° 091
E31"  dfp(mfp)CH"  7.52 260%x10°  3.09x10°  1.19
E33" (dfp),CH" (8.02)  120x10"  1.10x10" 091
99HFIPIW Ny =-1.93 E27"  mfp(Ph)CH" 6.23 5.18x10*  486x10*  0.94
98.4% (v/v) sn=1.09 E30" (mfp),CH" 6.87 272x10° 242x10°  0.89
xurp = 0.914 E31"  dfp(mfp)CH"  7.52 1.15x10°  1.24x10°  1.08
E33" (dfp),CH" (8.02Y  5.11x10°  435x10°  0.85

“ Solvent mixtures are given as w/w. Abbreviations: HFIP = 1,1,1,3,3,3-hexafluoro-2-propanol, W= water. To
accommodate literature conventions in other fields, we also provide the v/v percentages and molar fractions. * £
parameters derived from kinetic data for reactions of E" with z=nucleophiles in CH,Cl,; from ref. [18] ¢ Laser
flash photolysis of triarylphosphonium salts, this work. ¢ Calculated from Eqn la. ¢ Determined from a non-
exponential decay curve as the reaction of E18" with SOHFIPSOW does not follow first-order kinetics due to
recombination of E18" with the photo-leaving group PPh;. See section 4.S.3 for details. / This £ parameter is
based on only one rate constant.

Reactions which proceed with rate constants lower than ca. 10* s were not investigated,
because the kinetics of these reactions are complicated by the recombination of E™ with the

photo-leaving group PAr; which proceeds on a similar time scale.'”! To determine the rate
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constants of slower reactions, one might employ anionic photo-leaving groups such as
p-cyanophenolate, which can be expected to undergo significantly slower recombination
reactions with the photogenerated carbocations due to the exceptionally good solvation of

5] Since a major goal of this investigation was the

anions by fluorinated alcohols.
characterization of the electrophilic reactivities of acceptor-substituted benzhydrylium ions
towards relatively weak nucleophiles such as HFIP/water mixtures, we have not included
p-cyanophenolates in this study.

Plots of lg k; for the reactions of E” with the HFIP/watermixtures versus the E parameters of
E" were linear (Fig. 4.2) and allowed us to derive the solvent nucleophilicity parameters N
and sy listed in Table 4.2. Figure 4.2 illustrates the excellent correlations of k; with the E
parameters that were derived from reactions of E” with z-nucleophiles in CH,Cl,. Only very
small deviations are found for the most electrophilic benzhydrylium ion in the series, E33",
although the electrophilicity parameter of this carbocation had been derived from only one

rate constant because of its extremely high reactivity.!'"®! The kinetic data from this work thus

corroborate the electrophilicity parameter E = 8.02!" for E33".

= 2 T3 zzz =z
Yo [se) ~ = N M N«
o o r'a ooo oo
= [T w O TR THR TN TN TH
o I I o T I I T T I
=) ) o =) MO~ ©OD
- 0 ~ O & o0 > OO
8 - ; i ;
7_
4
6 |
T
N
o
5_
4 + ;
! E20 E21°
E22" E26"
3 1 1 1 1 1 1
2 3 4 5 6 7 8

electrophilicity E —
Figure 4.2. Plot of 1g &, versus E for the reactions of benzhydryl cations with HFIP/water

mixtures (filled symbols). For comparison, data for 100W and trifluoroethanol are also shown
(open symbols; only a part of the correlation lines is shown).[*
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The 4,4-dichlorobenzhydrylium ion E26" deviates slightly from these correlations. Although
E26" has the same electrophilicity as E25" in CH,Cl,, the rate constants for reactions of E26"
in trifluoroethanol and HFIP/water mixtures are lower than those of E25" by a factor of 1.5 to
2.2 (Fig. 4.2).

The nucleophilic reactivities of the HFIP/water mixtures increase with increasing water
content, which is particularly pronounced for the mixtures with low water content. Figure 4.3
compares lg k; for the reaction of E27" with HFIP/water mixtures of varying water content,

which is similar to a N, versus % H,O plot as the sy parameters are closely similar.

a) b)
10
. 1y
N N
w w 8r
~ ~
o) > 6 r
4 1 1 1 1 |
0 20 40 60 80 100 0 20 40 60 80 100
w.-% H,O mol-% Hzo

Figure 4.3. Plots of Ig k; for the decay of E27" in HFIP/water mixtures against the water
content of the mixtures in weight-% (a) or mol-% (b). Filled circles: experimental data; open
circles: calculated from Eqn 1a.

It has been reported that the microscopic structures of HFIP/water mixtures change when the
water content is varied. The structures of the solvent mixtures investigated in this work range
from micelle-like assemblies of HFIP molecules in water (SOHFIPSOW; 38.5 vol.-% HFIP,
xurre = 0.097) over a poorly characterized complex intermediate structure of small HFIP
associates (70HFIP30W to 95SHFIPSW; 59-92 vol.-% HFIP, 0.200 < xypp < 0.671) to short
helical chains of HFIP molecules as in neat HFIP (97HFIP3W to 99HFIP1W; >95 vol.-%
HFIP, xygp > 0.776).[24] Despite these large structural variations, 1g k; for the reactions of
E27" with the HFIP/water mixtures increases almost linearly with the molar fraction of water
over the entire range from 99HFIP1W to S50HFIPSOW (Fig. 4.3b). A similar effect is also
found for the ionizing powers Yors of the HFIP/water mixtures, which decrease almost
linearly with increasing water content for compositions with 0-90 mol-% water.'"> The
inverse linear correlation between Ig k; (E27+) and Yors in this range indicates that
nucleophilicity as well as solvent ionizing power of HFIP/water mixtures are affected in a

similar manner by changes in solvent structure.
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Between 90 mol-% water (SOHFIPS0W) and 100 mol-% water, however, there is a further
substantial increase in nucleophilicity (Fig 4.3b), indicating that the nucleophilicity of pure
water is reduced significantly by the presence of only 10 mol-% of the good hydrogen bond
donor HFIP. A sharp increase between 90 and 100 mol-% water is also found in the ionizing
powers Yors of the HFIP/water mixtures.!'?! These observations are in agreement with another
structural transition of the binary solvent system, which exists as dilute single HFIP molecules
in water for compositions with more than ~95 mol-% water (35SHFIP65W, 25 vol.-%
HFIP).*"! Large water clusters that are not influenced by HFIP may also explain why we
could not observe E21" after irradiation of E21-PAr;" BF, in 25HFIP75W (calculated
lifetime of E21" in pure water: 2.7 ns).

As the nucleophilicity parameters for mixtures with low water content are highly sensitive to
the water content (Fig. 4.3a), we did not attempt to determine N; and sy of pure HFIP.
Literature values of k; for the decay of E25" in HFIP range from “around 10* s
(meticulously dried HFIP but inaccurate measurement)**! to 2.2 x 10* s™ (commercial HFIP,
>99.8%, used as received).”®! The latter value is slightly larger than the calculated rate
constant for the reaction of E25" with HFIP containing 1% water (kcae = 7.2 X 10° s'l). It thus
seems problematic to derive accurate quantitative information about the electrophilic
reactivities of carbocations from their decay rate constants in neat HFIP as traces of water
may strongly affect the results.

The N, parameters for HFIP/water mixtures determined in this work (Table 4.2) agree within
1.5 units with our previous estimates for some of these solvents that were derived from a
correlation with Kevill’s Ny parameters.””) However, the sy parameters of the HFIP/water
mixtures are somewhat larger than for other alcoholic and aqueous solvents.'**!

The low nucleophilicity of HFIP/water mixtures has previously been utilized to study
solvolysis reactions under conditions where nucleophilic solvent assistance is reduced. For
example, the solvolysis of 2-propyl tosylate in 97% aqueous HFIP proceeds by an Syl
mechanism, whereas the same reaction in 97% aqueous trifluoroethanol already proceeds with

measurable nucleophilic solvent assistance (factor 15)."]

It has been argued that an
intermediate can only exist if its lifetime is at least as long as the duration of a bond vibration
(~107" §).1272% Thys, Sy1 reactions leading to carbocations with lifetimes shorter than ca.
10" s cannot occur, and only Sy2 reactions are possible in these cases.

We have previously investigated the borderline between Sy1 and Sy2 mechanisms for

nucleophilic substitution reactions in DMSO (N; = 11.3, sy = 0.74).1'®) Equation 1a predicts a
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lifetime near the theoretical limit (5 x 10™* s) for E28" (E = 6.70) in DMSO, and no
significant nucleophilic solvent participation was observed for reactions of the corresponding
bromide (i.e., DMSO only reacts via Sx1 and not via Sy2 mechanism).[lé] On the other hand,
significant nucleophilic solvent participation was found for reactions of bis[4-(trifluoro-
methyl)phenylJmethyl bromide,!'® in agreement with a calculated lifetime of 6 x 107° s for
the corresponding carbocation (E = 7.96)!'"® in DMSO, which is shorter than the period of a
bond vibration (~10™" s).

The N, and sy parameters for the HFIP/water mixtures from Table 4.2 can now be employed
to predict when a change from Sx1 to Sy2 mechanism can be expected in these solvents. The
limiting lifetime of ca. 10" s will thus be reached for carbocations with £ > 11 in
SOHFIP50W and for carbocations with £ > 12 in 70HFIP30W. Carbocations with higher
electrophilicity parameters cannot exist in these solvents. As the decreasing N, parameters are
compensated by slightly increasing sy parameters in the series 9OHFIP10W to 99HFIP1W, we
calculate a limiting value of £ = (13 to 14) for all HFIP/water mixtures with <10% water
content. These limiting E parameters are well beyond those of the most electrophilic
carbocations which have so far been characterized by Eqn 1.1"® It can thus be concluded that
nucleophilic solvent assistance will generally not be observed in HFIP/water mixtures with

<10% water content.

4.3 Conclusion

The excellent linear correlations of lg k; for the reactions of benzhydrylium ions with
HFIP/water mixtures with the electrophilicity parameters £ of these benzhydrylium ions (Fig.
4.2) once again demonstrate that Eqn 1 adequately describes the decay rate constants of
benzhydrylium ions in nucleophilic solvents and solvent mixtures.!'**?

In the future, the reactivity parameters of the HFIP/water mixtures may be of interest for
characterizing the electrophilic reactivities of further highly reactive electrophiles (E > 7)
which cannot be studied in trifluoroethanol or acetonitrile due to the high nucleophilicity of
these solvents.'”! The decay rate constants of carbocations in many less nucleophilic solvents

such as CH,Cl,, on the other hand, do not reflect the reactivities of these solvents but result

from reactions with impurities or with the precursor molecules.!"” Mixtures of HFIP and
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water with >90% (w/w) HFIP combine the two advantages that they are less nucleophilic than

trifluoroethanol and acetonitrile but still have a clearly defined nucleophilic reactivity.
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4.S Supplementary Data and Experimental Section

4.S5.1 Materials. Solvents. HFIP (1,1,1,3,3,3-hexafluoro-2-propanol, Apollo, 99%) was
refluxed with CaH, for 30 minutes and then distilled under nitrogen (CAUTION: oil bath
temperature < 80 °C).°! Doubly distilled water (Impendance 18.2 Q) was prepared with a
water purification system (Milli-Q Plus machine from Millipore). The appropriate amounts of

HFIP and water were combined to obtain the HFIP/water mixtures, which are given as (w/w).

Phosphonium salts. The phosphonium salts E-PAr;" BF; (Ar = Ph or p-Cl-C4H,;) were
prepared by heating E-OH with PhsPH" BF, or by treating E-Br with PAr; and subsequent

anion metathesis. Details of the synthetic procedures are reported in CHAPTER 1 of this work.

452 Laser flash photolysis experiments. Procedure. For the laser-flash-photolytic
generation of the benzhydryl cations, solutions of the precursor phosphonium salts with
Az66nm = 0.2 to 0.9 (ca. 10 M) were irradiated with a 7-ns laser pulse (forth harmonic of
Nd/YAG laser, Aexe = 266 nm, 40-60 mJ/pulse). A xenon lamp was used as probe light for
UV/vis detection. The system is equipped with a fluorescence flow cell and a dosage pump
which allows replacing the sample cell volume completely between subsequent laser pulses.
The setup is described in detail in ref.'”!

Kinetics were measured by following the decay of the absorbances of the benzhydryl cations
(see below for wavelengths) in the HFIP/water solvent mixtures. For each first-order rate
constant, > 64 individual runs were averaged. All measurements were performed in an air-
conditioned laboratory at 20 + 1 °C.

The rate constants k; (s') were obtained by least-squares fitting of the time-dependent
absorbances of the benzhydryl cations to the single exponential curve 4, = Ay ¢ “* + C. Non-

exponential kinetics were evaluated using the software Gepasi.[3 23]
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4.S.3 Reactions of benzhydrylium ions (E*) with HFIP/water mixturesat 20 °C

+
*PAr; BF; . SolvOH H\O,Solv
hv, 266 nm ki i
X X ' AS X X X final
e —_—

|// | e 20°C |// | N |// | \¢ products
X Y X Y X Y

E-PArs* BF, E*

According to literature conventions, hexafluoroisopropanol/water mixtures are given as w/w.
The following abbreviations are used: HFIP = 1,1,1,3,3,3-hexafluoro-2-propanol, W = water.

SOHFIP50W (w/w) (xurre = 0.097; 38.5 vol.-% HFIP)
[E-PAr;" BF, /M Ar A/nm ki/s!
E18" ani(Ph)CH" 6.30 x 107 Ph 455 5.56 x 10°“
E20" (tol),CH" 6.60 x 10” Ph 464 1.50 x 10°
E21° tol(Ph)CH" 1.07 x 10 Ph 450 1.20 x 10°
E22° (pfp),CH" 1.04 x 10" Ph 444 5.32x10°

%) The decay of E18" in SOHFIP50W does not follow first-order kinetics due to the recombination reaction with
PPh;.!" This k; value was therefore obtained by fitting the decay of [E18'] to a kinetic model consisting of a
first-order process (E” + SolvOH — E—OHSolv", rate constant k;) and a second-order process (E" + PPh; — E—
PPh;", rate constant kphosphine) Using the software package Gepasi.[32'35] [E187]y = [PPhs]y = 1.42 x 10° M was
calculated from the initial absorbance 4, and &= 6.17 x 10* M cm’™ (HZSO4).[S” The fit yielded the first-order
rate constant k; = 5.56 x 10° s for the reaction of E18" with the solvent and the second-order rate constant
kphosphine = 1.21 % 10" M s! for the recombination reaction of E18" with PPhs.

70HFIP30W (w/w) (xurre = 0.200; 59.3 vol.-% HFIP)
[E-PAr;" BF,]/M Ar A/nm ki /s!
E20" (tol),CH" 4.86 x 107 Ph 464 1.13 x 10°
E21° tol(Ph)CH" 7.28 x 107 Ph 450 8.06 x 10°
E22 (pfp),CH" 1.00 x 10 Ph 444 3.25 x 10°
E24" Ar,CH"* 1.09 x 10™* Ph 479 3.32x10°
E25 (Ph),CH" 1.05 x 10 Ph 435 7.52 % 10°

“) Ar = 3-fluoro-4-methylphenyl.

90HFIP10W (w/w) (xurrp = 0.491; 84.9 vol.-% HFIP)
[E-PAr;" BF,]/M Ar A/nm ki/s!
E21° tol(Ph)CH" 528 x 107 Ph 450 1.10 x 10°
E22 (pfp).CH" 9.81 x 107 Ph 444 3.74 x 10°
E25 (Ph),CH" 1.05 x 10 Ph 435 1.01 x 10°
E27 mfp(Ph)CH" 1.09 x 107 Ph 430 521 % 10°
E29" dfp(Ph)CH" 1.42 x 10™ Ph 435 1.55 x 10’
E30" (mfp),CH" 1.05 x 10 Ph 425 2.10 x 107
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93HFIP7W (w/w) (xure = 0.588; 89.3 vol.-% HFIP)
[E-PAr;" BE,]/M Ar A/nm ki/s!
E21° tol(Ph)CH" 6.82 x 107 Ph 450 3.88 x 10*
E22° (pfp),CH" 1.02 x 10 Ph 444 1.39 x 10°
E25° (Ph),CH" 1.19 x 10 Ph 435 3.99 x 10°
E26 (pep).CH” 1.09 x 107 Ph 472 2.61 x10°
E27 mfp(Ph)CH" 1.06 x 10 Ph 435 1.96 x 10°
E28" tfm(Ph)CH" 1.16 x 10 Ph 430 6.26 x 10°
E30" (mfp),CH" 1.14 x 10™ Ph 425 9.10 x 10°
E31"  dfp(mfp)CH" 1.18 x 10 Ph 425 2.92 x 107
9SHFIPSW (w/w) (xurre = 0.671; 92.2 vol.-% HFIP)
[E-PAr;" BE, ]/M Ar A/nm ki/s!
E21" tol(Ph)CH" 6.27 x 10° Ph 450 1.67 x 10*
E22° (pfp),CH" 6.74 x 107 Ph 444 5.78 x 10*
E25" (Ph),CH" 1.15x 10" Ph 435 1.70 x 10°
E27 mfp(Ph)CH" 1.10 x 10 Ph 430 8.61 x 10°
E30" (mfp),CH" 1.06 x 10 Ph 425 4.53 x 10°
E31"  dfp(mfp)CH" 1.07 x 10 Ph 425 1.55 % 107
97HFIP3W (w/w) (xure = 0.776; 95.3 vol.-% HFIP)
[E-PAr;" BF,]/M Ar A/nm ki /s!
E22 (pfp).CH" 1.04 x 10 Ph 444 1.52 x 10*
E25° (Ph),CH" 1.03 x 10 Ph 435 5.01 x 10*
E26" (pep).CH" 1.05x 10 Ph 472 3.00 x 10*
E27" mfp(Ph)CH" 1.05 x 10" Ph 430 2.68 x 10°
E29" dfp(Ph)CH" 1.10 x 10 Ph 425 1.11 x 10°
E30" (mfp),CH" 1.00 x 10 Ph 425 1.46 x 10°
E31"  dfp(mfp)CH" 1.01 x 10 Ph 425 6.48 x 10°
9SHFIP2W (w/w) (xurre = 0.840; 96.8 vol.-% HFIP)
[E-PAr;" BF, ]/M Ar A/nm ki /st
E22 (pfp).CH" 1.01 x 10 Ph 444 6.17 x 10°
E25° (Ph),CH" 1.14 x 10* Ph 435 2.04 x 10*
E26 (pep).CH” 1.12x 10 Ph 472 1.24 x 10*
E27" mfp(Ph)CH" 1.04 x 107 Ph 430 1.14 x 10°
E30° (mfp),CH" 1.07 x 10 Ph 425 6.54 x 10°
E31"  dfp(mfp)CH" 1.04 x 10 Ph 425 2.60 x 10°
E33" (dfp),CH" 8.61 x 107 p-Cl-C¢H, 439 1.20 x 10’
99HFIPIW (w/w) (xurre = 0.914; 98.4 vol.-% HFIP)
[E-PAr;" BE, ]/ M Ar A/nm ky/s!
E27 mfp(Ph)CH" 1.01 x 10 Ph 430 5.18 x 10*
E30 (mfp),CH" 1.08 x 10 Ph 425 272 % 10°
E31"  dfp(mfp)CH" 1.06 x 107 Ph 425 1.15 % 10°
E33" (dfp),CH" 8.52x 107 p-Cl-C¢H, 439 5.11x10°
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4.S.4 Plotsof Ig k; versusE for all HFIP/water mixtures

50HFI P50W N;=1.50
sy=1.03
7 r
6 |
<5l
>
y = 1.0257x + 1.5391
4T R? = 0.9977
3 1 1 1 1 1 |
1 2 3 4 5 6 7
E
90HFI P10W N;=0.96
sy=0.93
8
y = 0.9344x + 0.8961
7 F R2 =1
<6l
>
5 F
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E
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8
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I R® = 0.9989
Tl
>
5 F
4 1 1 1 1 1 1
2 3 4 5 6 7 8
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7 L
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98FI PH2W N, =-1.62 99FI PH1W N, =-193
sy=1.10 sy =1.09
7t 8 r
y = 1.0982x - 1.7742
6 | RZ = 0.9956 7 F y = 1.0949x - 2.11
- - R? = 0.9973
< 5| < 6 |
> >
4t 5
3 1 1 1 1 1 1 4 1 1 1 1 1 1
2 3 4 5 6 7 8 2 3 4 5 6 7 8
E E

2 r 2 r
d [ ] i [
1F e 1F °
- i - °
z 0 re z 0 .
Tre T °
_2 L. 1 1 1 1 ] _2 L@ .I 1 1 1 ]
0 20 40 60 80 100 0 20 40 60 80 100
w.-% HQO mol-% Hzo

The scatter in the plots is a result of the slightly differring slopes of the correlation lines. The
point for 100W is not shown because of the different sy parameter.

Ig k 1 (E27")

4 1 1 1 1 |
0 20 40 60 80 100
vol-% H20

Closed symbols: Directly measured rate constants. Open symbols: Values calculated from
eq. la (N, and sy for I00W from ref.m]).
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~ CHAPTER 5 ~

Substituent Effectson Intrinsic Barriers:
A Closer Look at the Basic Principles Behind
Linear Free Energy Relationships

Johannes Ammer, Thomas Singer, Tobias A. Nigst, Christoph Nolte, and Herbert Mayr

5.1 Introduction

Benzhydrylium ions E° (Table 5.1) serve as reference compounds for empirical
electrophilicity'™ and electrofugality scales.”® The rates of combination reactions of
electrophiles with nucleophiles can be described by eq. 1, which relates the second-order rate
constants k, (M" s™) to one electrophile-specific parameter £ and two nucleophile-specific

parameters N and sx.'™

Ig k2(20 °C) = sx(N + E) (1

Analogously, heterolysis rate constants & (s™) of substrates R—X (X = CI, Br, AcO", TsO,
etc.) can be obtained from eq. 2 using one electrofuge-specific parameter Er and two

nucleofuge-specific parameters Ny and s¢.”
Ig ky(25 °C) = s¢ (N; + Ep) (2)

In equations 1 and 2, the parameters £ and Er are defined as solvent-independent, while the
nucleophile-specific parameters N and sn, as well as the nucleofuge-specific parameters Ny
and sy, are defined with respect to a certain solvent.

Though theoretical approaches have been reported,’” the reason for the long-stretching
linearity of these correlations is still not clear.”® We and other research groups have examined
several rate-rate and rate-equilibrium relationships: Thus, the electrophilicity parameters E of
the benzhydrylium ions E™ were reported to correlate linearly with the Hammett-Brown &

constants,l the one-electron reduction potentials Eﬂred of the benzhydrylium ions E+,9 their

pKr+ values,'” the calculated methyl anion affinities of E™ in the gas phase,'' and the

calculated hydride anion affinities of E* in the gas phase and in CH3CN solution.'> The
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Table 5.1. Reference electrophiles E(1-33)" with their electrophilicity parameters E,
electrofugality parameters Er, and calculated methyl anion affinities AGya.

T

|/\ | i . 5 AGMAc,d
no. VF = E Ey

z / kJ mol™!

Y _ Z
-10.04 5.05 —639.8
E2 945 561 -642.2

+

E3* 876 483 6545

/ \

+

E4* 822 522 6540
N N

+

El

E5" Y =Z=4-(N-pyrrolidino) -7.69 535 6583
E6" Y =Z=4-N(Me), 702 484 6707
E7" Y =Z=4-N(Me)(Ph) -589 346 —667.1
E8" Y =Z=4-(N-morpholino) -5.53 3.03 —688.2
E9" Y =Z=4-N(Ph), -4.72 178 —689.9
E10" Y =Z=4-N(Me)(CH,CF;) -3.85 3.13 -711.9
E11" Y=2Z

— Z=4-N(Ph)(CH,CF;) -3.14 179 —708.5

E12 {Fe) O 264 ¢

E13 136 1.07 -728.8

E14" C‘\‘ 081 061 ¢
SRS

E15"  4-MeO 4-MeO 0.00 000 -747.2
E16" 4-MeO 4-PhO 0.61 -0.86 -747.6
E17"  4-MeO 4-Me 148 -132 -7653
E18"  4-MeO H 211 -2.09 -781.7
E19"  4-PhO H 290 -3.52 -7825
E20"  4-Me 4-Me 3.63 344 -789.8
E21"  4-Me H 443 -4.63 -807.0
E22* 4-F 4-F 5.01 ¢ -834.3
E23" 4-F H 520 -5.72 8289
E24" 3-F,4-Me 3-F,4-Me 524 -637° -823.9
E25* H H 547 -6.03 -827.6
E26" 4-Cl 4-Cl 548 691 -836.1
E27" 3-F H 623 -7.53 -844.7
E28"  4-(CF,) H 6.70 -8.66° -859.5
E29"  3.5-F, H 6.74 -9.000 -863.0
E30* 3-F 3-F 6.87 -926 -865.0
E31"  3,5-F, 3-F 752 -10.88 —882.2
E32"  4-(CF») 4-(CF5) 7.96 ¢ -891.8
E33"  3,5-F, 3,5-F, 8.02 -12.60 -904.1

“ Electrophilicity parameters E from ref.* ’ Electrofugality parameters E; from ref.’ unless noted otherwise.
“ Methyl anion affinities of the benzhydrylium ions calculated on the B3LYP/6-311++G(3df,2pd)//B3LYP/6-
31G(d,p) level of theory. ¢ This work. ¢ Not determined.” From ref."
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observation that correlations of the electrophilicity parameters £ with various gas phase and
solution phase thermodynamic parameters are more or less linear over the entire range of
—10 < E <6 led Zhu et al. to the statement that it was “reasonable to deduce that the £ values
are thermodynamic data but not kinetic data”."?

Based on a limited set of data, we initially reported an inverse relationship between the
electrophilicities £ and the electrofugalities Er of the benzhydrylium ions E™.>'* However, it
was later shown that this inverse relationship does not hold for highly stabilized
benzhydrylium ions (E < —6) because the ionization rates (and thus the Er parameters) of these
systems are largely controlled by differences in intrinsic barriers and not by the stabilization
(Lewis acidities) of the carbocations.*'*'®

The observation that a plot of the rate constants ks for the reactions of donor- and acceptor-
substituted tritylium ions with an acetonitrile/water mixture (1:2 v/v) versus o is curved'’ has
been taken as an indication of an imbalance between resonance and polar effects in the
transition state.'”'® An analogous series of benzhydrylium ions could not be investigated at
the time due to the high reactivity of the acceptor-substituted systems, but it was noted that
the behavior of the donor-substituted benzhydrylium ions is comparable to to that of
analogously substituted tritylium ions."’

Only recently, we have developed a method to generate highly reactive carbenium ions by
laser flash photolysis of benzhydryl triarylphosphonium salts with complex counter-anions'”
and employed it to characterize the electrophilic reactivities of acceptor-substituted
benzhydrylium ions.” One remarkable result of these studies was that fast reactions without
enthalpic barriers (AH* = 0, i. e., entropy-controlled reactions) follow eq. 1 equally well as
slower reactions where reactivity differences result from variations of the activation
enthalpies AH** and presently we do not understand the reasons for this behavior.

Figure 5.1 illustrates another result of our recent work:**" We investigated reactions of
benzhydrylium ions with different kinds of nucleophiles, including various z-systems,’
triethyl silane (hydride donor),” trifluoroethanol,* and different hexafluoroisopropanol/water
mixtures.”’ Despite the large structural variations of the nucleophiles, we always found linear
correlations of 1g k> or 1g k; versus E in reaction series which included reactions of both
donor- and acceptor-substituted systems (Fig. 5.1). This finding is quite remarkable as it is in
conflict with at least one of the literature statements discussed above — either with Zhu’s view

that the E parameters are “thermodynamic” parameters,'* or with the expected'”'® transition

state imbalance between resonance and polar effects.
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Clearly, there is a problem in our present understanding of chemical reactivity, and a closer
look on how substituents affect the free energy barriers AG* for the reactions of

benzhydrylium ions with nucleophiles is now warranted.

8 -
donor substituents
7 L
/r
I
w
S
e
S
o~ 4t
w
=
Z 3t
X %‘\6\{59’,
~— \e\/ ’/
(@] -,
= 2 F .6
c/
1 L >///
0 1 1 1 1 1 1 1 1 1 1

electrophilicity E —

Figure 5.1. Plots of lg k for the reactions of benzhydrylium ions with the z-nucleophiles
2-methylpent-1-ene (closed triangles) and 1-hexene (closed circles), and the hydride donor
triethylsilane (open circles), as well as for the first-order decays of benzhydrylium ions in
95% aqueous hexafluoroisopropanol (HFIP; open squares) against the electrophilicity
parameters £ of the benzhydrylium ions. Green: Benzhydrylium ions with donor substituents
such as p-methyl or p-alkoxy. Red: Benzhydrylium ions with acceptor substituents such as m-
fluoro or p-(trifluoromethyl). In between: Parent compound and benzhydrylium ions with
substituents that combine electron-donating resonance effects with electron-withdrawing
inductive effects (e.g., p-fluoro).

5.2 Resaults and Discussion

5.2.1 Correlation of Electrophilicity Parameters E with Other Thermodynamic and
Kinetic Data. Hammett analysis. A linear correlation between electrophilicities E of
symmetrically substituted E" and the Hammett-Brown o constants for the substituents was
previously reported.' Inclusion of acceptor-substituted benzhydrylium ions® reduces the

quality of the linear correlation considerably (Figure 5.S.1.1 in section 5.S.1). The correlation
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now shows a slight downward curvature indicating that the ¢ constants underestimate the
retarding effect of the p-alkoxy and p-amino groups on the reactions of benzhydrylium ions
E" with nucleophiles. However, solvolyses of tert-cumyl chlorides, from which the &
constants were derived, may not be the best choice of reference reactions for discussing the

reactivities of E” towards znucleophiles.

Electrofugality. As the ionization of E-LG is just the reverse of the combination reaction of
E" with the anionic nucleophile LG, it is tempting to assume an inverse relationship between
E¢ and E. In our first report on this topic, we indeed found Er = —E for E(15-25)" (0 < E <
6),>'* although we had emphasized that the unity slope is only a consequence of the arbitrary
definitions of the sensitivity parameters for nucleophiles (sx = 1.00 for 2-methylpent-1-ene)’
and for nucleofuges (sf = 1.00 for Cl” in ethanol).”'* However, later investigations showed
that solvolyses leading to the better stabilized carbocations E(1-11)" (E < —-3) were slower
than expected from the £ parameters of the resulting benzhydrylium ions, and even the order
of reactivities was different: For example, E5" is a better electrofuge than E1" although E5" is
~220 times more electrophilic.”” The different behavior of the amino-substituted
benzhydrylium ions E(1-11)" in relative rates of reactions with nucleophiles and relative rates
of formation by heterolytic cleavage reactions was explained by the fact that the heterolysis
reactions are not controlled by the relative thermodynamic stabilities of the carbocations but
by the different intrinsic barriers. Solvolysis reactions yielding less stable carbocations such
as E(20-33)", on the other hand, are mainly controlled by the differences in the
thermodynamic stabilities of the carbocations.*'>!'

Deviations from the linear electrofugality vs electrophilicity correlation are also observed for
the acceptor-substituted benzhydrylium ions E(27-33)". The most reactive benzhydrylium ion
of this series, E33" (E = 8.02), is only ~350 times more electrophilic than E25" (E = 5.47)*
although the heterolytic generation of E25" (E¢ = —6.03) is over three million times faster than
that of E33" (Er = —12.60).° When we include the acceptor-substituted benzhydrylium ions
E(27-33)" in a plot of E; versus E, which now spans 18 orders of magnitude in £ and in E, it
becomes apparent that the plot is curved (Fig. 5.2).
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Figure 5.2. Plot of electrofugality E; versus electrophilicity £ of benzhydrylium ions E'.
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Figure 5.3. Plot of E versus Zhu’s calculated hydride affinities in CH3CN solution (E =
—0.4322AGya — 38.567, R* = 0.9858).

Hydride affinities. In order to elucidate the origin of the substituent effects on the electrophilic
reactivities of the benzhydrylium ions E', we now relate the electrophilicity parameters E of
E’ to a scale of relative thermodynamic stabilities of the benzhydrylium ions. Zhu et al.

reported a linear correlation of E with calculated hydride affinities AGpa of the
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benzhydrylium ions E* in CH3CN solution.'* After including the E parameters for the p-CFs-
substituted systems E28" (E = 6.70) and E32" (E = 7.96) and updating the values for E(21-
26)",* we still observe a moderately linear correlation of E with the hydride affinities reported

1‘12

by Zhu et al. © (Fig. 5.3). A slight curvature again indicates that the gradient is smaller for

acceptor-substituted systems.

Methyl anion affinities. In previous work, we had calculated the methyl anion affinities AGya
in the gas phase for a number of benzhydrylium ions according to eq. 3 at the B3LYP/6-31G-
(d,p) level of theory."!

Ar,CH" + CH; — Ar,CH-CH; (3)

We found a linear correlation of the £ parameters of 11 benzhydrylium ions in the range —10
< E < +6 with their methyl anion affinities AGya in the gas phase, and only E26" deviated
slightly from this correlation.'' In order to provide a thermodynamic stability scale for the
benzhydrylium ions, we now calculated the methyl anion affinities AGua (eq. 3) in the gas
phase for 31 benzhydrylium ions on the B3LYP/6-311++G(3df,2pd)//B3LYP/6-31G(d,p)
level. The obtained methyl anion affinities AGya are listed in Table 5.1. Figure 5.S.2.1a in
section 5.S.2 shows a linear correlation with unity slope between the gas phase methyl anion
affinities AGva from this work and the hydride affinities AGya of the benzhydrylium ions E*
in the gas phase which were calculated by Zhu et al. on the BLYP/6-311++G (2df, 2p) level,'
in line with previous observations that structural variation of the benzhydrylium ions affects
their affinities toward different anions in the same manner.'"'?

When we plotted the electrophilicity parameters E of the benzhydrylium ions E(1-33)"
covering the whole range of —10 < E < +8 against the gas phase methyl anion affinities AGua
determined in this work, we again observed a curved plot (see Fig. 5.8 in section 5.2.4)
similar to the correlation between E and AGya (Fig. 5.3). We will come back to this curved

plot in section 5.2.4.

Are the curvatures in these plots caused by solvation effects? All comparisons made so far
have in common that we correlated the electrophilicity parameters £, which were derived
from reactions of E" towards z=nucleophiles in CH,Cl,, with some other quantity which was
derived from data in a different solvent or in the gas phase. Although the E parameters were

defined independent of the solvent,' one may thus wonder whether the curvatures in Figures
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52 (E vs Ep), 53 (E vs AGya), 5.8 (E vs AGua), and 5.5.1.1 (E vs o) result from a
differential solvation of acceptor-substituted benzhydrylium ions with respect to the donor-
substituted systems. However, this possibility can be ruled out by the excellent linear
correlations between the rate constants for reactions of donor- and acceptor-substituted
benzhydrylium ions E' in acetonitrile and trifluoroethanol,’ as well as in different
hexafluoroisopropanol/water mixtures,”’ with the E parameters of the benzhydrylium ions
which were derived from reactions in CH,Cl,. Similar linear correlations have also been
reported between solution phase and gas phase thermodynamic stabilities of the
benzhydrylium ions'? (also see Fig. 5.S.2.1b in section 5.S.2). Consequently, the curvatures in

Figures 5.2, 5.3, 5.8 and 5.S.1.1 cannot be explained by differential solvation effects.

E25"

-

o
T

k(E" + piperidine)

k(E21" + piperidine)

In

2

gas phase electrophilicity Egas

i.e.,

-1 0 1 2 3 4 5 6 7
electrophilicity E —

Figure5.4. Plot of Denekamp’s gas phase -electrophilicity parameters Egs, 1. €.,
In [k(E" + piperidine)/k(E21" + piperidine)], versus solution phase electrophilicity parameters
E (Eqas = 0.3684E — 1.7286; R* = 0.9917; note that the use of In instead of Ig on the ordinate
results in a 2.303 times larger slope). The point for E15" (open symbol) was not used for the
correlation (see ref.?").

Gas phase electrophilicity parameters. That the effect of solvation on the rates of the
reactions of benzhydrylium ions with nucleophiles changes linearly with the intrinsic
reactivities of the benzhydrylium ions is also illustrated by a comparison of solution phase
and gas phase reactivities of the benzhydrylium ions E(17-28)". Denekamp et al. have derived
gas phase electrophilicity parameters Ey, for these benzhydrylium ions based on the gas
phase reactions of E" with various amines and demonstrated a linear correlation of Eg,s with

the solution phase electrophilicity parameters E that were derived from reactions of E* with
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z-nucleophiles in CH,Cl,.?' Figure 5.4 shows an update of this correlation using the revised E
parameters for E21" and E25" and including the E values of E22" and the p-CF;-substituted
benzhydrylium ion E28".* Like Denekamp et al.,”' we did not include E15" in the correlation
due to experimental uncertainties in the determination of Eg. The excellent correlation
between the gas phase (Egs) and solution phase electrophilic reactivities (£) of E" also holds
for highly electrophilic carbocations such as E28" (E = 6.70). This demonstrates again the
absence of differential solvation effects in reactions of donor- and acceptor-substituted
benzhydrylium ions with nucleophiles, and confirms our previous finding that the influence of
ion pairing on the electrophilic reactivities of E" in CH,Cl, solution is negligible also for such

highly electrophilic carbocations.*"

5.2.2 Quantitative Free-energy Profiles for Combination Reactions of Benzhydrylium
lons with Nucleophiles. Before we examine the reasons for the curved correlations between
the E parameters and other thermodynamic and kinetic parameters discussed in section 5.2.1,
let us go one step back and have a look at the behavior of donor- and acceptor-substituted
benzhydrylium ions E” in reactions with z-nucleophiles, which were employed to derive the

E parameters of E*."

2-Methylpent-1-ene. Using the recently published rate constants for reactions of the
benzhydrylium ions E(25-30)" with 2-methylpent-1-ene (N8),* we can construct free-energy
profiles for these reactions. Analogous free-energy profiles have previously been drawn for
the reactions of N8 with E(15-20)";*** it will be interesting to compare the behavior of the
acceptor-substituted systems (Fig. 5.5).

In Fig. 5.5, the substituted benzhydryl chlorides E(15-30)—Cl are positioned at the same level.
The Gibbs free energies of the carbocations E(15-30)" are then given by the free ionization

energies AGY; of E(15-30)—Cl in CH,Cl, according to eq. 4.
0

AGY
E-Cl—=E'+CI (4)

The values of the free ionization energies AGY; (eq. 4) were obtained as follows: As reactions
of E(15-30)" with CI” in CH3CN are diffusion controlled,” one can conclude that there is also
no barrier for the combination of E(15-3O)Jr with Cl" in CH,Cl, solution. Therefore, the free
energies of activation AGY for the ionization reactions of E(15-30)—Cl reflect the free

ionization energies AG"; of E(15-30)—Cl in CH,Cl, (eq. 4). Substituting the electrofugality
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parameters £f° of E™ and the nucleofugality parameters Ny = —0.57 and s; = 1.28 for CI” in
CH,CL,” into eq. 2 yields the rate constants for the ionization of E—CI to E" and Cl", which
are converted to the free energies of activation AG*; for the ionization reaction by the Eyring

equation (eq. 5).

k, T 20

k= e kT 5
P (5)

These AGii values provide the relative thermodynamic stabilities AGOi of the carbocations
E(15-30)" with respect to the covalent benzhydryl chlorides in CH,Cl,, which are plotted in
Fig. 5.5. Figure 5.8.3.1 in section 5.8.3 illustrates that the AG"; values calculated by this
method agree well with the few AAG®; values which have been derived from equilibrium

constants in CH2C12.26’27

transition states for reactions of N8 with...
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180 E3o” E28"
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Figure 5.5. Gibbs free energy profiles for the reactions of benzhydrylium ions E™ with 1 M
2-methylpent-1-ene (N8) in CH,Cl, at 20 °C.
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The positions of the transition states in Fig. 5.5 are defined by the free energies of activation
AG* for the reactions of E(15-30)" with N8 which are calculated from the Eyring equation
(eq. 5) and the experimental rate constants k, from refs."* The products of the combination
reactions are the tertiary alkyl cations E(15-30)-N8" (Fig. 5.5). The thermodynamic stabilities
of these carbocations are more or less independent of the remote aryl groups. Rate constants
of (0.9 - 2.4) x 10* s were measured for solvolyses of E(15,20,25,26)-N8-Cl in 80%
aqueous ethanol at 50 °C,”® from which one can estimate electrofugalities Er =~ (-8.7 to —8.2)
for E-N8" (Table 5.S.3.2 in section 5.S.3) which are similar to that of the structurally related
tert-butyl cation (Er ~ —8.21).” In analogy to the procedure for the benzhydryl chlorides, we
can calculate the ionization rate constant of E-N8-CI in CH,Cl, and thus AGii = AGOi from
eq. 2. To place E-N8" in the free-energy profile, we have to know the position of E-N8-Cl
relative to E-C1 + N8 which is given by the free energy of addition AG’5 of N8 to E-CL. The
heats of addition AH’s of N8 to E(17-25)-Cl have been measured as —86.5 kJ mol™
independent of the aryl substituents.”® In analogy to our previous treatment,”> AH"5 can be
combined with the estimated AS°s = —164 J mol! K! to obtain AG’s. The numeric values
obtained from these calculations are compiled in section 5.S.3.

The alkoxy- and methyl-substituted benzhydrylium ions E(15-20)" exhibit the previously
described behavior: The separations of the energy levels in the transition states are much

2223
> However, the

smaller than the stability differences of the benzhydryl cations (Fig. 5.5).
reactions of E(25-30)" with N8 show a completely different behavior: For these reactions, the
separations of the energy levels in the transition states are almost as large as the stability
differences between the benzhydrylium ions (Fig. 5.5), indicating that the substituent effects
in the transition states are of comparable magnitude as those in the benzhydrylium ions.

Relatively high AG® values of the transition states with respect to the ground states are found

for the reactions of E26" (Fig. 5.5) as well as E19" and E24" (not shown).

Other nucleophiles. Figure 5.6 shows additional Gibbs free energy profiles for the reactions
of benzhydrylium ions with other nucleophiles. The AG® values of the benzhydrylium ions E”
in Fig. 5.6 were calculated with respect to the covalent benzhydryl chlorides E-CI as
described above, and the AG® values of the transition states were obtained from the Eyring
equation (eq 5) and the rate constants for these reactions published in ref.* The energies of the
products are not known, but they can again be expected to be virtually independent of the

substituents on the phenyl rings. For the series of the donor-substituted benzhydrylium ions,
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E(13-25)", the separations of the transition states are much smaller than the stability
differences of the carbocations. In the series of the acceptor-substituted benzhydrylium ions,
E(25-33)", on the other hand, the separations of the transition states are comparably large and
almost of the same magnitude as the stability differences of the carbocations. Again, E19"
(Fig. 5.6a) and E26" (Fig. 5.6¢) show relatively high AG® values of the transition states with

respect to the ground states.
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Figure5.6. Gibbs free energy profiles for reactions of benzhydrylium ions E°
with  (a) methylenecyclopentane, (b) methylenecyclohexane, (c) 2,3-dimethylbut-1-ene,
(d) 2,3,3-trimethylbut-1-ene, (e) hex-1-ene, and (f) triethylsilane (1 M, CH,Cl,, 20 °C).

We have thus demonstrated a close analogy between the Gibbs free energy profiles for the
reactions of benzhydrylium ions E” with different alkenes (Figures 5.5 and 5.6a-e) and the
hydride donor triethylsilane (Fig. 5.6f). From the excellent correlations of lg k> for numerous
reactions of E” with different nucleophiles with the E parameters of E™ (Fig. 5.1 and refs.**’),
we conclude that the observed substituent effects on the reaction kinetics must be a general
phenomenon. Most remarkable are the far-stretching series of rate constants for the reactions
of donor- and acceptor-substituted benzhydrylium ions E* with trifluoroethanol® and

hexafluoroisopropanol/water mixtures™ that were found to correlate linearly with the E

parameters derived from reactions of E" in CH,Cl,.
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5.2.3 The Role of Intrinsic Barriers in Combination Reactions. A different treatment of
the data shown in Fig. 5.5 is provided by Fig. 5.7a which plots AG* for the reactions of E(15-
30)" with N8 versus AG% for the ionization of E(15-30)-Cl. Following the classic
interpretation of such plots by Leffler, the slope 0 < a < 1 provides information about the
structure of the transition state,’*? but we will show in the following that this interpretation is

not correct in our case.
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Figure 5.7. (a) Correlations between experimental AG* for the reactions of E" with N8 and
AG; for ionization of E-CL. Open symbols: E(15-25)" (AG* = —0.7472AG"; + 124.15; R* =
0.9837); filled symbols: E(25-30)" (AG* = —0.3238AG"; + 72.922; R* = 0.9871); data for E24"
and E26" (%) were not used for the fits. (b) Correlations between the intrinsic barriers AGy*
for the reactions of E™ with N8 and AG"; for ionization of E—~CI. Open symbols: E(15-25)"
(AGy* =—0.2576AG"; + 73.833; R* = 0.9612); filled symbols: E(25-30)" (AGo* = 0.0895AG"; +
32.354; R* = 0.8730); data for E19", E24" and E26" (%) were not used for the fits. The
vertical dashed lines indicate a reaction with AG® = 0; the diagonal dashed line in Fig. a
indicates a slope of &= 0.5, which would be expected for reactions with AG° =~ 0 and constant
intrinsic barriers AGOI.
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3433 (eq. 6, the work terms are neglected) relates AG* to the reaction free

The Marcus equation
energy AG® and the intrinsic barrier AGy* of a reaction, which is defined as the activation free
energy of a process with AG® = 0.

(AG")’

AG* = AG,* +0.5AG’ +
16AG,*

(6)

We can thus use eq. 6 to separate AG* into a thermodynamic component and the intrinsic
barrier AG,* which corresponds to AG* of a reaction with AG® = 0 and is associated with the
reorganization that is required for a reaction. The intrinsic barriers AGy* for the reactions of
E(15-30)" with N8 are plotted in Fig. 5.7b against the termodynamic stabilities of the
carbocations (AG"). The experiment where we come closest to the direct observation of AGy*
is the reaction of E20" with N8 which is exergonic by only 1.2 kJ mol™ but has a barrier of
AG* =45.9 kJ mol™ (Fig. 5.5).

For constant intrinsic barriers, differentiation of eq. 6 with respect to AG® yields the Leffler

parameter o according to eq. 7>
AGH 1 AG°
oS G0=_ 1+29 (7)
OAG™ 2 4AG,”

Eq. 7 predicts a = Y% for reactions with AG® = 0 (indicated by the vertical dashed lines in Fig.
5.7), values of o > ' for endergonic reactions and « < 2 for exergonic reactions. Although
AG" for the reaction with E20" is almost zero, Figure 5.7a (open symbols) shows that o =
0.75 for the reactions of N8 with E(15-25)". The large slope for this series is a consequence of
the variations of the intrinsic barriers (Fig. 5.7b) and does not provide information about
Leffler-Hammond type variations of transition state structure with respect to AG®.**~’

As AGy* is large compared to AG® for the series E(15-25)", the quadratic term in eq. 6 is
negligible. As a consequence, the linear dependence of the intrinsic barriers AG,* for
E(15-25)" on the thermodynamic stabilities of E(15-25)" (Fig. 5.7b, open symbols) entails a
linear dependence of AG* (Fig. 5.7a, open symbols) on the thermodynamic stabilities of the
benzhydrylium ions (the reason why E19", E24" and E26" were not considered for the fit will
be explained later). The intrinsic barriers for the reactions of N8 with E(25-30)", on the other

hand, are almost constant (AG,* ~ 45 + 2 kJ mol™) — if anything, there is a slight increase of
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AGy* with AGY of E” (Fig. 5.7b, filled symbols). For a reaction series with constant AGy¥,
eq. 7 is applicable, which predicts that the linear free energy relationship should be curved

0 - - : - 31,34
when AG' is varied over a sufficiently wide range.”

However, the slight curvature will not
be noticed within the small range of E(25-30)" (Fig. 5.7a, open symbols).

As reactions of benzhydrylium ions with other nucleophiles show similar variations in AG*
(see section 5.2.2), which is linearly correlated with Ig &, (eq. 5), these effects must be
accounted for by the reactivity parameters E, N, and sy in eq. 1. The N and sy parameters
describe the contributions of the nucleophile and the solvent to AG*. The E parameters of the
benzhydrylium ions E* contain those contributions to the activation free energy AG* which
depend on the electrophile, which are the thermodynamic stabilities of the carbocations (AGY)
and those contributions to the intrinsic barriers AGOi which are affected by the structural

properties of E*. How substituent variations in E” influence the activation free energies AG*

for the reactions of E” with N8 will thus find expression in the £ parameters.

5.2.4 Effect of Intrinsic Barriers on Electrophilicity and Electrofugality Parameters.
Figure 5.8 plots the electrophilicity parameters E of the benzhydrylium ions E(1-33)" against
their gas phase methyl anion affinities AGya (from Table 5.1). The electrophilicities of the
acceptor-substituted benzhydrylium ions (filled symbols) are affected to a lower extent by
differences in the thermodynamic stabilities of E" than those of the donor-substituted systems.
As discussed above, the filled symbols in Figure 5.8 represent a series of benzhydrylium ions
E" where AG,* is almost constant (AGy* = 45 kJ mol™). The solid line in Figure 5.8 is an
extrapolation of this series to better stabilized carbocations assuming constant AGOI (see

1,34
3134 the

section 5.S.4 for details of the calculation). As required by Marcus theory,
extrapolated line is slightly curved (“Marcus curvature”). When we go to the better stabilized
methyl- and alkoxy-substituted benzhydrylium ions in Fig. 5.8, the data points deviate
downward from the extrapolated line for constant AGy* due to the higher intrinsic barriers
AGy*. A downward curvature with respect to the extrapolation line results as the intrinsic
barriers increase with increasing stabilities of the benzhydrylium ions. An almost linear
correlation between £ and AGwa is observed for the benzhydrylium ions E(13-25)+, which is
a consequence of the linear dependence of AGy* on AGY in this range (cf. Fig. 5.7b).

According to Fig. 5.8, the increase of the intrinsic barriers with increasing carbocation

stability is then continued by the amino-substituted benzhydrylium ions. The scatter in the
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plot increases with the magnitude of the intrinsic barriers (i.e., from left to right in Fig. 5.8),
to such an extent that the orders of E" on the E and AGya scales may become different for the

amino-substituted benzhydrylium ions.
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Figure 5.8. Plot of electrophilicity £ of versus methyl anion affinity AGya of benzhydrylium
ions E'. Filled symbols: parent and acceptor-substituted benzhydrylium ions. Asterisks:
phenoxy- and phenylamino-substituted compounds. Solid line: Estimated plot for reactions
with constant intrinsic barriers.

Figure 5.9 shows the correlation of the electrofugality parameters Er of the benzhydrylium
ions E(1-33)" with their gas phase methyl anion affinities AGya. The heterolytic cleavage of a
substrate R—X is nothing but the reverse of a combination of a carbocation R with an anionic
nucleophile X ™. According to the principle of microscopic reversibility, ionization reactions
must therefore have the same intrinsic barriers as the corresponding reverse reactions. Those
systems which show downward deviations in the £ vs AGva plot (Fig. 5.8) due to larger
intrinsic barriers must therefore also show downward deviations in the Er vs AGya plot (Fig.
5.9). However, there is one peculiarity of ionization reactions leading to highly reactive
carbocations, which is worth discussing here: Ionizations of E(20-33)-X that proceed with
measurable rates typically require nucleofuges (e. g., X = CI', Br in hydroxylic solvents)

which recombine with E(20-33)" with diffusion-controlled rates.*'>'® As the combination
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reactions do not have any barrier, the transition states for the ionization reactions correspond
to the Gibbs free energies of the generated carbocations and the Er parameters of these
benzhydrylium ions only reflect changes in AG’. Accordingly, Figure 5.9 shows an excellent
linear correlation between the electrofugalities Er of E(20-33)" and their methyl anion affinity
AGya. For the better stabilized alkoxy-substituted benzhydrylium ions E(13-19)", the linear
correlation between Er and AGwma is still good (Fig. 5.9). However, it breaks down for the
amino-substituted benzhydrylium ions E(1-11)", in agreement with previous reports that the

ionization rates of these systems are controlled by differences in intrinsic barriers.®'>'®

electrofugality E; —
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Figure 5.9. Plot of electrofugality Er of versus methyl anion affinity AGya of benzhydrylium
ions E". Filled symbols: parent and acceptor-substituted benzhydrylium ions. Asterisks:
phenoxy- and phenylamino-substituted compounds. Solid line: Linear correlation between Er
and AGwa for E25" and E(27-33)" (filled symbols; E¢ = 0.0866AGya + 65.685; R* = 0.9987)
extrapolated to better stabilized benzhydrylium ions.

5.2.5 Substituent Effects on Intrinsic Barriers. How can there be such a remarkably
uniform variation in AG,* for the donor-substituted benzhydrylium ions over such a wide
range? From Figures 5.5 and 5.6 it is evident that a large extent of the stabilization which
E(15-20)" experience from the resonance or hyperconjugation effects of their alkoxy and
methyl substituents is lost in the transition states. In contrast, the inductive and field effects of

the acceptor substituents in E(27-30)" are largely preserved in the transition states. Thus, the
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loss of the resonance stabilization occurs earlier on the reaction coordinate than the loss of the
destabilization by the inductive substituent effects, and there is a so-called transition state
imbalance®® between resonance and inductive substituent effects. The same conclusion is also
obtained if we separate the resonance and inductive effects of the substituents using Jencks’
modification®® of the Yukawa-Tsuno equation40 (see section 5.S.5).

In fact, it is inevitable that the loss of resonance stabilization is ahead of the loss of inductive
effect destabilization:*' At any point during the course of the reaction, there is a certain degree
of new bond formation between the benzhydrylium ion E" and the nucleophile N, which is
associated with a certain degree of sp’ hybridization at the former sp® carbon atom of E*, and
with a certain degree of positive charge that is transferred from E' to N. Only the positive
charge remaining on the benzhydryl moiety can profit from the resonance stabilization by a
substituent on the aryl group. However, the percentage of charge delocalized to the
substituent by resonance is a function of the z-bond order of the bond between the benzylic
carbon and the aryl group, which is already lost to some extent. Therefore, the resonance
effect for the stabilization of the remaining charge on the benzhydryl fragment can only be a
fraction of the original resonance effect in the benzhydryl cation E". On the other hand, the
inductive and field effects operate irrespective of z-bond order through the o-bond framework
or through space and exert their whole influence on the benzhydryl fragment. The
disappearance of the inductive effect is thus better synchronized with the transfer of the
positive charge from E" to N than the disappearance of the resonance effect.

According to the principle of non-perfect synchronization, a reactant stabilizing factor such as
the resonance stabilization in E” which is lost early compared to the main bond changes leads
to an increased intrinsic barrier.'® The better thermodynamic stabilization of benzhydrylium
ions E" by resonance effect substituents is thus accompanied by increased intrinsic barriers
for the combination reactions of E* with nucleophiles (Fig. 5.7b, open symbols) that result
from the early loss of these resonance effects. There are plenty of examples in the literature
where intrinsic barriers for carbocation nucleophile combinations were shown to increase
with stronger contributions of resonance effects; many of them are given in reviews by
Richard* and Bernasconi."® McClelland and coworkers have discussed a transition state
imbalance between inductive and resonance substituent effects for reactions of tritylium ions
with acetonitrile/water mixtures but failed to generate benzhydrylium ions containing only

electron-withdrawing groups.'” Plotting the data obtained with our new laser flash photolytic
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method for the generation of these carbocations,'’ we can now illustrate this effect for a series
of benzhydrylium ions covering 18 orders of magnitude in reactivity (Fig. 5.8).

As the inductive effects are better balanced with the main bond changes, the intrinsic barriers
for a series of reactions of the acceptor-substituted benzhydrylium ions are almost constant
and we only find a slight increase of AGo* when going from E25" to E30" in Fig. 5.7b (filled
symbols). This slight increase of AGy* may be rationalized by the fact that also in E(27-33)"
there is some delocalization of positive charge into the aryl rings due to resonance which is
lost early in reactions of E(27-33)" with nucleophiles. Relative to the overall reaction, the
inductive effect thus disappears a little later, and a reactant destabilizing factor which is lost
late also results in a higher intrinsic barrier.'®

The benzhydrylium ions E24" and E26" were not included in the linear fits shown in Fig.
5.7b. These two systems are special since their substituents compensate inductive electron
acceptor character (m-F or p-Cl substituents) with resonance/hyperconjugation electron donor
properties (p-Me or p-Cl). The involvement of resonance effects may explain why these
compounds have higher intrinsic barriers than benzhydrylium ions of comparable

thermodynamic stabilities (Fig. 5.7b).”

5.2.6 Solvent Effects. As a result of the higher energy of reorganization of polar solvents and
the early loss of resonance which requires a concomitant early solvent response to the charge
redistribution, the intrinsic barriers for reactions of benzhydrylium ions with nucleophiles
increase with solvent polarity."> However, these effects of the solvent are included in the
solvent-dependent nucleophilicity and nucleofugality parameters, not in the £ and Ef
parameters, which are solvent independent. It has already been discussed in section 5.2.1 that
the overall curvature in Figure 5.8 cannot be a result of differential solvation by CH,Cl, for
benzhydrylium ions of differing reactivities.

There is generally no differential solvation of E” in the ground state, i. ., solvation changes
linearly with the thermodynamic stabilities of the carbocations.'*** Exceptions to this rule are
the p-phenoxy-substituted benzhydrylium ions E16" and E19" and the p-phenylamino-
substituted compounds E7", E9", and E11", which are marked by asterisks in Figures 5.8 and
5.9. The electrophilicities £ of these benzhydrylium ions are somewhat higher (Fig. 5.8) while
their electrofugalities Er are lower (Fig. 5.9) than those of structurally related compounds
which have similar methyl anion affinities AGya in the gas phase. This suggests a less

efficient solvation of the phenyl-substituted benzhydrylium ions in the ground state compared
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to benzhydrylium ions without additional phenyl groups. The methyl anion affinities AGya in
the gas phase would then overestimate the thermodynamic stabilities of the phenyl-substituted
benzhydrylium ions in solution relative to the other benzhydrylium ions, and one would
observe deviations to the right for these compounds in Figures 5.8 and 5.9. Indeed, an unusual
solvent dependence of the reactivities of the p-phenylamino-substituted benzhydrylium ions
was already noted previously: The reactions of E9" and related phenyl-substituted
benzhydrylium ions in acetonitrile are systematically faster than predicted on the basis of their
reactivities towards z-nucleophiles in CH,CL.*

As a consequence of these small ground state solvation effects, AGOi (CH,Cl,) for the
p-phenoxy-substituted E19" cannot be determined accurately from the E; parameters of these
benzhydrylium ions, which were derived from solvolyses in hydroxylic solvents. The
anomalous AG,* values for these benzhydrylium ions (Fig. 5.7b) are thus at least in part due
to inaccuracies in the determination of AG"; (CH,Cl,). This conclusion is supported by the
deviation of E19" from the linear correlation of AG%; (from Ef) with experimental data®® on

ionization equilibria of E—CIl in CH,Cl, at —70 °C (Fig. 5.S.3.1 in section 5.S.3).

5.2.7 Why Do the Linear Free Energy Relationships Work? Section 5.S.6 illustrates
graphically how the activation free energy AG* (and thus k) of a reaction can be related to the
quantities AGy* and AG® by the Marcus equation (eq. 6). The sections of the parabola 1g &, vs

1 -1
s~ have

AG® which are located in the experimentally accessible range of 10 < &, < 10° M
only a small curvature for realistic values of AG” and AGy*.

The curvature becomes almost negligible when the intrinsic barriers AG,* increase linearly
with AG®. For a series of different combination reactions of carbocations with nucleophiles
featuring such lg k> vs AG® plots with negligible curvatures, it will be possible to describe
lg k, for each of these reactions as a linear function of the relative thermodynamic stabilities
of the electrophiles E". The linear increase of the intrinsic barriers AGy* with the
thermodynamic stabilities AG"; of E” within the series E(15-25)" (Fig. 5.7b, open circles) thus
explains the existence of linear free energy relationships within this series.

Obviously, the activation free enthalpy AG* of a reaction of E” with one nucleophile may be
influenced in a different way by thermodynamic effects and by variations of the intrinsic
barriers which are induced by substituents on the benzhydryl system than AG* of a reaction of

E’ with another nucleophile. The resulting varying relative importances of substituent effects
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on AG,* and on AG® for the activation free energies AG* of the reactions are expressed in the
nucleophile-specific parameters N and sy.

However, the discussion in section 5.2.3 makes it clear that the acceptor-substituted systems
E(25-30)" behave differently. In this series, the intrinsic barriers are almost constant (Fig.
5.7b, closed circles). In a reaction series including both donor- and acceptor-substituted
benzhydrylium ions, there is a break in AGy* vs AG® (such as in Fig. 5.7b), and the same break
will also be found in lg & vs AG® (see Figure 5.8.6.1 for a graphical illustration). It is
therefore quite surprising, that eq. 1 holds for reaction series which include reactions of both
donor- and acceptor-substituted benzhydrylium ions.**°

For the different reactions investigated in CH,Cl, solution, the similar behavior may be
explained by the fact that we could only determine rate constants for reactions of E(27-33)"
within a small experimental window, which is defined by the approach to the diffusion limit
(ky < 10° M s™'; validity limit of eq. 1) and by the fact that the reactions must be fast enough
to compete with the fast background reactions (k, > ~10° M s).* If we further assume that
reactions of E(27-33)" with nucleophiles are generally exergonic, the activation free energies
of AG* = 27-38 kJ mol™ which are defined by the range of rate constants 10® <k, < 10° M 5!
indicate substantial intrinsic barriers AGo* (roughly 40-50 kJ mol™ for reactions with AG® =
—50 to —10 kJ mol™).

However, linear correlations of lg k, with £ are not only found for reactions of E~ with
7=nucleophiles in CH,Cl,, but also for reactions of E" with other classes of nucleophiles such
as triethylsilane, acetonitrile, trifluoroethanol, and hexafluoroisopropanol/water mixtures.**’
The linear correlations of 1g k> vs £ imply that, for all these nucleophiles, the slopes in the
regions before (donor-substituted systems) and after (acceptor-substituted systems) the break
in the 1g k> vs AG® plots are affected in the same way by variation of the electrophile: If the
slope of the g k, vs AG® plot for the reactions of the donor-substituted benzhydrylium ions
with one nucleophile is sy times that of the slope of the plot for another nucleophile, the same
factor of sy must also apply between the slopes of the Ig k, vs AG® plots for the reactions of
the acceptor-substituted benzhydrylium ions with these two nucleophiles.

Such a behavior is only possible if the contribution of the nucleophile reorganization to AG*
linearly depends on AG® of the reaction. That is, the transition state imbalances resulting from
the resonance effects of the substituents in the benzhydryl moiety do not affect the

reorganization energy of the nucleophile, but only that of the benzhydryl moiety. With this
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reasonable assumption, the existence of linear free energy relationships for both donor- and

acceptor-substituted benzhydrylium ions can be rationalized.

5.3 Conclusion

The recently reported4 quantitative data on the electrophilic reactivities of E(27-33)" made it
possible to discern the roles of inductive and resonance substituent effects on the electrophilic
reactivities of benzhydryl cations. The understanding of these effects in reactions of
benzhydrylium ions with nucleophiles provides a glimpse on the physical principles behind
linear free energy relationships such as eq. 1.

17,18,42 cpr
71842 resonance effects cause transition

As for other carbocation nucleophile combinations,
state imbalances and increase the intrinsic barriers for the reactions. Thus, the resonance
effect substituents induce a linear increase of the intrinsic barriers for reactions of E" with
nucleophiles (AGy*) with the thermodynamic driving forces of the reactions (AG"). Inductive
substituent effects are better balanced with the overall reaction progress than resonance
effects, and the intrinsic barriers AGOi remain almost constant in a reaction series involving
only acceptor-substituted benzhydrylium ions. Therefore, variations of the thermodynamic
stabilities of the acceptor-benzhydrylium ions result in smaller changes of the electrophilic
reactivities compared to a series of donor-substituted benzhydrylium ions.

3435 relates lg k, for reactions of E" with nucleophiles to AGoi on AG® of

The Marcus equation
these reactions and explains the existence of linear free energy relationships within each of
the series of donor- or acceptor-substituted benzhydrylium ions. However, the intrinsic
barriers behave differently in the two series, and it is remarkable that linear correlations of
lg k» versus E (eq. 1) are also found for so many reaction series which include both donor-
and acceptor-substituted benzhydrylium ions (Fig. 5.1).**° From this observation, we
conclude that the transition state imbalances resulting from the resonance effects of the
substituents only affect the reorganization energy of the carbocation, and have only little
effect on the reorganization of the nucleophile. The same must be true for the reactions of
nucleophiles towards the many other structurally different electrophiles, which can be

described by eq. 1. It can be expected that eq. 1 will not hold for reactions, where there is a

resonance interaction between the electrophile and nucleophile moieties in the transition state.
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5.S Supplementary Data and Experimental Section

5.S.1 Hammett analysis

Figure 5.S.1.1a shows a plot of the £ parameters for symetrically substituted benzhydrylium
ions E" (Ar,CH") from ref.* against the sums of the o constants of their substituents. The ¢
and o, constants were taken from ref. S1, except o = —0.98%* for the fused dihydrofuran in
E13" and E14" (Ar = 5-coumaranyl). If one ignores the p-alkoxy and p-amino substituted
compounds, the slope of the Hammett plot becomes significantly smaller (Fig. 5.S.1.1a, filled
symbols, E =2.2312%¢ + 5.2309, R* = 0.9843, correlation line not shown in the diagram).

The different behavior of the p-alkoxy- and p-amino-substituted systems is even more
noticeable in a Hammett plot that includes the unsymmetrically substituted E* (Fig. 5.S.1.1b).
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Figure 5.5.1.1 (a) Plot of E versus 2o for (a) symmetrically substituted benzhydrylium ions
(E = 3.1745%6" + 4.7675, R* = 0.9793) or (b) all benzhydrylium ions (E = 3.1628%c" +
47925, R* = 0.9802). Empty symbols indicate p-alkoxy- and p-amino-substituted
benzhydrylium ions.
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5.S.2 Correlations of hydride and methyl anion affinities
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Figure 5.5.2.1. Correlation of calculated relative gas phase hydride affinities AGg* (kJ mol™)
of the benzhydrylium ions E" in the gas phase (a) and solution phase hydride affinities AGya
of the benzhydrylium ions E™ in CH3;CN solution (b) reported by Zhu e al.'? with the

calculated methyl anion affinities AGya (kJ mol™) of the benzhydrylium ions E* in the gas
phase from this work (T. Singer, T. A. Nigst).

267



CHAPTER 5 — Substituent Effects on Intrinsic Barriers

5.5.3 Gibbsfree energy profilesand intrinsic barriers

Table 5.S.3.1 lists the numeric data plotted in Figure 5.5 for the carbocations and transition
states. As discussed in section 5.2.2, we substituted the E; parameters of E" and the
nucleofugality parameters of Cl” in CH,Cl, (N; = —0.57, s¢ = 1.28)* into eq. 2 to calculate
AG®; of E" (Table 5.8.3.1) because there are only limited experimental data available. The
temperature difference between the rate constants k(20 °C) for the combination reactions and
the solvolysis rate constants k(25 °C) obtained from eq. 2 is neglected.

Table 5.5.3.1. Data for free energy profiles and intrinsic barriers for the reactions of E™ with
N8.

relative thermodynamic stabilities of E" combination reactions of E" with N8
AGH = AGY,
cation pa kP / kJ mol™ AG’ ky© AG? AGy*
f /s relative relative /kJmol’  /M's'  /kImol! /kJmol!
to E-Cl to E15"
E15" 0.00 18x10" 772 0 23.9 9.35¢ 66.3 53.7
E16° 086 1.48x102% 83.5 6.3 176 3.65x10'Y  63.0 53.8
E17° 132 381x10° 86.8 9.6 143 299 x10*¢ 579 50.5
E18° 209 394x10* 925 15.3 8.6 1.12x10°¢ 546 50.2
E19" 352 582x10° 1029 257 1.8  6.65x10°¢ 503 51.2
E20" 344 737x10° 1023 251 12 4.01x10* 459 46.5
E23" 572 889x10° 119.0 41.8 ~17.9  4.55x10° 34.4 42.9
E24"  —637° 131x10° 123.7 465 226 279x10° 356 46.2
E25" 6.03 3.56x10° 1213  44.1 217 569x10° 338 433
E26" 691 266x10" 1277 505 202  5.00x10° 34.2 46.5
E27" -753 429x10'" 1322 550 -31.1  2.95x10’ 29.8 42.9
E28" -8.66° 1.53x102 1405 633 -394 9.51 x 10’ 27.0 445
E29"  9.00 563x10" 143.0 658 419  9.16 x 10’ 27.1 45.6
E30" 926 2.62x10"° 1449 677 438 137x10° 26.1 453

E33" 12,60 1.39x107"7 1693  92.1 - - - -

“ From ref.® unless noted otherwise. ° Calculated from eq. 2 using Ny = —0.57 and s; = 1.28 for CI" in CH,Cl,
from ref.‘25 . © Experimental rate constants (20 °C) from ref.* unless noted otherwise. ¢ From ref.' ¢ This work (C.
Nolte). / From ref."
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Figure 5.S.3.1 shows a good agreement between the calculated AG"; via eq. 2 (25 °C) and
experimental data from equilibrium measurements in CH,Cl,/BCl; at =70 °C from ref.*® The
choice of the Ey parameters for the calculation of AGY; via eq. 2 is also justified by the good

correlation of the calculated AGOi values with the calculated methyl anion affinities AGya of
the benzhydrylium ions E" (Fig. 5.S.3.2).
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Figure 5.5.3.1. Comparison of AG’; calculated from E; parameters of E™ (eq. 2) with
experimental data from equilibrium measurements in CH,Cl/BCl; at —70 °C from ref.*
(AG(calc) = 0.8846AAG"(exp) + 76.764; R* = 0.9948). The point for E19" (k) was not used
for the correlation.
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Figure 5.5.3.2. Correlation of AGY calculated from Ef parameters of E* (eq. 2) with
calculated methyl anion affinities AGya of E (AGOi(calc) = —0.5613AGma — 341.03; R =
0.9901).
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The rate constants for solvolyses of E-N8-CI in 80% aqueous ethanol were found to be
almost independent of the substituents on the aryl rings (Table 5.S.3.2).%* These data can be
used to estimate the Er parameters of E-N8" (Table 5.S.3.2), which are comparable to the
previously published electrofugality parameter for the fert-butyl cation (E; = —8.21).% In
analogy to the procedure for the benzhydrylium ions (see above), we used the Ef parameters
of E-N8" to calculate the activation free energies AGii for the ionization of E-N8-CI (Table
5.8.3.2), which reflect the thermodynamic stabilities AG"; of E-N8" relative to E-N8-Cl
because the reverse reactions (E-N8" + ClI" — E-N8-Cl) are diffusion-controlled.

Table 5.5.3.2. First-order rate constants for the solvolyses of E-N8-CI in 80% aqueous
ethanol (v/v) at 50 °C and thermodynamic stabilities of E-N8" relative to E-N8—CI.

SOE20W CH,Cl,
o o b d AGH = AGY,
cation ks, EtOH/ (;10 O) ks, Eto}} (S%S ©) Ef /kss.l / kJ mol™
relative to E-N8-CI1
E15-N8" 2.400x10*  1.13x107 82 59x10"? 137
E20-N8" 2.114x10%  9.86 x 10° 83  44x107" 138
E25 N8 1.448x10*  6.54 x 10° 85 25x101" 139
E26-N8" 0.891 x 10*  3.87x10° 87 14x10" 141
(CH;);C" - - —8.21° 58x10 "2 137

“ Rate constant for solvolysis of the corresponding chloride in 80% aqueous ethanol (v/v) from ref.® * For the
temperature correction, we estimated AS* ~ —20 J K" mol™, a value which was also determined for solvolyses of
similar compounds.”® ¢ Calculated by substituting k (25 °C) and the reactivity parameters Ny = 3.24 and s¢ = 0.99
for chloride in 80E20W* into eq. 2.  Calculated from eq. 2 using Ny=-0.57 and s; = 1.28 for Cl" in CH,Cl, from
ref.”. ¢ From ref. %

The free energy of addition AG’4 (25 °C) =—37.6 kJ mol™ for the reaction of N8 with E-CI to
E-N8-Cl is calculated from AG®s = AH's — T AS°s using the experimental AH’y = -86.5 kJ
mol™! from ref.?® and the estimated AS° A=—-164] mol! K! from ref.?

In combination with the average AG®; for E-N8-CI (138.7 kJ mol™) from Table 5.S.3.1, we
arrive at AG%e = AG°5 + AG*(E-N8-CI1) = 101.1 kJ mol™ as an estimate for the Gibbs free
energy of E-N8" relative to E-CI.

These data are then used to calculate the free energies AG® for the reactions of E™ with N8
(Table 5.S.3.1). The activation free energies AG* for these reactions are obtained from the
second-order rate constants k, by the Eyring equation (eq. 5). With the Marcus equation (eq.
6) we can then calculate the intrinsic barriers AGy* from AG® and AG* (Table 5.8.3.1).

270



Supplementary Data and Experimental Section

5.S5.4 Extrapolated E vs AGy plot for constant intrinsic barriers

This section explains how we calculated the solid line in Fig. 5.8, which is an extrapolation of
a reaction series with constant AGOi =45 kJ mol ™! to better stabilized carbocations.

Using AG’ = 101.1 kJ mol™ for E-N8" (relative to E—CI) as determined in Section 5.S.3, we
can calculate the reaction free energies AG® for the reactions specified in eq. 5.S.4.1 as a
function of AGY; for the benzhydryl chlorides E—CI (eq. 5.S.4.2).

E"+N8 —» E-N8" (5.5.4.1)
AG® = AG’(E-N8") — AG%(E-Cl)  (5.5.4.2)

Assuming constant AGy* = 45 kJ mol”', we can use the Marcus equation (eq. 6) to calculate
the activation free energies AG* for these reactions which are converted to rate constants by
the Eyring equation (eq. 5). The resulting lg k> values for the combination reactions (eq.
5.8.4.1) are plotted against the thermodynamic stabilities (AG";) of E” in Fig. 5.S.4.1.

w
+

gk, -

g WP 3% )

-10 y 1 1 1
-50 0 50 100 150 200

AG’ /kd mol” —

Figure 5.5.4.1. Plot of hypothetical lg k values for the combination reactions of E" with N8 to
E-N8" (Ig k») and the ionization reactions of E-N8" to E" and N8 (lg k) which were
calculated from the Marcus equation assuming constant AGo* = 45 kJ mol™! against the free
ionization energies AGOi of E—CI in CH,Cl,. The dashed lines indicate the AGOi values of
E15-Cl, E25-Cl, and E33-Cl as determined in Section 5.S.3.

Using the correlation in Fig.5.S.3.2 to replace AG"; by the methyl anion affinities AGya, we
obtain Figure 5.S.4.2a (Ig k&, vs AGuma), which can be converted into Figure 5.S.4.2b (E vs
AGwa) by eq. 1 and the nucleophilicity parameters of N8 (N = 0.84, sy = 1.06).* This curve is
plotted in Fig. 5.8 in section 5.2.4.
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Figure 5.5.4.2. (a) Plot of 1g k, for the combination reactions of E* with N8 to E-N8"
assuming constant AGOI = 45 kJ mol against the methyl anion affinities AGya of E". The
dashed lines indicate the rate constants for reactions of hypothetical benzhydrylium ions
which have the same thermodynamic stabilities as E15", E25" or E33" but constant AGOI =45
kJ mol™ for their reactions with N8. (b) Plot of E = (Ig k)sx — N derived from the Ig k, data

from Fig. (a) against the methyl anion affinities AGya of E'.
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5.S.5 Yukawa-Tsuno analysis

Following the approach of Jencks,” we used a modified Yukawa-Tsuno equation®® (eq.
5.5.5.1) to separate the inductive and resonance substituent effects in the £ parameters (eq.
5.5.5.2).

1gki =p'o+ p(o— o) (5.8.5.1)

0

E=/p'c+p(c—o0)+c (5.8.5.2)

The p" and p parameters were determined from the E parameters of the symmetrically
substituted benzhydrylium ions by a least-squares minimization using the the nonlinear solver
program “What’sBest! 7.0 Industrial” by Lindo Systems Inc.>> The ¢ and ¢ constants were
taken from ref.? except for o= —0.38%* and o = —0.98% for the fused dihydrofuran in E13".
The quality of the correlation is illustrated by Fig. 5.S.5.1, which also plots the data for the
unsymmetrically substituted systems (open symbols).

Table 5.S.5.1. Structure-reactivity coefficients separating inductive (0") and resonance effects
(©) in electrophilicity parameters £ and electrofugality parameters Ef.

o o o R b
parameters for £ 1.86 5.08 5.67 0.9921 2.73
normalized parameters for EX 0.29 0.69 - - -
parameters for Er —4.61 -2.31 -5.80 0.9870 0.50
normalized parameters for Efd 0.71 0.31 - - -

“ Constant ¢ from eq. 5.S.5.2 was also allowed to vary because otherwise the electrophilicity or electrofugality
parameters of E25" (E = 5.47, E;=—6.03) would have received infinite weight in the correlation analysis. ” In the
classical form of the Yukawa-Tsuno-equation, » = p'/p" indicates the degree of resonance interaction between the
aryl group and the reaction site in the rate-determining transition state. A value of » > 1 indicates that the
resonance demand in the transition state is larger than in the reference reaction (solvolyses of fert-cumyl
chlorides).*® ¢ Normalized values Puor as defined by eq. 5.S.5.3. d Puo(Ep) =1 — poo(E).

An analogous treatment was employed to obtain p" and o' for the Er parameters (Table
5.8.5.1, Fig. 5.S.5.2). Using the relationship pequitibrium = Prorward — ,oreverse,39 the normalized
parameters 0o and oo were then calculated by eq. 5.S.5.3.

pforward — p(E) (5853)

Pror =
pequilibrium p(E) - p(Ef)

For a combination reaction of E' and a hypothetical nucleophile with sy = s; = 1, the
normalized p parameters obtained from eq. 5.S.5.3 indicate that 29% of the inductive effect
and 69% of the resonance effect are lost in the transition state (Table 5.S.5.1). Thus, there is
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an imbalance between inductive effects and resonance effects in the transion state. Variations
of sy and sy in the usual range will change the numeric values of o', and p'he but do not lead

to a different conclusion.

electrophilicity E —

y = 1.0023x + 0.0247
R? = 0.9921

_8 1 1 1 1 1 1 1 1
-2 0 2 4 6 8

pPo—pet—o)+tc—>

Figure 5.5.5.1. Plot of E versus p'c — p(o— o) + c. Filled symbols: Symmetrically
substituted benzhydrylium ions; open symbols: Unsymmetrically substituted systems (not

used for the calculation of p" and p).

electrofugality E; —

y = 0.9965x + 0.0236
R? = 0.987

[ ]
_14 1 1 1 1 1 1 1 1 1 ]
14 12 10 8 6 4 2 0 2 4 6

pPo—p(ct—o)+tc—

Figure 5.85.2. Plot of E; versus p'c — p(o— o) + c. Filled symbols: Symmetrically
substituted benzhydrylium ions; open symbols: Unsymmetrically substituted systems (not

used for the calculation of p" and p).
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5.S.6 Effect of AG,' on thelinearity of 1g k, vs AG® plots
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Figure 5.S.6.1. Series of parabola sections calculated by the Marcus equation (eq. 6); each of
the thin lines is a plot of Ig k» versus AG® for a constant AGy* as specified in the Figure. Line
A: constant intrinsic barriers AGOI. Line B: intrinsic barriers AGOI increase linearly with AG.
Line C: intrinsic barriers AGO:£ decrease linearly with AG®. Line D: the intrinsic barriers AGOI
were assumed to be constant for reactions with AG” < 0 and to increase linearly with AG® for

reactions with AG® > 0.
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Figure 5.S.6.1 illustrates that the curvature of parabola sections calculated by the Marcus
equation (eq. 6) is quite small in the experimentally accessible range of ~ 4 <lg k, <8 (=
validity limit of eq. 1). If the intrinsic barriers AGy* increase linearly with AG® (line B), the
curvature becomes even more negligible.

Line D in Fig. 5.S.6.1 shows a mixed behavior, where the intrinsic barriers AGoi are constant

for reactions with AG® < 0 and increase linearly with AG® for reactions with AG® > 0. As a
consequence, we observe a break between two separate linear correlations of Ig k versus AG".
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Electrophilic Reactivity of the
a,a-Dimethylbenzyl (Cumyl) Cation

Johannes Ammer and Herbert Mayr

Macromolecules 2010, 43, 1719-1723

6.1 Introduction

Whereas there are numerous investigations about the rate of formation of the cumyl cation
under solvolytic conditions' as well as about its heat of formation” and spectral identification
under stable-ion conditions,”* information about its electrophilic reactivity is rare.’
McClelland and Steenken generated the cumyl cation by laser-flash-induced photoprotonation
of a-methylstyrene in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and measured the rates of its
reactions with this solvent as well as with Br_ and alcohols in HFIP solution.®’ The failure to
observe directly the cumyl cation by the same method in 2,2,2-trifluoroethanol (TFE) was
explained by its estimated lifetime of <20 ns, which is below the experimental limit of the
instrumentation used.” Steenken reported that photoprotonation of bicumene in HFIP and
subsequent fragmentation also yields the cumyl cation.® Second-order rate constants close to
the diffusion limit were reported for the reactions of the cumyl cation with N3~ or halide ions
in HFIP.® Indirect evidence of the formation of the cumyl cation in TFE via a biphotonic
pathway involving an intermediate bicumene radical cation has been obtained from the
analysis of the resulting products.® Cozens generated the cumyl cation by irradiation of
bicumene incorporated in a zeolite and measured the rate of its decay in zeolite cavities.”

The cumyl cation is of particular importance in macromolecular chemistry. On the one side, it
is the active electrophile in Kennedy’s INIFER process,''" and on the other side, it is closely
related to the propagating species in the carbocationic polymerization of a-methylstyrene. To
characterize the electrophilic reactivity of the cumyl cation, we have now measured the rates
of the reactions of the cumyl cation with various 7z-systems in CH,Cl, solution. These rate
constants will then be used to calculate the electrophilicity parameter, £, of the cumyl cation

according to eq 1
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log k>(20 °C) = sy(N + E) (1)

where E is an electrophilicity parameter, N is a nucleophilicity parameter, and sy is a
nucleophile-specific slope parameter, which is usually close to 1.'*"

A large body of data provides evidence that reactions of carbocations with CC double bonds
follow eq 1." The applicability of the linear free energy relationship approach (eq 1) for the
prediction of propagation rate constants'* has been demonstrated for the carbocationic
polymerization of isobutylene,"> N-vinylcarbazole,'® styrene,'” and 2,4,6-trimethylstyrene.'®
In the accompanying paper, Dimitrov and Faust derived the propagation rate constant for the
carbocationic polymerization of a-methylstyrene from competition experiments, where the
dimer of the cumyl cation selected between different z=systems.'” This article reports a fully
independent approach to the same question, and from the agreement between the two

methods, one can derive the reliability of the resulting rate constants.

6.2 Results and Discussion

6.2.1 Laser-Flash-Photolytic Generation of the Cumyl Cation in Dichloromethane.

Photolyses of carbon-halogen bonds have extensively been studied,*'

and Steenken reported
that halide anions are excellent photoleaving groups for the laser-flash-photolytic generation
of benzhydryl cations Ph,CH® from various benzhydryl derivatives.””® However, photo-
heterolysis of neutral precursors requires polar solvents, such as acetonitrile or TFE,”
whereas in nonpolar solvents such as CH,Cl,, only radicals are obtained.””® An alternative
way to generate carbocations by photoheterolysis is the irradiation of phosphonium ions.**
This method can also be employed in dichloromethane.”

When trying to generate the cumyl cation from cumyl chloride (1a) in acetonitrile or from
cumyl triphenylphosphonium tetrafluoroborate (1b) in acetonitrile, TFE, or dichloromethane,
we have not been able to obtain sufficient concentrations of the cumyl cation (in all cases
A-3300m < 0.04).

In contrast, laser flash photolysis (266 nm, 40-60 mJ/pulse) of the cumyl tris(p-chlorophenyl)-
phosphonium tetrafluoroborate (1¢) gave the cumyl cation (1) in dichloromethane solution in

a concentration that is sufficient for measuring its reactivity (Scheme 6.1).
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Scheme 6.1. Photolytic Generation of the Cumyl Cation

. ) hv, 266 nm §
P cl| BF, -
CH,Cly, 20 °C
3
1c

1+

Identification. The transient spectrum (Figure 6.1, An.x = 335 nm) is very similar to the
reported spectra of the cumyl cation in HFIP (Apax = 325 nrn)("8 and zeolite cavities (Amax =
330 nm).” Rapid mixing of a-methylstyrene and excess CF3SO;H in dichloroethane also
yielded a spectrum with An.x = 336 nm, which was attributed to the cumyl cation.”®
Furthermore, An.x of 335 nm is in good agreement with the absorption maximum observed
after treatment of cumyl chloride with SbFs in CH,Cl, at =72 °C (Amax = 333 nm; &33 nm >
26300 M cm™).* The absorption maxima in FSO3H-SbFs (Amax = 326 nm)*® and in 98%
H2S04 (Amax = 324 nm)*® were found to be at slightly lower wavelengths. An analogous
bathochromic shift of 5-15 nm was observed for benzhydrylium ions when going from

solutions in acetonitrile or strong mineral acids to dichloromethane solution.***

Al nm

Figure 6.1. Transient spectra obtained 0 ns, 200 ns, 400 ns, and 2 ps after 266 nm irradiation
of cumyl tris(4-chlorophenyl)phosphonium tetrafluororoborate (8.9 x 10™ M, Az¢6nm = 0.9) in
CH,Cl,. The inset shows the decay at 335 nm during the first 1.8 ps.

The lifetime of the 335 nm transient in CH,Cl; is ~0.2 ps. Its cationic nature is in line with the
fact that it was not observable when the photolysis was carried out in the presence of

1.0 x 10° M tetrabutylammonium bromide. Under these conditions, the collapse of the
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resulting cumyl cation bromide ion pair proceeds so fast that the carbocation cannot be
detected with the instrumentation used (limit = 10-20 ns).

The fast decay of the transient with Ay = 335 nm is superimposed by a slower decay (1/k =
7 to 8 us) of a broad absorption band in the range of 330-380 nm. The rate of decay of this
species (measured at 335 nm) is not affected by bromide, which suggests a radical species.
Steenken reported that the spectrum of the cumyl radical obtained by pulse radiolysis in
CH,Cl, shows Amax at 265 nm and two smaller absorption maxima at 308 and 320 nm.*
Furthermore, Ph;P™" and (p-Cl-C6H4)3P'+ have been reported to absorb in this range.27
Therefore, the formation of cumyl radicals and phosphinium radical cations by homolytic
photocleavage of the precursor are considered to be a plausible explanation for the residual
absorption.

We had problems observing the cumyl cation in TFE or in acetonitrile, which is rationalized
by the higher nucleophilicity and basicity of these solvents compared with CH,Cl,; the
appearance of a weak absorbance at ~330 nm in TFE will be discussed below.

Influence of the Photoleaving Group. 1t is interesting that the cumyl cation is much more
efficiently generated from the precursor with the (p-Cl-C¢Hs);P than with the PhsP
photoleaving group. Because both phosphines can be expected to undergo diffusion-
controlled reactions with carbocations of high electrophilicity (£ > 3),%® one can conclude that
the difference in the efficiency of carbocation formation from PhC(CH;),~PPh;” BF, (1b)
and PhC(CH3)2—P(p-Cl-C6H4)3+ BFs (1c) is not due to external return of Ar;P but results
from different behavior within the geminate solvent cage. (p-CI-CsHa)sP is less nucleophilic
than Ph;P (AN = 1.75),28 less basic (ApKan = 1.7 in HzO),29 and less easily oxidized (AEO ox =
0.22 V in CH;CN).*

If one assumes that the photolytic generation of the carbocation proceeds via initial homolytic

2123295 then the higher yield of 17 from 1c might be

cleavage and subsequent electron transfer,
rationalized by the higher reduction potential of (p-Cl-CsH4);P™". This explanation is unlikely,
however, because the benzhydryl cation PhyCH" can readily be generated from PhyCH-PPh;"
BF, though the oxidation potential of Ph,CH" is even higher than that of the cumyl radical.*'

Because carbocations can only be observed on this time scale if they escape from the
geminate solvent cage faster than they recombine with the photoleaving group, the different

nucleophilicity of the phosphines may account for the increased efficiency with the

(p-Cl-CsHa)sP leaving group. However, as stated above, the parent benzhydryl cation can be
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generated from Ph,CH-PPh;" BF,, although its electrophilicity is comparable to that of the
cumy]l cation. (See below.)

We therefore assume that it is the higher Bronsted basicity of triphenylphosphine compared
with (p-Cl-C¢Hy4);P that rapidly deprotonates the cumyl cation and thus is responsible for the
failure to generate the cumyl cation by photoheterolysis of PhAC(CH3),—PPh;" BF, (1b).

This interpretation is in agreement with observations by Thibblin, who investigated the
solvolyses of cumyl derivatives in 25% (v/v) aqueous acetonitrile, which proceed via
intermediate cumyl cations.”® Because the ratio a-methylstyrene/cumyl alcohol increases with
the basicity of the leaving group, it was concluded that a significant amount of the elimination

product is generated in the initial ion pair.

6.2.2 Rates of the Reactions of Cumyl Cations with z~Systems. When the laser flash
photolysis of 1c (Scheme 6.1) was carried out in the presence of a high excess of the
z-nucleophiles 2a-d (Scheme 6.2), exponential decays of the cumyl cations’ absorbance at
335 nm were observed, from which the pseudo-first-order rate constants k.,s were obtained.
Plots of kops against the concentrations of the nucleophiles were linear, as shown for a typical

example in Figure 6.2.

Scheme 6.2. 7-Nucleophiles.

OSiMe3
_~-SiMey %( N0 N

2a 2b 2c 2d

The large intercepts of these plots ((5-8) x 10° s™) reflect the fast decay of the cumyl cation in
CH,Cl, solution. The magnitude of the intercept varied somewhat between different
experiments, reflecting variable concentrations of water and other impurities in different
batches of dichloromethane. The slopes of these plots represent the second-order rate
constants k, that are reported in Table 6.1.

Only nucleophiles within a narrow range of reactivity could be employed to characterize the
electrophilic reactivity of the cumyl cation: Because of the fast decay, the rate constant had to
be greater than ~10” M™' s™', but it had to be less than ~2 x 10° M™' s™' not to approach the limit

of diffusion control where eq 1 cannot be employed.
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Figure 6.2. Plot of the pseudo-first-order rate constants ks obtained from reaction of the
cumyl cation 1" with 1-methylcyclopentene (2¢) in CH,Cl, against the concentration of 2c.

Table 6.1. Experimental Rate Constants (M™' s) for the Reactions of 1" with z-Nucleophiles
2a-d in CH,Cl, (Laser Flash Photolysis, 20 °C) and Comparison with Values Calculated from
Equation 1.

nucleophile N (sn) “ ko /M s keate /M s

2a -~ SiMes 1.79 (0.94) 1.22 x 10 1.20 x 10
OSiMe3

2b )>< 3.78 (0.79) 3.46 x 10’ 3.32 x 10’

2c & 1.37 (1.10) 6.35 x 10’ 6.62 x 10’

2d Ao 3.92 (0.90)° 1.18 x 10 494 x 10*©

e { Y 2,35 (1.00) _d 123 x 10°

“ From ref 13. ° From eq 1 using E = 5.74. © N, sy parameters and k., for ethyl vinyl ether. 4 Not determined
because the nucleophile absorbs at the wavelength of the excitation.

Allyltrimethylsilane (2a) is the least reactive nucleophile for which a reliable rate constant
could be determined: Even at the highest concentration used ([2a] = 0.25 M), only one-third of
the measured pseudo-first-order rate constant ko, is due to the reaction with
allyltrimethylsilane, whereas two-thirds correspond to the background reaction. For less
reactive nucleophiles, the slope of the kos versus [2] plot is so small that a large error of the
second-order rate constant will result.

According to eq 1, the electrophilicity parameter £ = 5.74 for the cumyl cation (1") is
obtained froma plot of (log k,)/sn versus the nucleophilicity parameter N of 2a-c (Figure 6.3).
As expected from the good correlation in Figure 6.3, Table 6.1 shows that the calculated rate

constants for 1" + 2a, 2b, and 2c agree well with experimental values. The calculated value
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for the reaction of 1” with ethyl vinyl ether is 4 times larger than that measured for the

reaction of 1" with n-butyl vinyl ether (Table 6.1).

OSiMe,
gt o
< gl
]
g 71

{log k,)/ 5, = 1.01 N+ 571

R*=0.9999

Figure 6.3. Plot of (log k)/sy versus N for the reactions of the cumyl cation (1) with the
n-systems 2a-C (m).When the slope is set to unity as required by eq 1, one obtains £ = 5.74.
For n-butyl vinyl ether (0), the N, sy parameters are not known, and those of ethyl vinyl ether
were used. This value was not used for the correlation.

The similarity of the E parameters of the cumyl cation 1” (E = 5.74) and the benzhydryl cation
Ph,CH" (E = 5.90)" is another example for the rule-of-thumb that one phenyl group has a
similar stabilizing effect on carbocations as two methyl groups.*

Parr’s global electrophilicity index, @,”> which has previously been determined for the cumyl
(12.8) and the benzhydryl cation (13.0),>* also predicts similar electrophilic reactivities of

34
0

these two carbenium ions. From @ ¢, the local electrophilicity at the carbocation site, ne

would predict that the cumyl cation (@ ¢ = 5.57) is considerably more electrophilic than the

benzhydryl cation PhoCH' (@ ¢ = 4.61),*" in contrast with our observations.

6.2.3 Comparison with Other Kinetic and Thermodynamic Data. Reactions with Solvents.
Equation 1 can also be employed for reactions of carbocations with solvents; first-order rate
constants k; are obtained when the solvent-specific parameters N; and sy are substituted in
eq 1> As shown in Table 6.2, a first-order rate constant of 2.5 x 10° s™ is calculated for the

reaction of the cumyl cation (1) with the solvent trifluoroethanol.
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Table 6.2. First-Order Rate Constants (s™) for the Reaction of the Cumyl Cation (1") with
Solvents and Comparison with Values Calculated from Equation 1.

solvent ¢ N (sn)” ki /s keaic €/ 87!
TFE 1.23 (0.92) >5x10")7 2.5 10°
25AN75W 5.04 (0.89)° ~5x10°/ 3.9 x 10°
50T50W 3.57 (0.89) 1.7 x 10" ¢ 1.9 x 10°

“ Mixtures of solvents are given as (v/v). AN: acetonitrile, T: TFE, W: water. » From ref 35. ¢ Calculated from
eq 1. ¢ Laser flash photoprotonation of a-methylstyrene; ™ lower limit derived from the fact that the lifetime was
less than the experimental limit of 20 ns. ¢ Interpolated; solvent nucleophilicity parameters are virtually constant
for solvent mixtures 20AN8OW to SOAN50W.**/ By azide clock method.*® ¢ By azide clock method.**®

Previous investigations”® indicated a fast decay of the cumyl cation in TFE solution, and a
decay rate constant >5 x 10’ s has been suggested.” In our experiments, laser flash
photolysis of 1c in TFE gave rise to a small absorbance at A = 330 nm, but because of the low
absorbance (4 < 0.04), it was not possible to obtain a spectrum or measure its decay rate
reliably. A rough estimate for the decay of this absorbance gives a rate constant (5 x 10° s™)
close to the calculated value.

Using the azide clock method, Thibblin determined a first-order rate constant of ~5 x 10° 5™
for the reaction of the cumyl cation (17) with 25AN75W* close to the calculated value of
3.9 x 10° s (Table 6.2). Because of the lower nucleophilicity of 50T50W,** we would expect
a considerably slower decay of the cumyl cation (1) in this solvent (keae = 1.9 % 10% s, and
we cannot explain why the azide clock method gave a higher decay rate constant for the
cumyl cation in 50T50W (k; = 1.7 x 10" s7)**® than in 25AN75W.

Comparison with Solvolysis Rates. Solvolysis rate constants, ks, of cumyl chloride have been
measured by Brown' and Liu' in different solvents. From the reported k, values, an estimate
for the electrofugality of the cumyl cation Er ~ —4.99 has been derived,’® indicating that
cumyl derivatives solvolyze ~10 times faster than the corresponding benzhydryl derivatives
(for Ph,CH', Ef = —6.05).36 The difference in the solvolysis rates of PhC(CH;),Cl and
Ph,CHCI in various solvents is not reflected by the almost equal electrophilicities of the
resulting carbenium ions.

Comparison with Thermodynamic Parameters. Arnett and Hofelich have established a
carbenium ion stability scale based on the heats of reaction, AH, of alcohols with

HSO;F/SbFs/SO,CIF at —55 °C (eq 2).%°

HSO;F/SbF5/SO,CIF
AH

ROH

R* 2)

=<n
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By this method, the cumyl cation (AH, = —168.7 kJ mol™) turns out to be slightly more
stabilized than the parent benzhydryl cation (AH,x, =—164.5 kJ mol™), in line with the relative
solvolysis rate constants.

Only crude estimates of the pKr value for the reaction of water with the cumyl cation are
available (—10.1 to —12.3),°>*"* and we refrain from comparing it with that of the benzhydryl

cation.

6.2.4 Rate Constant for the Addition of the Cumyl Cation to e-Methylstyrene. A direct
kinetic determination of the first step of the carbocationic polymerization of a-methylstyrene,
that is, the reaction of the cumyl cation (1") with a-methylstyrene (2€) to form the dimeric
cation, was not attempted because a-methylstyrene absorbs at the excitation wavelength of
the laser and interferes with the photolytic generation of the cumyl cation. Furthermore, the
UV-absorption spectra of the cumyl (Amax = 335 nm) and the dimeric cation (Amax = 348 nm)>’
are very similar, which complicates measuring the rate of consumption or formation of the
carbocations.

Using the known nucleophilicity parameter of a-methylstyrene (N = 2.35, sy = 1.00)"* and the
E value of 5.74 for the cumyl cation determined in this work, eq 1 yields kcaic20°c = 1.2 % 108

M s for the rate of the reaction of the cumyl cation with co-methylstyrene. Because

14238 this rate constant

bimolecular reactions of such high rates do not have enthalpic barriers,
can be considered to be almost independent of temperature.

The rate constant calculated in this way is 400 times higher than the value reported previously
by the Paris laboratory for the addition of the cumyl cation to a-methylstyrene at —65 °C,
which was obtained from the initial slopes of appearance of a 348 nm absorbance band
ascribed to the dimeric cation.”’

Although previous investigations on styrene derivatives showed similar electrophilic
reactivities of monomeric and dimeric cations,'””'® we cannot generalize this observation.
Because we were not able to synthesize suitable precursors for the laser flash photolytic

generation of the dimeric cation, we leave the investigation of the oligomeric cations to the

following paper.'’
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6.3 Note Added After Publication

After the publication of this work, we have reported slightly modified electrophilicity
parameters for our highly electrophilic reference electrophiles (£ > 4) and revised the N and
sx parameters of several weak z-nucleophiles.”® Figure 6.4 shows an updated plot of
(log ky)/sn versus N for the reactions of the cumyl cation (1") with the z-systems 2a-C using
the revised nucleophilicity paramters from ref. 25b. The resulting electrophilicity parameter of
the cumyl cation (1), E = 5.42, is again very similar to that of the benzhydryl cation (Ph,CH",
E= 5.47).25b As the deviation is small, a revision of the published value of E = 5.74 for 1" is

unnecessary.

(log k) / 5, =093 N+ 555

R*=0.9997

Figure 6.4. Plot of (log k,)/sy versus N for the reactions of the cumyl cation (1) with the
7-systems 2a-C (m) using the revised nucleophilicity paramters from ref. 25b.“ When the slope
is set to unity as required by eq 1, one obtains £ = 5.42. The rate constant for n-butyl vinyl
ether (0) was not used for the correlation, as the rate constant is above the limit of 10* M™' s™".

“ The reactivity parameters N = 3.91 and sy = 0.82 for 2b are obtained, when the rate constants for the reactions
of 2b with benzhydrylium ions'*® and the updated E parameters of the benzhydrylium ions*" are substituted into
eq 1.

The failure to generate 1" from cumyl tris(p-chlorophenyl)phosphonium tetrafluoroborate (1c)
in the presence of 1.0 x 10~ M tetrabutylammonium bromide could also be explained by a

photo-electron transfer in the phosphonium bromide ion pair.**
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6.S Supplementary Data and Experimental Section

6.5.1 Materials. Solvents. For the laser flash photolysis experiments, p.a. grade
dichloromethane (Merck) was subsequently treated with concentrated sulfuric acid, water,
10% NaHCOs solution, and again water. After predrying with anhydrous CaCl,, it was freshly
distilled over CaH,. Acetonitrile (HPLC grade, VWR) and TFE (99%, Apollo) were used as

received.

Precursors for Laser Flash Photolysis. a,a-Dimethylbenzyl chloride (97%, Apollo) was used
as received. The phosphonium salts Ph(CH;3),CPAr;” BF, were prepared by reaction of
a-methylstyrene with the corresponding triarylphosphonium tetrafluoroborate ArsPH™ BF,

(see below).”’

Nucleophiles. Allyltrimethylsilane (97%, Acros), 1-methylcyclopentene (98%, ABCR),
(2,2-dimethyl-1-methylenepropoxy) trimethylsilane (98%, Aldrich), and n-butyl vinyl ether
(98%, Aldrich) were used as received. Tetrabutylammonium bromide (99%, Aldrich) was

dried under high vacuum for several hours and then handled in the glovebox.

6.5.2 Synthetic pocedures. General. Triphenylphosphine (99%, Acros), tris(4-chlorophenyl)-
phosphine (98%, ABCR), a-methylstyrene (99%, Riedel-de Haén), aqueous HBF, (~50% in
H,0, purum, Fluka) and HBF,4- Et,O (95-98%, BASF) were used as received.

Yields are not optimized. NMR-signal assignment was aided by HSQC and HMBC

experiments.

(1-Methyl-1-phenylethyl)triphenylphosphonium  tetrafluoroborate  (1b). Following the
procedure by Okuma et al.,”® 0.79 g (3.0 mmol) of triphenylphosphine and 0.34 ml (2.7
mmol) of 8.0 M aqueous HBF, was heated to 120 °C for 1 h. Then, 0.35 ml (0.32 g, 2.7
mmol) a-methylstyrene was added, and the mixture was heated to 145 °C for 1 h. The residue
was recrystallized from ethanol (12 ml), yielding 0.41 g (0.88 mmol, 33%) of a colorless
solid, m.p. 188-189 °C (ethanol).

'H NMR (400 MHz, CD,Cl,): & 2.06 (d, 6 H, *Jup = 17.6 Hz, CH3), 6.98-7.02 (m, 2 H,
0-CeHs), 7.26-7.31 (m, 2 H, m-C¢Hs), 7.37-7.43 (m, 1 H, p-C¢Hs), 7.49-7.55 (m, 6 H,
m-PPh3), 7.65-7.71 (m, 6 H, 0-PPhs), 7.85-7.90 (m, 3 H, p-PPh;);

BC NMR (100 MHz, CD,Cl,): & 25.8 (s, CHz), 44.1 (d, 'Jep = 38.7 Hz, CMe,), 117.4 (d,
'Jep = 78.8 Hz, i-PPh3), 128.8 (d, *Jep = 2.8 Hz, m-C¢Hs), 128.9 (d, *Jep = 4.8 Hz, 0-CsHs),
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129.5 (d, *Jep = 3.3 Hz, p-CsHs), 130.3 (d, *Jep = 11.9 Hz, m-PPhs), 135.1 (d, *Jep = 8.5 Hz,
0-PPhs), 135.4 (d, *Jcp = 3.1 Hz, p-PPhs), 137.0 (d, Jcp = 2.8 Hz, i-CeHs);

3P NMR (162 MHz, CD,Cl,): §31.6.

HR-MS (ESI, positive): Caled m/z for Co7Ha6P™: 381.1766, Found: 381.1753.

Elemental analysis: Calcd for Cy7H,6BF4P: C, 69.25; H, 5.60, Found: C, 68.99; H, 5.46.

>

Tris(4-chlorophenyl)(1-methyl-1-phenylethyl)phosphonium  tetrafluoroborate  (1c). The
tertiary phosphonium salt was prepared by adding 0.30 ml (0.36 g, 2.2 mmol) HBF,4 - Et,0 to
0.80 g (2.2 mmol) tris(4-chlorophenyl)phosphine in ether (20 ml) and removing the solvent
under reduced pressure. Then, 0.60 ml (0.55 g, 4.6 mmol) a-methylstyrene were added, and
the mixture was heated to 145 °C for 1 h. The residue was recrystallized from
CH,Cl,/ethanol, washed with ethanol, and dried, yielding 0.62 g (1.1 mmol, 50%) of a
colorless solid, m.p. 198-200 °C (CH,Cl,/ethanol).

The product still contains small amounts (< 10 mol% by "H NMR) of a compound with an
ethyl moiety, which was also present in the starting material phosphine. This is not considered
problematic because the compound was used as the minor component in the kinetic
experiments.

'H NMR (400 MHz, CD,Cl,): & 2.05 (d, 6 H, *Jup = 18.3 Hz, CH3), 7.00-7.05 (m, 2 H,
0-CgHs), 7.30-7.35 (m, 2 H, m-C¢Hs), 7.41-7.48 (m, 1 H + 6 H, p-C¢Hs + 0-PAr3), 7.66-7.71
(m, 6 H, m-PAr3);

BC NMR (100 MHz, CD,Cl,) : & 25.6 (d, “Jep = 0.8 Hz, CH3), 44.5 (d, 'Jep = 37.9 Hz,
CMey), 115.2 (d, 'Jep = 81.6 Hz, i-PAr3), 128.9 (d, *Jep = 5.0 Hz, 0-CeHs), 129.2 (d, *Jep =
2.9 Hz, m-C¢Hs), 129.9 (d, *Jep = 3.5 Hz, p-CsHs), 131.0 (d, *Jep = 12.7 Hz, m-PAr3), 136.37
(d, 2Jep = 2.8 Hz, i-C¢Hs), 136.38 (d, “Jep = 9.5 Hz, 0-PAr3), 142.9 (d, *Jep = 3.7 Hz,
p-PAr);

3'P NMR (162 MHz, CD,Cl,): §31.3.

HR-MS (ESI, positive): Calcd m/z for C27H23(35Cl)3P+: 483.0597, Found: 483.0587.

+ -
O] =
3
1c
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6.S.3 Laser Flash Photolysis. Experimental procedure. Solutions of the precursor with Ay
am ~ 0.9 (ca. 9 x 10 M) were irradiated with a 7-ns pulse from a quadrupled Nd:YAG laser
(266 nm, 40-60 mJ/pulse), and a xenon lamp was used as probe light for UV/vis detection.
The system is equipped with a fluorescence flow cell which allows to replace the sample
volume completely between subsequent laser pulses.

Kinetics were measured by following the decay of the cumyl cation at 335 nm. For each
concentration, > 64 individual runs were averaged, and the pseudo-first order rate constants

kops Were obtained by least-squares fitting to the single-exponential curve 4, = Age *obs' + C.

The slope of a plot of kobs versus concentration yields the second order rate constant 4.
Spectra of 1" were obtained as difference spectra from subsequent determinations without and
with laser irradiation using an ICCD camera with a gate width of 10 ns and varying gate

delay.

Reactions with nucleophiles. The high decay rate of the cumyl cation even without added
nucleophile forced us to use quite high concentrations of nucleophiles in the kinetic
experiments. Thus, as one reviewer pointed out, nucleophilic impurities in the reagents could
be a problem. We exclude the possibility that impurities have an effect on the observed rate
constants in the following way:

a) Impurities of lower nucleophilicity are irrelevant because they only lower the rate
constants by 1-3%.

b) Impurities of higher nucleophilicity may effect the pseudo-first-order rate constants if
the nucleophiles are used in high excess (e.g. 10’ equivalents) because then also the
concentration of a more reactive nucleophile present in 1% may stay constant during the
reaction and give rise to an exponential decay of the cumyl cation. However, we have
used the same samples of 2a-d for studying reactions of benzhydryl cations of variable
reactivity, where a small excess as well as a large excess of nucleophile was used. The
consistency of these data shows that the impurities are not nucleophiles of high
reactivity.

c¢)  Furthermore, the consistency of the reactivities of different nucleophiles shown in

Figure 3 indicates the reliability of our data.
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Details of the kinetic experiments.

Pseudo-first order rate constants for the reactions of the cumyl cation (1%) with allyltrimethylsilane (2a) in
CH,CI, (laser flash photolysis, 20 °C)

no. [1c],/ mol L™ [2a], / mol L™ kig/s"

1 8.92 x 107 0 500x10°% @
2 8.92 x 107 7.03 x 107 5.63x10°
3 8.92 x 107 3.41 x 107 6.25 x 10 °
4 8.92 x 107 4.40 x 1072 6.12x 10 °
5 8.92 x 107 7.48 x 107 7.06 x 10 °
6 8.92 x 107 1.24 x 10" 738 %10 °
7 8.92 x 107 1.81 x 10" 7.64 x 10 °
8 8.92 x 10~ 253 x10" 8.91 x10°

") Not used for calculation of & ,.

1.0E+07

9.0E+06

8.0E+06

7.0E+06

~  B.0E+06
(2]

\2: 5.0E+06 [ y = 1.22E+07x + 5.74E+06 k,=1.22x 10" mol' L s
 4.0E+06 | R? = 0.9521
3.0E+06 I
2.0E+06 I
1.0E+06 |

0.0E+00 1 1 1 1 1 J
0.00 0.05 0.10 0.15 0.20 0.25 0.30

[2a] / mol L™

Pseudo-first order rate constants for the reactions of the cumyl cation (1) with (2,2-dimethyl-1-methylene-
propoxy)-trimethylsilane (2b) in CH,CI, (laser flash photolysis, 20 °C)

no. [1c],/ mol L™ [2b],/ mol L™ kigls'
1 9.15 x 107 531 %107 1.03 x 10’
2 9.15 %107 7.78 x 1072 1.10 x 10”7
3 9.15 x 107 1.16 x 107" 1.21 x107
4 9.15x107 121 x 10" 1.17x107  *®
5 9.15 x 107 1.45x107" 135 %10’
6 9.15x 107 1.80 x 10" 1.46 x 10’

*) Not used for calculation of k ,.
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1.6E+07
1.4E+07 |
1.2E+07 |

1.0E+07 |

8.0E+06 [ y = 3.46E+07x + 8.35E+06 ky=3.46x10"mol' Ls"

Kig/s

6.0E+06 | R%=0.9918
4.0E+06 |

2.0E+06 I

0.0E+00 L L L g
0.00 0.05 0.10 0.15 0.20

[2b] /mol L™

Pseudo-first order rate constants for the reactions of the cumyl cation (1) with 1-methylcyclopentene (2¢) in
CH.CI, (laser flash photolysis, 20 °C)

no. [1c],/ mol L [2c],/ mol L™ kigls'

1 8.92 x 107 1.79 x 107 6.13 x10°

2 8.92 x 107 6.89 x 10~ 9.65 x10°

3 8.92 x 107 9.17 x 107 1.11 x 10”7

4 8.92 x 107 1.15x 107" 1.26 x 107

5 8.92 x 107 1.66 x 10! 1.55 x 10

1.8E+07

16E+07 1 y = 6.33E+07x + 5.18E+06

1.4E+07 R? = 0.9977

1.2E+07
"o 1.0E+07 L
¥ goEw06 k,=633%x10"mol' L

6.0E+06

4.0E+06

2.0E+06 |

0.0E+00 L L L )

0.00 0.05 0.10 0.15 0.20

[2¢] / mol L™
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Pseudo-first order rate constants for the reactions of the cumyl cation (1%) with n -butyl vinyl ether (2d) in
CH,CI; (laser flash photolysis, 20 °C)

no. [1c], / mol L™ [2d],/ mol L™ kyp!s”
1 8.94 x 107 332 %107 124 x 10"
2 8.94 x 107 4.05 x 1072 130 x 10”7
3 8.94 x 107 791 x 107 1.73 x 10"
4 8.94 x 107 9.66 x 10~ 1.95 x 10"
5 8.94 x 107 1.11 x 10 217 x 10"
2.5E+07

y = 1.18E+08x + 8.28E+06
R? = 0.9956

2.0E+07

1.5E+07
k,=1.18x10*mol' Ls"

Kig/st

1.0E+07

5.0E+06 |

0.0E+00 . . . . . ,
0.00 0.02 0.04 0.06 0.08 0.10 0.12

[2d] / mol L
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Generation of a,f-Unsaturated |minium lons
by Laser Flash Photolysis

Sami Lakhdar, Johannes Ammer and Herbert Mayr

Angew. Chem. 2011, 123, 10127-10130; Angew. Chem. Int. Ed. 2011, 50, 9953-9956

7.1 Introduction

Iminium activation has become one of the most important methods in enantioselective
synthesis.!") For the optimization and the rational design of organocatalytic cycles, knowledge
of the mechanism of these reactions is crucial.”! In previous work, we have shown that the
rate constants for the reactions of unsaturated iminium ions with ketene acetals,[zd] sulfur
ylides,””! and pyrroles'*! can be determined by UV/vis spectroscopy employing conventional
spectrometers or stopped-flow equipment. Both methods require the mixing of the reactants,
and therefore are not applicable to reactions that proceed on the sub-millisecond time scale.

We now report on the in situ laser-flash-photolytic generation of iminium ions derived from
cinnamaldehyde and imidazolidinones, which allowed us to measure rate constants for the
reactions of iminium ions with strong nucleophiles. This method along with previously
reported kinetic procedures have been employed to directly compare the electrophilic

reactivities of iminium ions derived from different imidazolidinones.

7.2 Results and Discussion

Treatment of the imidazolidinonium salts 1a-Cc with cinnamaldehyde (2) in methanol or

ethanol following literature procedures™

gave precipitates of the iminium salts 3a-C
(Scheme 7.1), which were previously analyzed by X-ray crystallography.”**! When these
crystals were dissolved in acetonitrile, only the £ isomers of 3a-C were observed by NMR
spectroscopy.!”’

Combination of the iminium salts 3a-C with one equivalent of tributylphosphine gave the

(E)-enaminophosphonium salts 4a-c as mixtures of two diastereoisomers (2:1 for 4a and 4c
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and 1:1 for 4b; Scheme 7.1). Selective formation of the (E)-enamines 5a-c (1:1 ratio of two

diastereoisomers) was observed when solutions of 3a-C in acetonitrile were treated with

excess piperidine (Scheme 7.1).*

Scheme 7.1.

\j»yR
P(n-Bu), /C PFg

Q / Ph\/\/o \)» / P(n-Bu), 4a-c

fiﬂ\l R )’

+)( in MeCN

/N\ R' MeOH or EtOH /
Ph \

H H
- fPF' ﬁ R
PF, Ph NTUR
N

1a:R=R'=CH, 3a H = PR;
1b :R=1tBu,R' =H 3b
1c : R=R'=-(CH,), 3c N

O 5a—c

As organocatalytic processes involving 3a-C are often highly enantioselective,” we have to
conclude that the low stereoselectivities of the stoichiometric reactions with PBus and
piperidine in Scheme 7.1 are due to reversible reactions under the conditions employed.

Tri-n-butylphosphine has previously been reported to be an effective photo-leaving group for
the laser-flash-photolytic generation of stabilized carbocations.'” Irradiation of acetonitrile
solutions of the phosphonium salts 4a-c with 7 ns laser pulses from the fourth harmonic of a
Nd/YAG laser (266 nm, 30-60 mJ/pulse) yielded the iminium ions 3a-C which showed the
same UV/vis absorption maxima Am,x as solutions of the isolated iminium salts in acetonitrile

(Figure 7.1a).

b) c
1x10° - k,
T 0.5 I 8 —
t =4.02x10" [6n]
obs 8"104* kobs 5
an 04 )j< U Kyl s ~ 2.74x10
PFe 4
03fF 3 6n [ 6x10
0.2+ 4x10°
0.1+ A=361nm 2x10* |-
! 0'0THunHuuuxuumuuuuxHHJ oLl v vy
300 350 400 450 500 0 10 20 30 40 50 60 70 0 1 2
I\ Al nm —> / t/ uys—— [6n] / MM——>

Figure 7.1. (a) UV/vis spectrum of 3b immediately after the laser pulse in CH3CN. (b) Decay
of the absorbance of 3b obtained after irradiation of a 1.51 x 10* M solution of 4b in CH;CN
in the presence of piperidine (6n; 1.86 x 10~ Mm). (c) Plot of the pseudo-first-order rate
constants kgps (s'l) versus the concentration of piperidine.
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When salts 3a-C were generated in the presence of a large excess of the nucleophiles 6j or
6l-0, we observed monoexponentional decays of their absorbances, from which the rate
constants ke (s') were obtained (Figure 7.1b). Plots of kg versus the nucleophile
concentrations were linear (Figure 7.1c) and provided the second-order rate constants

ky (M s™") which are listed in Table 7.1.

Table 7.1. Second-order rate constants (k) for the reactions of the iminium ions 3a-C with the
nucleophiles 6a-0 (20 °C, MeCN).

k> (33) k> (3b) k> (3c)
Nucleophile N g M5 M7 s M7 s
pyrrole 6a 4.63 1.00 6.8x 10" — —
N-methylpyrrole b 585 1.03 7.2x10°M - -
1-(trimethylsiloxy)pentene 6¢ 6.57 0.93 - 518x 107" 428x107
2,5-dimethylpyrrole 6d 8.01 0.96 3.6 1.34 x 10°[ -
1,2,5-trimethylpyrrole 6e 8.69 1.07 5.3 - -
2-(trimethylsiloxy)-5,6- 6f 10.61 0.86 523 x 10> —~ —
dihydro-4H-pyran
2,4-dimethylpyrrole 6g 10.67 091 35x10°® 6.87x10* -
kryptopyrrole 6h 11.63 095 13x10*® 133x10° 520x10°
2-(trimethylsiloxy)- 6i 12.56 0.70 1.14x10*"<  1.12x10° —~
4,5-dihydrofuran
H,NCH,CH,0H 6 1411 071 756x10° 527x10 -
P(Ph); 6k 1433 0.65 240x10° 991x10° 1.53x10*
1,8-diazabicyclo[5.4.0]- 6l 1529 0.70 6.81x10°  7.54x 10’ —
undec-7-ene (DBU)
P(n-Bu); 6m 1549 0.69 3.69x10° 1.96x10"  2.86x 10’
piperidine 6n 17.35 0.68 1.86x10"  4.02x10" 1.51x10
1,4-diazabicyclo[2.2.2]- 60 18.80 0.70 4.95x10° 588x10°  4.86x 10°

octane (DABCO)

2] See reference [11] for the origin of the nucleophilicity parameters N and sy determined in MeCN or CH,Cl,.
) From reference [4]. ) These rate constants were derived in the presence of potassium trifluoroacetate (as base)
from plots of 1/k,s versus 1/[base] as described in reference [4] because the initial C—C bond-forming step is
ﬁversible. [4 Second-order rate constant k, for the reaction of 3a-OTf with 6f in CH,Cl,, from reference [2d].
¢ In CH2C12
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In order to provide a broader experimental basis for the comparison of the electrophilicities of
iminium ions derived from different imidazolidinones we have also determined rate constants
of the reactions of 3a, 3b, and 3c with weaker nucleophiles using convential UV
spectrometers and stopped-flow techniques. The rate of the reaction of 3a with DBU (6l) has
been determined in two ways, with laser-flash-photolytically generated iminium ions as well
as with solutions of isolated iminium salts, and the values differed by less than 6%. This
agreement is remarkable in view of Seebach’s hypothesis that (E)-iminium ions are more
reactive than their Z isomers.[® As we do not know the configuration of the photolytically
generated iminium ions, the monoexponential decays of the photolytically generated iminium
ions and the identical reactivities of the iminium ions generated in different ways either imply
that only the £ isomers are formed by the photolytic process or that the £ and Z isomers have
the same reactivities.

In previous work, we have shown that the reactions of carbocations and Michael acceptors
with o, n, and 7 nucleophiles follow Equation (1), in which electrophiles are described by E
(electrophilicity parameter) and nucleophiles are described by N (nucleophilicity parameter)

and sy (nucleophile-specific sensitivity parameter).!'”

log k»(20 °C) = sn(N + E) (1)

In this way, we were able to set up comprehensive electrophilicity and nucleophilicity scales,
covering more than 30 orders of magnitude.!'” These scales have found wide application for
the design of polar organic reactions, in particular in organocatalysis.!'¥

Figure 7.2, in which (lg k,)/sx is plotted versus the nucleophilicity parameter N, demonstrates
not only that the rate constants obtained with different kinetic methods are consistent, but also

IL121 Which were derived from their reactions

that the N and sy parameters of nucleophiles,!
with benzhydrylium ions such as 7, are suitable for predicting the rates of the reactions of
these nucleophiles with the iminium ions 3. Therefore, the electrophilicity parameters £
of 3a-c were determined by a least-squares fit, that is, by minimization of A* = ¥[Ig k, —
ss(N+ E)], using k», N, and sy from Table 7.1.

Apart from the rate constants for DABCO (60) which are close to the diffusion limit, only the
second-order rate constants for the reactions of ethanolamine (6j) were excluded from these

correlations. For unknown reasons, the observed rate constants for the reactions of 6] with 3a

and 3b are 11 and 44 times larger, respectively, than the values calculated by Equation (1). As
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these deviations are still within the confidence interval of Equation (1), we will not speculate

about their origin.

o

i ’ N
OSiMe; OSiMe; ol ,_—E"J\N N/Ph
:\: ’/k’——-\‘fh 7 (A) Ph

X

6 I laser flash
conventional stopped flow
. . . . .

2 4 6 8 10 12 14 16 18 20
Nucleophilicity N ——

Figure 7.2. Correlation of (g k»)/sn against the nucleophilicity parameters N of the
nucleophiles 6a-n for their reactions with the iminium ions 3a and 3b and the benzhydrylium
ion 7 (correlation for 3c is omitted for the sake of clarity; it is shown in section 7.S.3).

The electrophilicity parameters of the «,f-unsaturated iminium ions 3a-C in Table 7.2 show
that 3b is about 10? times more reactive than 3a and 3c, which have quite similar
electrophilicities. This finding is in line with Larsen’s observation that 1b-CF;CO, is a more
active catalyst in Diels-Alder reactions of cinnamaldehyde than 1a-CF;CO,, despite the fact
that the equilibrium concentration of the iminium salt 3b-CF;CO, is only half of that of
3a-CF3CO, 1'% The greater scope of reactions accessible with MacMillan’s second-
generation catalyst 1b!'”! can now be unambiguously attributed to the significantly higher

electrophilicity of the iminium ion 3b.

Table 7.2. Electrophilicity parameters £ of 3a-C.

Electrophile 3a 3b 3c
E® ~7.37 ~5.52 ~7.67

@ Determined from data in Table 7.1 by minimization of A= Y[lg kb — sn(NV + B~

What is the origin of the high electrophilicity of 3b? Seebach’s structural studies of iminium

ions by X-ray analysis, NMR spectroscopy, and DFT calculations have shown that the
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benzylic phenyl group of 3a resides preferentially over the heterocyclic ring, while in the case
of 3b benzyl is sitting above the iminium 7z system and blocking the approach of nucleophiles
from the Re face. An X-ray crystal structure of 3c°® shows that its conformation resembles
that of 3a. While the preferred Si approach to 3a and 3c is slowed down by the steric
shielding of a methyl group and the cyclopentane ring, respectively, the reactive Si face of 3b

is free from any steric hindrance and, therefore, exhibits higher electrophilicity.

7.3 Conclusion

In conclusion, we have shown that the laser-flash-photolytic generation of iminium ions has
allowed us to extend our kinetic investigations over the whole conceivable reactivity range,
from the slowest to diffusion-controlled bimolecular reactions. We have also determined the
first quantitative data on the extraordinarily high electrophilicities of iminium ions derived
from MacMillan’s second-generation catalyst 1b and finally demonstrated the applicability of
the benzhydrylium-derived nucleophilicity parameters N and sn for analyzing scope and

limitations of iminium-activated reactions.
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Jirari, S. Mutter, R. Pommereuil, L. Samulis, J. A. Platts, N. C. O. Tomkinson,
Tetrahedron Lett. 2011, 52, 2783 — 2785.

[17] (28,55)-5-Benzyl-2-tert-butyl-3-methyl-imidazolidin-4-one (1b) was first described in:
R. Naef, D. Seebach, Helv. Chim. Acta 1985, 68, 135 — 143.

306



Supplementary Data and Experimental Section
7.S Supplementary Data and Experimental Section

7.S.1 Laser flash photolytic generation of iminium ions

Solutions of the precursor phosphonium salts with 4266 nm = 0.5-1.0 (ca. 1 X 10 M) were
irradiated with a 7 ns pulse (266 nm, 30-60 mJ/pulse) from a quadrupled Nd/YAG laser using
a xenon short-arc lamp as probe light. The system is equipped with a fluorescence flow cell
and a dosage pump which allows to replace the sample volume completely between
subsequent laser pulses.

Transient UV/vis spectra were recorded as difference spectra of subsequent determinations
with and without laser irradiation using an ICCD camera with 10 ns gate width, and eight
such spectra were averaged. The obtained transient spectra of the iminium ions 3a, 3b, and 3¢

shown in Fig. S1 closely resemble the UV/Vis spectra of the isolated iminium salts.

L | L L L L | L L L L | L L h
300 350 400 450 500

c) 0.5 - Alnm—
0.4 SN
10.3] th}ixg
$0.2 ,

L | ! T h T { h v ? !
400 450 500

Alnm—

L | L L | L
300 350
Figure 7.S.1. Transient UV/Vis spectra of photolytically generated iminium ions in CH3CN.
(a) 3a obtained by irradiation of a 1.00 x 10 M solution of 4a; (b) 3b obtained by irradiation

of a 1.51 x 10™ M solution of 4b; (c) 3c obtained by irradiation of a 6.22 x 10 M solution
of 4c.
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When the iminium ions 3a, 3b, and 3c were generated in presence of a large excess of
nucleophiles, we observed exponential decays of the UV/Vis absorbances of the iminium ions
at their absorption maxima. Typically, 64 or more individual decay curves were averaged for

noise reduction.

7.S.2 Kinetics of thereactions of iminium ionswith nucleophiles

The rate constants kg (s') which were obtained by least-squares fitting to the single
exponential curve 4, = Ay e *® ' + C depended linearly on the nucleophile concentration. The
second-order rate constants k» (M s™) for the combination reactions with nucleophiles were
derived from the slopes of plots of kus for each nucleophile concentration versus the

nucleophile concentrations.

Table 7.S.2.1. Rate constants for the reaction of 6] with 3a (precursor: 4a) in acetonitrile
(laser flash photolysis, 20 °C, 4 =355 nm).

0.1

[4a] (M)  [61(M) ko (s)

1.00 x 10* 1.82x107° 8.17x10° 6.OE+04 - Kaps =7.56 x 10°[6j] - 6.48 x 10°

1.00x 10* 2.67x102 1.32x10* R? = 0.9975

1.00x 10*  5.67x102  3.51 x 10° S-0E+04

1.00 x 10* 671 x 102 4.41 x 10* . 40E+04 -

1.00 x 10*  7.73x 102 530x10* 3 30E+04 -

— 5 -1 -1 S
ky=756x10°M"s ~ 5 0E+04 -
1.0E+04 -
0.0E+00 ‘ ‘ ‘ ‘ |
0 0.02 0.04 0.06 0.08
[6j1/ M
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Table 7.S.2.2. Rate constants for the reaction of 6l with 3a (precursor: 4a) in acetonitrile
(laser flash photolysis, 20 °C, A =355 nm).

-1
[4a] /M (6] /M kovs/s 4.50E+03 - K ops = 7.26E+05 [61] - 2.04E+02

1.00 x 10 4.20 x 10 2.08 x 10 4.00E+03 - R? = 0.9967
1.00 x 10* 1.61 x 10> 8.56 x 10? ggg?gi T
.00E+03 -
1.00 x 10* 4.40 x 107 2.90 x 10° " 5'sor403 |
1.00 x 10* 5.37x 107 3.74x10° & 2.00E+03 -
1.00 x 10* 5.71 x 10° 4.00 x 10° 1.50E+03 1
_ 5 41 1.00E+03 -
ky=726x10°M™ s 5.00E+02 -

0.00E+00 ‘ ‘ ‘ ‘ ‘ |

0

0.002 0.003 0.004 0.005 0.006
[61/M

0.001

Table 7.S.2.3. Rate constants for the reaction of 6m with 3a (precursor: 4a) in acetonitrile

(laser flash photolysis, 20 °C, 4 =355 nm).

[4a] / M [6M] /M kops/ g! 1 A0E+04 - K ops = 3.69E+05 [6m)] - 12.3

1.00 x 10* 9.20 x 107 3.31 x 10° 1 20E+04 1 R®=0.9992
1.00 x 10* 1.65x 107 6.14 x 10’ 1.00E+04 1
1.00 x 10 2.60 x 10 9.66 x 10° =, g00E+03 |
1.00 x 10 3.20x 107 1.17x10* £ 6.00E403 -
k,=3.69x 10° Mt st 4.00E+03 -
2.00E+03 -

0.00E+00 ‘ ‘ ‘ |
0 0.01 0.02 0.03 0.04
[6m]/M

Table 7.S.2.4. Rate constants for the reaction of 6n with 3a (precursor: 4a) in acetonitrile
(laser flash photolysis, 20 °C, A =355 nm).

[4a] /M [6n]/M  kops /s 9.00E+04 - K ops = 1.86E+07 [6n] - 1.47E+03

1.00 x 10* 9.28 x 10* 1.54 x 10* 8.00E+04 - R? = 0.9988
1.00 x 10* 1.86 x 10 3.23 x 10* ;88?83 T
4 3 4 _  ©6.00E+04 ~
1.00 x 10™* 2.78 x 107 5.17 x 10 @ 5.00E+04 |
1.00 x 10* 3.71 x 107 6.78 x 10* & 4.00E+04 -
1.00 x 10™* 4.64 x 107 8.37 x 10* 3.00E+04 -
—— 2.00E+04 -
k,=1.8x10"mM™"s 1.00E+04 -

0.00E+00
0 0.001 0.002 0.003 0.004 0.005
[6n]/M
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Table 7.S.2.5. Rate constants for the reaction of 60 with 3a (precursor: 4a) in acetonitrile

(laser flash photolysis, 20 °C, 4 =355 nm).

[4a] / M

[60] / M

kobs / S_l

1.00 x 10™
1.00 x 10™
1.00 x 10
1.00 x 10
1.00 x 10
1.00 x 10

4.00 x 10
8.00 x 10™
1.20 x 107
1.60 x 107
2.00 x 107
4.00 x 107

8.08 x 10°
9.38 x 10°
1.21 x 10°
1.39 x 10°
1.58 x 10°
2.57 x 10°

ko=4.95x 108 Mt s?

k obs/S-1

3.00E+06 -
2.50E+06 -
2.00E+06 -
1.50E+06 -
1.00E+06 -
5.00E+05 -

0.00E+00

K ops = 4.95E+08 [60] + 5.89E+05

R? = 0.9984

0

0.001

0.002 0.003 0.004 0.005
[60] /M

Table 7.S.2.6. Rate constants for the reaction of 6] with 3b (precursor: 4b) in acetonitrile

(laser flash photolysis, 20 °C, A =361 nm).

[4b] / M

[6i1/™m

kobs / S_l

1.22 x 10™
1.22 x 10
1.22 x 10
1.22 %10
1.22 %10
1.22 %10

1.38 x 107
3.01 x 107
5.79 x 10
5.99 x 10
7.25 x 107
8.67 x 107

6.27 x 10°
1.51 x 10°
3.11 x 10°
3.06 x 10°
3.76 x 10°
4.44 x 10°

k,=527x10" mts?t

310

k obs/S-1

5.00E+06 -
4.50E+06 -
4.00E+06 -
3.50E+06 -
3.00E+06 -
2.50E+06 -
2.00E+06 -
1.50E+06 -
1.00E+06 -
5.00E+05 +

K obs = 5.27E+07 [6]] - 6.60E04

R?=0,9979

0.00E+00
0

0.02

004 006 008 0.1
[6j1/M
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Table 7.S.2.7. Rate constants for the reaction of 6l with 3b (precursor: 4b) in acetonitrile
(laser flash photolysis, 20 °C, A =361 nm).

[4b] /M

[611/M  kobs /s

1.10 x 10
1.10 x 10™
1.10 x 10™
1.10 x 10
1.10 x 10™

591 x 10* 4.04 x 10*
2.64 x 107 1.90 x 10°
3.65x 107 2.70 x 10°
3.76 x 107 2.80 x 10°
520 x 10° 3.86 x 10°

k,=754x10"mts?t

4.50E+05 -
4.00E+05 -
3.50E+05 -
_ 3.00E+05 -|
'r\g 2.50E+05 -
_3 2.00E+05 -
1.50E+05 -
1.00E+05 -
5.00E+04 -

K obs = 7.54E+07 [6l] - 5.29E+03
R? = 0.9997

0.00E+00
0

0.001 0.002 0003 0004 0.005 0.006
[61]/ M

Table 7.S.2.8. Rate constants for the reaction of 6m with 3b (precursor: 4b) in acetonitrile
(laser flash photolysis, 20 °C, A =361 nm).

[4b]/ M

[6M] /M kops/ s

1.22 x 10
1.22 %10
1.22 x 10™
1.22 x 10
1.22 x 10

8.70 x 107 2.23 x 10°
1.68 x 10 3.68 x 10°
2.57 x 107% 5.80 x 10°
3.18 x 107 6.55 x 10°
424 x 107 8.83 x 10°

ko=1.96x 10" Mgt

1.0E+06 -
9.0E+05 -
8.0E+05 -
7.0E+05 -
6.0E+05 -
5.0E+05 -
4.0E+05 -
3.0E+05 -
2.0E+05 A
1.0E+05 -
0.0E+00

k obs/S-1

K ops = 1.96E+07 [6m] + 5.08E04
R? = 0.9954

0

0.01 0.02 0.03 0.04 0.05
[6m]/M

Table 7.S5.2.9. Rate constants for the reaction of 6n with 3b (precursor: 4b) in acetonitrile
(laser flash photolysis, 20 °C, 2 =361 nm).

[4b] /M

[6N]/M  hops/ S

1.51 x 10
1.51 x 10
1.51 x 10
1.51 x 10™
1.51 x 10"

4.64 x10* 1.76 x 10*
9.28 x 10* 3.25 x 10*
1.39 x 107 5.40 x 10*
1.86 x 10 7.02 x 10*
2.32x107 9.21 x 10*

k,=4.02x10'mts?t

1.0E+05 -
9.0E+04
8.0E+04 |
7.0E+04
<, 6.0E+04 -
2 5.0E+04 |
< 4.0E+04
3.0E+04
2.0E+04 -
1.0E+04 1

K obs = 4.02E+07 [6n] - 2.74E03
R? = 0.9963

0.0E+00
0

0.0005  0.001  0.0015  0.002  0.0025
[6n]/ M
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Table 7.5.2.10. Rate constants for the reaction of 60 with 3b (precursor: 4b) in acetonitrile
(laser flash photolysis, 20 °C, A =361 nm).

[4b] / M

[60] / M

kobs / S_l

1.22 x 10™
1.22 x 10™
1.22 x 10
1.22 x 10
1.22 x 10
1.22 %10
1.22 x 10™

4.00 x 107
8.00 x 10
1.20 x 10
1.60 x 107
2.00 x 10
2.40 x 10™
4.00 x 10

4.44 x 10*
7.45 x 10*
6.71 x 10*
1.16 x 10°
1.40 x 10°
1.61 x 10°
2.53 % 10°

k,=5.88x 108m* st

_ 2.0E+05 -

3.0E+05 -
2.5E+05 A

‘n

g 1.5E+05
X

K ops = 5.88E+08 [60] + 1.82E04
R?=0,9803

Table 7.S.2.11. Rate constants for the reaction of 6m with 3¢ (precursor: 4c¢) in
acetonitrile (laser flash photolysis, 20 °C, A =358 nm).

[4c] /M

[6m]/ M

kobs / S-l

6.22 x 107
6.22 x 107
6.22 x 107
6.22 x 107
6.22 x 107

6.48 x 10° 1.28 x 10°
1.64 x 10 3.91 x 10°
2.45 %107 6.50 x 10°
3.19 x 107 8.54 x 10°
4.03 x 10?2 1.08 x 10*

k,=286x10°mts?

312

1.0E+05 -
50E+04 -
0.0E+00 ‘ ‘ ‘ ‘ ‘
0 00001 00002 00003 00004 0.0005
[60]/M
1 20E+04 - Kops = 2.86E+05 [6m] - 6.19E02
2 _
1.00E+04 - R™=09993
_ 8.00E+03 -
»
2 6.00E+03 |
X
4.00E+03 -
2.00E+03 -
0.00E+00 ‘ ‘ ‘ ‘ ‘
0 001 002 003 004 005
[6m]/M
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Table 7.5.2.12. Rate constants for the reaction of 6n with 3¢ (precursor: 4c) in acetonitrile
(laser flash photolysis, 20 °C, A =358 nm).

-1
[4c]/M  [6n]/M  kobs/s 7 00E+04 - Kabs = 1.51E+07 [6n] - 1.29E+01

6.22x10° 7.92x10* 1.18 x 10" 6 00E 204 R? = 0.9998
6.22 x10° 1.59 x 10° 2.41 x 10* 5 00E+04 |
6.22x 10° 2.38 x 10 3.59 x 10* T 4 00ES04 |
6.22x 10° 3.17 x 10° 4.83 x 10* 2 2 00E+04 -
622 x 10° 3.96 x 10 5.96 x 10* ) 00E+04

k,=151x10"m*ts? 1.00E+04 -

0.00E+00 ‘ ‘ ‘ ‘ ‘
0 0.001 0.002 0.003  0.004 0.005
[6n]/M

Table 7.5.2.13. Rate constants for the
reaction of 60 with 3¢ (precursor: 4c) in acetonitrile (laser flash photolysis, 20 °C, A= 358
nm).

[4c] /M [60]/M  kons/ s 30E+06 . Kobs = 4.86E+08 [60] + 8.26E+05
2 _
6.22 x 10° 8.00 x 10* 1.18 x 10° 2 5E+06 - R™=0.9954
6.22x10° 1.60x 107 1.61x10° 205067
2 1.5E+06 -
6.22 x 107 2.40x 103 2.05x10° 3
1.0E+06 -+
6.22 x 10° 3.20x 10 2.40 x 10° 5.0E+05
6.22 x 10° 4.00 x 10> 2.72 x 10° 0.0E+00 | | | | |
0 0.001 0.002 0.003 0.004 0.005
[60]/M

ko=4.86x 10°mts?
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7.S.3 Plot of (Ig kz)/sy versus N for the iminium ion 3c

14
12 |

10 +

2 4 6 8 10 12 14 16 18 20

Nucleophilicity N ———

Figure 7.S.2. Correlation of (Ig k)/sn against the corresponding nucleophilicity parameters N
of the nucleophiles 6c¢, 6h, 6k, 6m and 6n for their reactions with the iminium ion 3c.
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~ CHAPTER 8 ~

Electrophilic Reactivity of the
2-Phenyl-3,4-dihydroisoquinolinium lon

Sami Lakhdar and Johannes Ammer
in collaboration with
Johannes Franz, Matthias Neumann and Kirsten Zeitler

8.1 Introduction

The oxidative coupling of tertiary amines with different nucleophiles presents an elegant
method for the formation of C—C, C—N and C—P bonds.' A prominent example is the coupling
of N-phenyl tetrahydroisoquinoline 1 with nucleophiles, which is believed to proceed via the

intermediate iminium ion 2 (Scheme 8.1)."?

Scheme 8.1. Oxidative coupling of N-phenyl tetrahydroisoquinoline (1) with nucleophiles (3).

catalyst Nu—H

©i> oxidant @ . (3) ©¢

N _— _N _— N

\© \© Nu \©
4

Recently, Klussmann and coworkers have investigated the mechanism of the copper-
catalyzed oxidative coupling reactions of 1 with various nucleophiles.” When they employed
CuCl; - 2 H,O as catalyst and O, as oxidant (Scheme 8.2), they could directly observe the
iminium ion 2 by NMR spectroscopy; the scope of nucleophiles for this coupling reaction was
shown to be limited by the electrophilic reactivity of 2.2

We have previously reported that reactions of o=, n-, and z-nucleophiles with numerous

carbon-centered electrophiles can be described by eq. 1,
log k»(20 °C) =sn(N + E) (1)

in which electrophiles are described by E (electrophilicity parameter) and nucleophiles are

described by N (nucleophilicity parameter) and sy (nucleophile-specific sensitivity
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parameter). The reactions of iminium ions with nucleophiles have also been shown to follow
eq. 14710

Based on the nucleophilicity parameters N of the nucleophiles 3 which were found to react
with 1 according to Scheme 8.2, Klussmann and coworkers estimated the electrophilicity
parameter £ of the iminium ion 2 to be “around —8 and —9”, adding the caveat that the true
value may actually be somewhat higher.” In this work, we report kinetic investigations to

determine the £ parameter of 2.

Scheme 8.2. Mechanism of the aerobic Cu-catalyzed oxidative coupling of 1 with
nucleophiles (3).”

o I
2 CuCl, \©
1

1,0, CuCl + HCI

\/ MeOH
2 CuCl + 2 HCI ©i/\‘
CUC|2 \©

2CuCly @Q\l
L O

fe
8
G

8.2 Kinetic Investigations

Stopped-flow measurements. The kinetics of the reactions of 2 PFs with nucleophiles 3a-f in
CH3CN (Scheme 8.3) were investigated by stopped-flow photometry. A first-order rate
constant k; = 7.03 x 107" s for the reaction of 2 PF¢ with a methanol/acetonitrile (1:1 v/v)
mixture (3a) was determined by following the decay of the UV absorbance of 2 at Ay, =
320 nm after mixing a solution of 2 PF¢ in CH3CN with an equal volume of CH3OH in a

stopped-flow spectrophotometer.
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Scheme 8.3. Reactions of 2 PF¢ with nucleophiles 3a-f (see Table 8.1 for the structures of

the nucleophiles).
PFg Nu PFg
_N - N
k
\© 2 Nu®* \©

2PF, daf

The second-order rate constants of the reactions of 2 PFs with the ketene acetal 3b and the
enamines 3c-e were also determined with the stopped-flow method as described previously.’
When 2 PFs was treated with a high excess of the nucleophiles 3b-e, we observed
exponential decays of the absorbance of 2 (Fig. 8.1), from which we derived the pseudo-first-
order rate constants kops (s']). Plots of kops versus [3] were linear (Fig. 8.1), and the second-
order rate constants k, (M" s™) for the reactions of 2 with 3b-e listed in Table 8.1 were

obtained from the slopes of these plots.

0.6 100

75
s, 50
a2 25
xO

0

0.5 [

04 r

0.3 |
0 0.02 0.04

0.2 + [nucleophile] / M —>

0.1

O 1 1 1 1 ]
0 0.02 0.04 0.06 0.08 0.1

t/s —

Figure 8.1. Decay of the absorbance of 2 at 320 nm in the presence of 4-cyclohexenyl-
morpholine (3d, 4.53 x 10 M). The end absorbance at 7 > 0.1 s is due to the UV/vis band of
the product 4d. Inset: Plot of kobs versus [3d]: kops = 2.14 ¥ 10° [3d] + 1.55 (R2 =0.9994).
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Table 8.1. Second-order rate constants k> (M s™") for the reactions of 2 with nucleophiles 3a-f
in CH3CN at 20 °C.

nucleophile N (sn) k/mtst kel /Mt

3a  50M50AN’ 6.67 (0.90)° 2.507 775 %101
OSiM63

3b %OMe 9.00 (0.98)%/ 5.55 1.46 x 10*¢

3c ~ N/\o 10.04 (0.82)*¢  7.98 x 10> 4.60 x 10*¢

3d @NCO 11.40 (0.83)%  2.14x10°  6.67 x 10°¢
/~\ e e
3e @N 0 13.41(0.82)%% 160 x 10°  2.67 x 10°

3f P(nBu); 15.49 (0.69)*"  8.42x10""  1.00 x 10°¢

“ Calculated from eq. 1 using E (2) =—6.79. ” Solvent mixture of methanol and acetonitrile 50:50 (v/v). ¢ Solvent
nucleophilicity parameter N, referring to first-order rate constant k; (s™'); from ref."' ¢ First-order rate constant &,
(s™). ¢ Solvent: CH,Cl,.” From ref.* ¢ From ref.'>” From ref."* * The iminium ion 2 was generated by laser flash
photolysis of 4f.

Laser flash photolysis. Quaternary phosphonium salts are excellent precursors for the photo-
generation of carbocations.'* In previous work, we have successfully used tri-n-butyl-
phosphine (3f) as a photo-leaving group for the laser flash photolytic generation of iminium
jons.” Therefore, we also tested the use of the phosphonium salt 4f, which we obtained by

reaction of 2 PF¢ with P(nBu)s;, as a substrate for the photolytic generation of 2 (Scheme 8.4).

PFg hv PFs  P(nBu); PFg
| (266 nm) N (3f) N
—_— — —_—
CH4CN ko
(nBu)sP " © 20°C @ (nBu)sP™ @
af 2 PFgs af

Scheme 8.4. Photogeneration of 2 by irradiation of 4f in CH3CN and reaction of 2 with
P(nBu); (3f) to regenerate the phosphonium salt 4f.

Irradiation of CH3CN solutions of 4f with 7-ns laser pulses from the fourth harmonic of a
Nd/YAG laser (Aexe = 266 nm, 30-60 ml/pulse) yielded the 2-phenyl-3,4-dihydro-

isoquinolinium ion (2) which shows the same absorbance maximum as solutions of the
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isolated iminium salts (Fig. 8.2a). When we generated 2 by irradiation of 4f in the presence of
excess P(nBu)s;, we observed mono-exponential decays of the absorbance of 2, from which
we determined the pseudo-first-order rate constants kops (s™) (Fig. 8.2b). A plot of kqps versus
the concentration of P(nBu); was linear (Fig. 8.2b, inset) and provided the second-order rate

constant k, = 8.42 x 10’ M s for the reaction of 2 with P(nBu); (Table 8.1).

a) 03 - b) 4x10°
0.6 -
2x10°
0.2
0.4 -
0
01 . 0 0.02 0.04
< < 0.2 4 [PBu,] /M —>
0 T T T T 0 T T T
270 300 330 360 390 0 1 2 3

Alnm — t/uys —

Figure 8.2. (a) Transient UV/vis spectrum of 2 obtained by irradiation of a 1.0 x 10 m
solution of 4f in CH3CN with a 7-ns laser pulse (Aexe = 266 nm). (b) Absorbance decay of 2 at
320 nm after irradiation of a 1.8 x 10™ M solution of 4f in the presence of tri-n-butyl-
phosphine (3f, 1.64 x 10 M). Inset: Plot of ks versus [P(Bu)s;] with linear fit: ks =
8.42 x 107 [P(Bu);] + 7.32 x 10* (R* = 0.9972).

However, we could not generate the iminium ion 2 when we irradiated the precursor 4f in the
presence of an excess of other nucleophiles such as 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU), 1-cyclopentenylpyrrolidine, or cyanide. Presumably, small equilibrium concentrations
of 2 are present in solutions of the phosphonium salt 4f and therefore 4f is not stable in the
presence of other nucleophiles than P(nBu); (3f). Considering this remarkably low Lewis
acidity of 2, it seems to be a necessary condition for the photo-generation of 2 that the
nucleophile employed in the kinetic investigation must be identical with the photo-leaving
group. Unfortunately, 4f was the only compound we could identify that was suitable as
precursor for the photogeneration of 2 and could be obtained by combination of 2 with

nucleophiles having appropriate nucleophilicity parameters for the kinetic experiments.'

Electrophilic reactivity of the 2-phenyl-3,4-dihydroisoquinolinium ion (2). When (1g k,)/sn for
the rate constants listed in Table 8.1 is plotted against the nucleophilicity parameters N of the

nucleophiles, a linear plot is obtained (Figure 8.3). As required by eq. 1, the slope of the plot
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is close to unity (1.23), and therefore we could derive the electrophilicity parameter of £ = —
6.79 for 2 from eq. 1 by least-squares minimization of A4* = X[lg k, — sn(N+E)]>. Despite the
large structural differences between 2 and the reference systems (benzhydryl cations), all rate
constants k.. which are calculated from eq. 1 (Table 8.1) are within the postulated error limit

for eq. 1 (factor 100).

12 -
P(n-Bu); ®
10 +
8 L
. N O
[ =
QZ YN/\
=~
L A0
= _/
2 r OSiMe;
=
° OMe
or -
e, CH3OH / CH5CN 1:1 (1% order)
) : ‘ ‘ ‘

6 8 10 12 14 16

Nucleophilicity N —

Figure 8.3. Plot of (Ig k,)/sn versus N for reactions of 2 with nucleophiles 3a-f and linear fit:
(Ig k2)/sx = 1.2369N — 9.1772; R* = 0.9092. If the slope is set to unity as required by eq. 1,
one obtains an electrophilicity parameter of £ =—6.79.

The electrophilicity parameter of £ =—6.79 derived for 2 from the kinetic experiments in this
work is somewhat higher than Klussmann’s previous estimate (-8 to —9).> Scheme 8.5
compares the £ parameter of the iminium ion 2 with those of other electrophiles and shows
that the electrophilicity of 2 is comparable to that of the N-methyl acridinium ion.* Thus, the
2-phenyl-3,4-dihydroisoquinolinium ion (2) is less reactive than the methyl phenyl
methaniminium ion* or the iminium ion derived from cinnamaldehyde and MacMillan’s
second generation catalyst’ (top two formulas in Scheme 8.5), but it is more reactive than
most other cinnamaldehyde-derived iminium ions we have studied.”” The relatively high
electrophilicity of 2 explains its reactions with a wide range of nucleophiles which have

nucleophilicity parameters of N = 2 or higher.
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Scheme 8.5. Comparison of the £ parameters for the iminium ion 2 and other electrophiles.

Electrophilicity £
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N
_ Zph

5.5 f
—_— \N

6.0 Ph

6.5

7.0

-7.5—+

This agrees well with the scope of nucleophiles that could be employed in coupling reactions
with 1 by Klussmann and coworkers.” The low Lewis acidity of 2 may explain why it was not
possible to obtain products from 2-methylfuran (N = 3.61)° or 1,3-dimethoxybenzene (N =

2.48)% in the aerobic Cu-catalyzed oxidative coupling reactions.’

Reactions of 2 with chiral enamines. We have also determined the rate constants for the
reactions of 2 with the enantiopure enamine 3g using the stopped-flow method (Table 8.2).
The experimental data agree within the typical error limit (factor 10-100) with the value
predicted from eq. 1 using the electrophilicity parameter of 2 (£ = —6.79) determined in this
work and the reactivity parameters of 3g (N = 14.96, sy = 0.68).'¢
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Table 8.2. Second-order rate constants k, (M s™) for the reactions of 2 with nucleophiles
3g-h in CH3CN at 20 °C.

nucleophile N (sn) k/mtst kel /Mt
Q‘COQMe
3g @ 14.96 (0.68)" 493 x10°  3.58x10°
PN
N~ YCO,
3h 18.86 (0.70)°  (>5x10%°  2.80 x 10°

“ Calculated from eq. 1 using £ =-6.79. b From ref."® ¢ Too fast for stopped-flow technique.

The rate constant for the reaction of 2 with 3h was too fast to be measured with the stopped-

"'s1), and laser flash photolysis of 4f in the presence of

flow technique (k, > 5 x 10° M°
enamines did not yield the desired iminium ion 2 (see above). For this reaction, the rate
constant of ke = 2.80 x 10° M s calculated from eq. 1 using the reactivity parameters of
3h (N = 18.86, sy = 0.70)'° and the electrophilicity parameter of 2 (E = —6.79) determined in
this work cannot be compared with the experimental value. As shown by Klussmann and
coworkers,'” the use of proline as organocatalyst for the addition of ketones to 2 leads to

almost racemic products. This might be explained by the high second-order rate constant for

the reaction of 3h with 2, which does not favor control of selectivity.
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Supplementary Data and Experimental Section

8.S Supplementary Data and Experimental Section

Laser flash photolytic generation of 2. Solutions of (1-2) x 10 M 4f in CH;CN were were
irradiated with a 7-ns pulse (266 nm, 30-60 mJ/pulse) from a quadrupled Nd/YAG laser using
a xenon short-arc lamp as probe light. The system is equipped with a fluorescence flow cell
and a dosage pump which allows to replace the sample volume completely between
subsequent laser pulses. The transient UV/vis spectrum was recorded as difference spectrum
of subsequent determinations with and without laser irradiation using an ICCD camera with
10 ns gate width, and eight such spectra were averaged to obtain the spectrum shown in Fig.
8.2a. When 2 was generated in presence of a large excess of P(nBu); (3f), we observed
exponential decays of the UV/vis absorbance of 2 at the absorption maximum. Typically, 64

or more individual decay curves were averaged for noise reduction.

Evaluation of the kinetics. The rate constants kobs (') which were obtained by least-squares
fitting to the single exponential curve 4, = 4y ¢ *' + C depended linearly on the nucleophile
concentration. The second-order rate constants k, (M" s™) for the combination reaction of 2
with 3f was derived from the slope of plot of ks for each nucleophile concentration versus

the nucleophile concentrations.

Table 8.S.1. Rate constants for the reaction of PBus (3f) with 2 (generated from 4f) in
acetonitrile (laser flash photolysis, 20 °C, A = 320 nm).

[4f] /™ [3f]/ ™M kops /'™ A=320 nm ky/m's!
1.76 x 10 8.15 % 107 7.26 x 10° AOE06 ¢ 8.42 x 10
1.64 x 107 1.44 x 10° 356406 |
242 %107 2.19 x 10° 30406 |

3.29 x 107 288 x 105 - 25806 |
3.90 x 107 3.30 x 10° 208406 |

kobs /s

1.5E+06

_ 7 ) 4
L0E+06 F k obs =842 x 10" [PBu3] +7.32 x 10

50E+05 R*=09972
0.0E+00
0 0.01 0.02 0.03 0.04 0.05
[PBu3z]/M
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~ CHAPTER 9 ~
Nucleophilic Reactivitiesof Tertiary Alkylamines

Johannes Ammer, Mahiuddin Baidya, Shinjiro Kobayashi, and Herbert Mayr

J. Phys. Org. Chem. 2010, 23, 1029-1035

9.1 Introduction

Tertiary alkylamines are generally used as Bronsted bases in organic synthesis.!"? On the

other hand, many reactions are known, where tertiary amines act as nucleophilic catalysts.*~*]

1,4-Diazabicyclo[2.2.2]octane (DABCO, 1€) and quinuclidine (1f), for example, are common

(7 8]

catalysts in Baylis-Hillman reactions!”’ and in cyclopropanations of Michael acceptors.|

N-Methylpiperidine (1c) and N-methylmorpholine (1d) have been reported to function as

[9,10

nucleophilic catalysts in Baylis-Hillman reactions,”'”) and N-methylmorpholine (1d) served

as a catalyst for the aziridination of «,f-unsaturated carbonyl compounds."'™! Though
acylations are commonly catalyzed by pyridines, in particular 4-dimethylaminopyridine
(DMAP),!"*" triethylamine (1a),!'>*”) and the cyclic amines 1b™*" and 1c!**! have also been

employed as acylation catalysts. Analogously, the hydrolyses of esters, imides, and amides

are catalyzed by tertiary amines, including 1d,”® through a nucleophilic mechanism.**>"

Nucleophilic substitution reactions of aromatic heterocycles have also been catalyzed by

tertiary amines, including 1a and 1c.*'?!

Because the nucleophilic activities of amines are known to correlate only poorly with their

33-35]

Bronsted basicities (pKan),! we now set out to include the tertiary amines 1(a-d) (Chart

36-40

9.1) in our comprehensive nucleophilicity scales®®*” by studying the rates of their reactions

with benzhydrylium ions.*®

Chart 9.1. Tertiary alkylamines.

| | |
w O Oy A
1c 1d 1e

N
1a 1b 1f
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Table 9.1. Abbreviations and electrophilicity parameters (E) of the reference electrophiles
employed in this work.

+
PORSH
2

Ar,CH" X Y E*
Ph,CH" H H 5.90
tol(Ph)CH" H CH; 4.59
(tol),CH" CH; CH; 3.63
ani(Ph)CH" H OCH; 2.11
(ani),CH" OCH3 OCH; 0.00
H
(fur),CH" 136
o o
(pfa),CH" N(Ph)CH,CF;  N(Ph)CH,CF;  -3.14
(mfa)zCH+ N(CHg)CHzCF3 N(CH3)CH2CF3 —3 . 85
(dpa),CH" NPh, NPh, —4.72
H
(mor),CH" 5,53
(mpa),CH N(Ph)CH; N(Ph)CH; -5.89
(dma),CH" N(CH3), N(CH;), ~7.02
(pyr),CH" N(CH,)4 N(CH,)4 ~7.69
H
+ +
(thq).CH X (I ~8.22

—=Z

\
H

(ind),CH" (O -8.76

N
[

—Z

“ From Reference [36].

Numerous kinetic investigations have shown that the rate constants for the reactions of n-, 7=,
and o-nucleophiles with carbocations can be described by Eqn (1),1°¢*!
log k(20 °C) = sn(N + E) (1)

where nucleophiles are characterized by two parameters (N, snx) and electrophiles are
characterized by one parameter (E). By employing benzhydrylium ions (2, Table 9.1)% and
structurally related quinone methides!*” as reference electrophiles, it became possible to
compare reactivities of a large number of nucleophiles in a single scale."*”) With this

methodology, we have previously quantified the nucleophilicities of numerous »-, 7-, and o~

nucleophiles,*!! including primary and secondary amines,'*”! pyridines,*! amidines,*"
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cinchona alkaloids,'*! as well as the tertiary alkylamines 1e,f.l*! In this work, we will report

on the nucleophilic reactivities of amines 1a-d.

9.2 Results and Discussion

As the benzhydrylium ions (Ar,CH', 2) are colored and their reactions with the amines 1a-d
yield colorless adducts, the progress of the reactions can be monitored by UV/vis
spectroscopy. However, formation of quaternary ammonium salts from la-d and the more
stabilized benzhydrylium ions (£ < -9 to —4) is thermodynamically unfavorable. Similar to
previous observations for 1ef,* those benzhydryl cations, which do combine with the
tertiary amines 1a-d, react very rapidly (k> 5 x 10° M s at 20 °C). Conventional UV/vis
spectroscopy, even in combination with stopped-flow techniques, was thus not suitable for
following the rates of these reactions because they are completed during the mixing time of
the stopped-flow instrument. For this reason, we have studied the reactions of la-d with

Ar,CH" in CH;CN and CH,Cl, by laser-flash photolytic techniques (Scheme 9.1).

Scheme 9.1. Laser-flash-induced heterolytic cleavage of suitable precursors yields benzhydryl
cations 2 which combine with the amines 1 to yield ammonium ions 3.

X hv k "NR;
A, T N T T
Ar'” SAr2 Ar'” SAr? NR; (1) Ar'” DAr2
X = N*R'R?R® BF - (3-BF) 2 3
P*Phs BF,-  (4-BFy)
of (5)
OAc (6)

9.2.1 Laser-flash-photolytic Generation of Benzhydryl Cations. In acetonitrile. In polar
solvents like acetonitrile, numerous photo-leaving groups can be employed to generate
benzhydryl cations 2 by photoheterolysis of the respective precursors.””” If the
corresponding benzhydrylium ion is available as a stable tetrafluoroborate®® and the
nucleophile to be studied can act as a photo-leaving group, the corresponding benzhydrylium
precursor can be generated in solution by combining Ar,CH" BF, with the corresponding
nucleophile. We have previously applied this approach to study the nucleophilicities of

(501 ;

thiocyanate,[47] halide,[48] nitrite,[49] and cyanate™ " ions, as well as the tertiary amines 1e,f 14!
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In this work, we will use it to determine the nucleophilic reactivities of the tertiary amines
la-d. This procedure is simple because the quaternary ammonium salts 3-BF, which serve as
precursors for laser flash photolysis can be prepared in solution by adding a high excess
(>10 equivalents) of the tertiary amine which is required for the kinetic experiment to a 10~ to
10 M solution of the benzhydrylium tetrafluoroborate 2-BE;". Due to the low concentration
of 2-BF,, the concentration of the tertiary amine remains virtually unchanged. This method
has the further advantage that photoheterolysis of the resulting precursors only regenerates the
benzhydrylium ion and the tertiary amine.

The choice of photo-leaving group becomes more critical for less stabilized benzhydryl
cations because photoheterolysis gets less favorable with decreasing cation stability. For the
generation of benzhydryl cations with £ > -2, which cannot readily be isolated as stable salts,
we usually use precursors which are known to have a high efficiency of photoheterolysis,
such as chlorides (5),°'™"! acetates (6),°*** and phosphonium salts (4).5%%) The
concentrations of Cl, AcO", and R3;P generated by photolysis, which can be calculated from

U of the benzhydrylium ions, are so small

the absorbances and known extinction coefficients
that the rate of external return with the photo-leaving group is usually negligible.

In dichloromethane. Phosphonium tetrafluoroborates (4-BF4 ) are particularly interesting
precursors for laser flash photolysis, because they allow us to generate reactive carbocations

efficiently in low polarity solvents such as dichloromethane.*

Photolyses of neutral
precursors, for example chlorides (5) or acetates (6), on the other hand, yield only radicals in
dichloromethane if the aryl rests have p-MeO or less electron-donating substituents.”') An
important reason for the high efficiency of phosphonium salts 4-BF4 ™ as precursors in apolar
solvents is the fact that they already bear a positive charge and no net charge is generated
during the separation of the carbocation and the neutral phosphine. A similar argument could
be made for quaternary ammonium salts, and therefore we were also interested in the laser
flash photolysis of the ammonium salts 3-BF4 in dichloromethane. As far as we are aware of,
the photoheterolysis of quaternary ammonium salts!®°**"! has only been described in more
polar solvents.

Photolysis of the quaternary ammonium bromide 3e-Br~ with Ar' = Ar* = Ph!®” in CH,Cl, did
not give rise to any absorbance of the benzhydryl cation (Ph,CH"). This is not surprising

48] and in

because the Br anion undergoes a diffusion-controlled reaction with Ph,CH",
CH,Cl,, the Br™ anion would presumably form contact ion pairs with the ammonium ions, i.e.,

it can intercept the carbocation within the geminate solvent cage. We then prepared the
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corresponding ammonium tetrafluoroborate 3e-BF;~ (Ar' = Ar* = Ph) from the bromide by
salt exchange with AgBF, in CH;CN. When we photolyzed 3e-BF, (Ar' = Ar® = Ph) in
CH,Cl,, we could indeed observe the benzhydryl cation Ph,CH' and identify it by its

spectrum.

9.2.2 Thermodynamics of the Combination Reactions. As mentioned above, combinations
of the tertiary amines l1a-d with the highly stabilized benzhydryl cations are
thermodynamically unfavorable and their solutions remain colored even when a high excess
of the amines is added. In some cases, partial combinations occur, and we have previously
reported on photometric determinations of equilibrium constants for the combination
reactions of benzhydrylium ions with the tertiary amines 1ef in acetonitrile!*® as well as for
tertiary phosphines in dichloromethane.®® Attempts to determine equilibrium constants for
the combinations of la-d with Ar,CH' in this work were unsuccessful because the fast
combination of benzhydrylium ions with the amines was followed by an unknown subsequent
reaction so that the end absorptions were not constant.

Qualitatively, the thermodynamic stabilities of the quaternary ammonium salts in CH3CN
decrease for a given benzhydrylium ion in the order DMAP >> quinuclidine > DABCO =
N-methylpyrrolidine > N-methylpiperidine > N-methylmorpholine > NEt;. In CH,Cl,, the
formation of ammonium salts from benzyhydrylium ions and tertiary amines 1is

thermodynamically less favorable than in CH3CN.

9.2.3 Kinetics of the Reactions of Tertiary Amines with Benzhydryl Cations. The
benzhydryl cations were generated by laser flash photolysis (7 ns pulse, 266 nm, 40-60
mJ/pulse) of suitable precursors (see above and footnotes in Table 9.2) in the presence of a
high excess of the amines la-d in CH3CN or CH,Cl, (Scheme 9.1). The kinetics of the
reactions of the benzhydrylium ions 2 with the tertiary amines 1la-d were then followed by
monitoring the decrease of the absorbance of Ar,CH" at A Unlike primary and secondary
amines, tertiary amines react only very slowly with dichloromethane,'®”’ which allowed us to
study their reactivity also in CH,Cl, solution.

In some cases, where the amines la-d form only moderately stable adducts with the
benzhydryl cations, we did not observe the expected pseudo-first-order kinetics due to an

unidentified side or subsequent reaction on a similar timescale.

331



CHAPTER 9 — Nucleophilic Reactivities of Tertiary Alkylamines

In cases, where the combination reactions of the benzhydrylium ions with the tertiary amines
are fast, the absorbances of the benzhydrylium ions decrease mono-exponentially (Fig. 9.1)
and the pseudo-first-order rate constants k,,s were obtained by fitting the decays of the

absorbances to the mono-exponential functions 4, = Aoe*kobst + C. Plots of kops Versus [amine]

are linear and the second-order rate constants &, (Table 9.2) were derived from the slopes of

such plots (Fig. 9.1).

Table 9.2. Second-order rate constants for the reactions of 1a-d with benzhydrylium ions
(Ar,CH', 2) in CH3;CN and CH,Cl, at 20 °C.°

ky/m's!
| { \

NEt, (_7 Q [oj

la 1b 1c 1d
2 CH,CN  CH)Cl, CH;CN CH,Cl,  CH;CN CH,Cl,  CHyCN  CH.Cl,
Ph,CH"* 1.45x10° 4.65x10° 3.71x10° 2.56x10°
tol(Ph)CH"* 3.66x10°
(tol),CH"*  1.64x10° 4.06x10° 3.55x10°  2.97x10°  2.00x10°  2.66x10°
ani(Ph)CH™” 7.31x10"
(ani),CH™"*  4.66x10" 3.05x10°  1.68x10°  1.27x10°  8.38x10°
(fur),CH™”  1.91x10° 1.96x10° 231x10° 1.65x10° 8.32x10®  5.96x10° 2.71x10° 7.10x10’
(pfa),CH"  (1.4x107)° 9.24x10°  6.31x10°  1.53x10°  1.45x10°  1.63x10’
(mfa),CH" a 3.28x10° 4.86x10°  4.00x107  7.79x10"  4.36x10°
(dpa),CH" 3.04x10%  1.87x10% 4.07x10"  (3x10")°  5.06x10°
(mor),CH" 6.39x10"  6.53x10"  5.08x10° 6.73x10°
(mpa),CH" 8.55x107 5.29x107  6.61x10° d
(dma),CH" 1.22x107 (1.4x10°°
(pyr),CH" 7.19%x10°
(thq),CH" 2.08x10°
(ind),CH" d

“ Generated from the corresponding ammonium salts 3-BF, , if not mentioned otherwise. b Generated from 5, 6,
or 4-BF, in CH;CN, and from 4-BF, in CH,Cl,; for details see Experimental Section. © Fits of the time-
dependent absorbances of the benzhydryl cations to an exponential curve are not very good, and these rate
constants have to be considered approximate. ¢ Reactions do occur when higher concentrations of amines are
used, but the reactions are not of pseudo-first order.

Figure 9.2 and the data in Table 9.2 show that the rate constants of the reactions of the
benzhydrylium ions with the amines increase with increasing electrophilicity parameter £

until the diffusion limit is reached, i.e., (3-5) x 10° M"' s™' for 1b-d in acetonitrile. The fact
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that the diffusion-controlled rate constants for the reactions of NEt; (1a) are 2-3 times smaller

than for the cyclic amines 1b-d can be rationalized by the greater steric demand of NEt;.

0Ty, = 6.61x10%1c] + 1.14x10°
R? = 0.9992

Ix1Q
e 210

1x10¢

0 0.002 0.004 0.006
[1e] /M

0,0 0,1 0,2 0,3

t/ms ——

Figure 9.1. Exponential decay of the absorbance A4 at 613 nm and linear correlation of the
pseudo-first-order rate constants ko versus [1c] for the reaction of (mpa),CH" with 1c in

CH;CN at 20 °C.

10

—_ = — — —

- (pfa),CH
(fur),CH"

-6 -4 -2 0 2 4 6
E —

Figure 9.2. Correlation of log k, for the reactions of triethylamine (la, 4), N-methyl-
pyrrolidine (1b, 4), and N-methylpiperidine (1c, ®) with benzhydrylium ions 2 in CH;CN at
20 °C with electrophilicity parameters E — rate constants for (mpa),CH "™ and (dpa),CH" (open
symbols) were not used for the determination of the N and sy parameters. N-Methyl-
morpholine (1d) is not shown because the data points overlap with the line for la.
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Typically, plots of log k, versus E show linear correlations from which the nucleophile-
specific parameters N and sy can be obtained (Eqn (1)). However, Eqn (1) is only valid for
rate constants up to ~2 x 10® M s7,°% because then the correlation lines start to flatten as the
rate constants approach the diffusion limit, which is also evident from Fig. 9.2. As a
consequence, the suitable reactivity range to determine N and sy parameters for 1a-d is very
narrow, limited by thermodynamic stability of the combination products on the lower end,
and limited by diffusion control on the upper end. For that reason, only few rate constants can
be used for the determination of N and sy for triethylamine (1a) and N-methylmorpholine (1d)
in acetonitrile, as well as for 1a-d in dichloromethane (Table 9.2).

Moreover, in acetonitrile, combination reactions of N-phenyl substituted benzhydrylium ions,
particularly (dpa),CH" and (mpa),CH", with nucleophiles are usually faster than one would
predict based on their £ parameters.’” Reactions of 1b-d with these cations in CH3;CN have
similar or even higher rate constants than cations with somewhat higher £ values (Table 9.2
and Fig. 9.2). This deviation indicates small differential solvent effects on the reactivities of
these electrophiles with the consequence that the E-parameters of benzhydrylium ions which

were derived from rate constants determined in dichloromethane®!

are not applicable in
CH3;CN. Therefore, we did not consider rate constants measured with (dpa)2CH+ and

(mpa),CH" in CH3CN for the determination of the N and sy parameters.

Table 9.3. Reactivity parameters N of amines 1a-d in CH3;CN and CH,Cl, (with sy = 0.52)

Amines N (CH;CN) N (CH,Cl)

la 17.1 17.3¢
1b 20.59 20.6"
1c 18.72 18.9°
1d 16.8° 16.5¢

¢ Estimated using sy = 0.52.

Due to these limitations, only two series in Table 9.2 contain enough data points to derive the
nucleophilicity parameters from Eqn (1), yielding N = 20.59, sy = 0.52 for 1b and N = 18.72,
sy = 0.52 for 1c (Table 9.3). Assuming that the slope sy = 0.52 also holds for the other
reaction series, nucleophilicity parameters for 1a,d in CH3;CN and 1a-d in CH,Cl, have been
estimated from 1 to 3 reliable rate constants in the supposedly linear range of the correlations.
From the N parameters in Table 3, and from the rate constants in Table 9.2, it can be seen that

the tertiary amines la-d have almost equal nucleophilicities in CH,Cl, and in CH3CN. The
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nucleophilicity of DMAP also differs by less than one order of magnitude in these solvents.!*”!

However, due to the paucity of data, the N and sy parameters published in this work have to
be considered approximate.

We can now compare the nucleophilic reactivities of la-d with those of other N- and P-
nucleophiles. Because reactions of the tertiary alkylamines la-f with electrophiles which
would react with second-order rate constants of k&» = 1 M s are thermodynamically
unfavorable, N values (which reflect the relative reactivities toward such electrophiles) are
less suitable for comparing these nucleophiles than relative reactivities toward an electrophile
which does combine with these compounds. Therefore, we have plotted log k, of the

combination reactions with (dma),CH" in Fig. 9.3.

log k @7

8.26 N

- Af
8 — 8.07 @
/N

DBN o — 1c
= 5.90° 589
575 v
DBU — (5-24)C1 NEt,
X 5.36 — 1a
| 5 | — _1d |
N (5.08) N PPh; (CH,Cl,)
DMAP [ j 1 7€
o 4.76

Figure 9.3. log k; for reactions of (dma),CH" (E = —7.02) with different N and P nucleophiles
in CH;CN.*>¢

“ Rate constants for 1e,f,* DMAP,) DBU,"Y and the phosphines!® were reported previously; rate constants
for 1b,c from this work. ” Rate constants of reactions of secondary amines and DBN with (dma),CH" have not
been measured and were calculated from Eqn (1) using N and sy parameters from References [42,44]. ¢ 1a and
1d do not react with (dma),CH’, and rate constants for these reactions were calculated from Eqn (1).

As discussed previously,*® the higher reactivity of DABCO (1€) compared with quinuclidine
(1f) is due to the fact that both rate constants are close to diffusion control, and attack at the
diazacompound leis favored statistically. The monocyclic compounds 1b and 1c are one (1b)

and two orders of magnitude less reactive. Remarkably, the five-membered ring compound 1b
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is almost one order of magnitude more reactive than 1c, while the corresponding secondary
amines pyrrolidine and piperidine show very similar reactivities toward (dma),CH" in

4271721 The increase of steric

acetonitrile (Fig. 9.3) as well as in methanol and water..
hindrance, which may explain the reduction of reactivity from the bicyclic compounds 1ef to
the monocyclic compounds 1b,c may also account for the further reduction of nucleophilicity
from 1b,c to triethylamine (1a) which is so severe that the rate constant for the reaction of
NEt; with (dma),CH" had to be calculated by Eqn (1) because this reaction is highly
reversible and cannot be directly measured. An analogous effect was found in the series of
secondary amines, as shown by the comparison of piperidine, pyrrolidine, and diethylamine
on the left side of Fig. 9.3. Introduction of an oxygen in N-methylpiperidine also reduces the
nucleophilicity, and N-methylmorpholine (1d) is calculated to react one order of magnitude
more slowly than 1c; again, the rate constant for the reaction (dma),CH™ + 1d could not be

measured directly because the equilibrium does not favor the formation of the quaternary

ammonium ion.

9 -
N @
8 A
e 1f
N
7 *
= 1b
2 N
_6 | 1c Q [ J DBU
L4 [ ]
I Y DBN
N @ NEt
oo oyt
0 X
.
N/
4 T T T T 1
15 17 19 21 23 25

pKaH

Figure 4. Correlation of log k, for reactions of (dma),CH" (E = —7.02) in CH;CN with
different N-nucleophiles and their pK,y values in CH;CN.!>7¢!

We have repeatedly commented that the relative nucleophilicities of amines cannot be
determined from the corresponding basicities (pKay). Figure 9.4 shows that the newly
determined nucleophilic reactivities of 1a-d support this statement. Triethylamine (pK,y =
18.82 in CH3CN),!" though being a slightly stronger base than N-methylpyrrolidine (1b) and
N-methylpiperidine (1c),’* is the weakest nucleophile of the three. In subsequent work, it
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will be shown how the N and sy parameters reported in this work can be used to rationalize

the efficiency of these compounds in organocatalytic reactions.
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9.S Supplementary Data and Experimental Section

Materials. Solvents. For the laser flash photolysis experiments, p.a. grade dichloromethane
(Merck) was subsequently treated with concentrated sulfuric acid, water, 10% NaHCO;
solution, and again water. After pre-drying with anhydrous CaCl,, it was freshly distilled over
CaH,. Acetonitrile (HPLC-grade, VWR) was used as received.

Nucleophiles. Triethylamine (1a, Riedel-de-Haén, >99%), N-methylpyrrolidine (1b, Aldrich,
97%), N-methylpiperidine (1c, Acros, 99%), and N-methylmorpholine (1d, Acros, 99%) were
distilled over LiAlH, to remove any secondary amine impurities.

Precursors for laser flash photolysis. Syntheses of the benzhydryl chlorides (5) and

benzhydryl acetates (6) were reported previously.®!

1-Benzhydryl-1-azonia-4-aza-
bicyclo[2.2.2]octane tetrafluoroborate (3e-BFy, Ar' = Ar® = Ph) was prepared by anion
metathesis from the corresponding bromide!®” with AgBF, in CH;CN. The other ammonium
tetrafluoroborates were prepared in solution by adding the amines 1a-d to solutions of the

benzhydrylium tetrafluoroborates!'*"

immediately before the experiment, which gave
completely or almost completely decolorized solutions. The synthesis of the phosphonium
tetrafluoroborates (4-BF4) is described in CHAPTER 1 of this work. The precursors and their

concentrations used for the individual experiments are indicated in Tables 9.S.1-9.S.8.

Laser flash photolysis. Experimental procedure. Solutions of the precursor with Az¢6 nm = 0.3
to 0.9 were irradiated with a 7 ns pulse from a quadrupled Nd/YAG laser (266 nm, 40-60
mJ/pulse), and a xenon lamp was used as probe light for UV/vis detection. The system is
equipped with a fluorescence flow cell which allows to replace the sample volume completely
between subsequent laser pulses.

Kinetics were measured by following the decay of the benzhydryl cations at their absorption
maxima. For each concentration, > 50 irradiation experiments were averaged, and the pseudo-
first order rate constants k.,s were obtained by least-squares fitting to the single-exponential

curve A4; = Aoefkobst + C. The slope of a plot of kus versus concentration yields the second

order rate constant k».
Details of the kinetic experiments. The majority of the measurements in this section was
performed by M. B. and S. K., but properly evaluated and interpretated by me. Several

measurements were repeated by me in order to confirm or reject the data determined by my
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coworkers. The rate constants for the reactions of la,d in CH,Cl, were determined

exclusively by me.

Table 9.S.1. Kinetics of the reactions of triethylamine (1a) with Ar,CH" in CH3CN at 20 °C.

Clation [cation] / I [1a] /M B s £ 57 A=592 nm ko fILe!
+ o -5 3 4 EX
(pfa)CH'  [2BFy] = 200 =10 200 =10 514 = 10 N (14 =107
o0 =10 % 667 =10t
40 =12 g7 =wt
500 =10F 94 =t =

2.0E+04

6. 0E+04

o GOED4
v =1 43E+07 % + 2. 34E+04
2.0E+04 )
R3= 09977
0.0E+00
u} 0002 0004 0.00&
[1a] /M
Cation [precursar] / I [la] /M Fognef st A=523mm ko W ls!
fadCHY  [4-EFy] = 137 =107 132 =103 221 =107 191 =10 #
1.2E+0&
263 =10 7 45 =104 | OE+05 w =1.91E+08x + 4.13E+05
205 =10 72 714 =10 7 2 0E+05 R¥=0.9751
526 <10°%F 102 =10% T gpmns
658 =10 2 112 =10 % = 4omeqs
20E+05
0.0E+00
u} 0001 o002 0.003
[la] /M
Cation [precursar] / M [1a] /M Fone fat A=500nm ka/hts!
(andyCHY [6] = 487 =107 114 =10 3 gg =10 7 —— 466 =10 8
298 =10 2 15 =10 % 3.E|E+Eln5 y = 4 66E+08x% + 4 63E+05
342 =10° 208 =10° 2.5E+08
455 =10 270 =10 % Z0E+DE
560 =10 204 =10 % . 1OENDE
1 0E+0&
50E+05
0.0E+00
u} 0002 o004 0.00&
[la] /M
Clation [precursar] / I [1a] /M J s £ 57 A= 455 nm i hts!
W an)CH? 5] = 639 =107F 114 =10 3 150 =10 ¢ 731 =10 ®
& 0E+0&
-3 G : _
228 =10 239 =10 5 OE+0E y = 7.3 E+08x + 7 .04E+05

342 =10% 319 =10f R =0.9353
455 =103 417 =% =&

560 =10% 47 =10% .

4 0E+0&
3.0E+08
2.0E+08
1.0E+0&
0.0E+00

0 0.002 0.004 0008
[la] /M
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Table 9.S.1 (Continued). Kinetics of the reactions of triethylamine (1a) with Ar,CH" in

CH;CN at 20 °C.
Clation [precursar] / I [la] /1 F s £ 57 A= 464 nm oo A ls!
tollCHY 5] = so0 =10* qoo=103 231 =10 @ 164 =107
(tels 1.0E+07
200 = 10 3 479 =10 6 HEH Ty =1 B4E+08x + 1 13E+06
' ’ 8 0E+16
300 =10 % G053 =10°
400 =103 733 mqp§ o GOEDE
500 =10 2 020 =10 % . 40E+08
20E+08
0.0E+00
u} 0002 0004 0.00&
[1a] /M
Cating [precursor] £ W [1a] / M Fohe F 5t A=432nm g FO s
+ _ 3 3 § 9
PhyCH [5] = 1.00 =10 100 =10 529 =10 R 145 =10
200 =10 * 635 =10 ° A
3 6 ’
300 =10 i 794 =10 G J——
400 =10 9.5 = 10 I im0
e
4.0E+05 y =1 456409 + 3 B3E+06
2 0E+06 R:= 00918
0.0E+00 s s ,
u} 0002 0004 0.008
[la]/M

) Some non-monoexponential comp onent.

Table 9.S2. Kinetics of the reactions of triethylamine (1a) with Ar,CH' in CH,Cl, at 20 °C.

Clation [precursor] £ I [la] /I s £ 57 A=330nm g /10 lst
(FaryCHY  [4BFy] = 122 =107 135 =10° 238 =103 L AEsD 196 =10 %
: =1 86E+05x - 3 52E+04
269 =10 434 =10 % L 2Es0g | T ¥
404 = 10" 732 =107 1.0E+08
339 =10 101 =10 % & BOE+0S
673 =10 120 x10 & . S0EDS
4 0E+05
2.0E+05
0.0E+00

0 0002 0004 0008 0008
[la]/M
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Table 9.S.3. Kinetics of the reactions of N-methylpyrrolidine (1b) with Ar,CH" in CH3CN at
20 °C.

Clation [cation] / M [1h]# M Fogne /ot A =620 nm ka7 ts!

(thyyCHY [2BFy] = 277 =10% 230 =102 sz =10* 208 =10 °
y = 2.08E+06x + 4 30E+03

SO0E+15
479 =10 2 10z =107

718 =10 2 148 =107
-2 5 W

558 x 10 205 =10 2| cpens
-1 5

1.20 =10 256 = 10 | nEens

2.5E+05
2.0E+05

S0E+04
0.0E+00
0 003 0.l 0.1s
[Ib] /M
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(pyeaCHY [2BFy] = 200 =10% 500 =103 40 =10 * N 719 =10 °
100 =10 2 277 =10 4 ’ y = 719E+06x + 1 05E+04
150 =10 2 173 =10 ¢ 2.0E+05 R*=08579

200 =10 2 150 =10 7 » L3E+OS

250 =10 2 103 =10 7 . L.OE+05

5.0E+04
0.0E+00
o 0.0l 0.0z 0.0z
[Ih] ¢ M
Clation [cation] / I [1b] £ 1 B s £ 57 A =605 nm g0l
+ - -5 -3 4 T
(dmapCHT [2EFy] = 200 =10 291 =10 459 =10 S 122 =10
sg2 =107 gz o=t
873 =107 120 =107 1.3E+03

.2 5 n
1.16 =10 1.5 =10 . 1.0E+05
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5 OE+04 v =122E+07x + 1 25E+04
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0.0E+00
o 0o0s 00l 0015 002
[1b]/ M
Cation [cation] /I [1b] # 11 Boghs £ 57t A =613 nm kgt
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200 =10 2 146 =10 ° ' y = 6.55E+07x% - 2.11E+04
4 OE+05
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400 =10 321 xqp ¥ FOES
500 =10 ¢ 402 =10 7 . Z20E+03

1 0E+05

0.0E+00

0 0.002 0.004 0.008
[Ih] ¢ M
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Table 9.S.3 (Continued). Kinetics of the reactions of N-methylpyrrolidine (1b) with Ar,CH'
in CH3CN at 20 °C.

Cation [cation] /I [1b] # 11 Boghs £ 57t A =612 nm kgt
E -5 3 4 7
(mofCHY  [2BFy] = 100 =10 1.00 =10 578 =10 2SEes 639 =10
200 =10 3 112 =10 % S oEens | ¥ = B3SE0TX - 8 B0E03
300 =10 3 182 =107 2.5E+03
400 <10% 247 =0 % & ZOEsDS
500 x10 % 310 =10 . POEVOS
1.0E+05
5.0E+04
0.0E+00
u} 0,002 o004 0.008
[Ih] /M
Clation [cation] / I [1b] £ 1 B s £ 57 A =644 nm g0l
- -5 -3 5 g
(dpa)CH" [2-BFy] = 1.00 =10 1.00 =10 245 = 10 J— 304 x 10
200 %10 F 640 =10 ¥ = 3.04E+08x + 4 Z2E+04
300 =10 3 062 =107 1 5E+08 R = 00008

-3 ] v
400 = 10 125 =10 | opens
500 =10 2 157 =10 %

50E+05
0.0E+00
u] 0.002 0.004 0.00&
[Ib] /M
C ating [eatinn] £ I [1h] { b1 Fgne f 8" A =3536 nm EqfMlst
. 5 3 B g
(mfalCHY  [2-BFy] = 100 =10 1.00 =10 3905 =10 S 328 =10
200 =10 3 774 =10 3 v = 3. 28E+08x + 9 96E+04
300 =10F 141 =10 ¢ 1.3E+5
400 =10 F 14 =10 % 2 e
s00=103 171 =0 % =
SO0E+0S
0.0E+00
u] 0.002 0.004 0.00&
[Ih] /ML
Clation [cation] / M [1h]# M Fogne /ot A =392 nm ka7 ts!
(pfaCHT  [2BFy] = 100 =10 % 100 =10 g36 =107 5 DEA0E 524 =10 ®
200 x 10 3 17% =10 6 v = 8 24E+08x - 4 43E+04
’ ’ 4.0E+0&

300 <10% 269 =10 ¢
400 =10 % 376 =10°¢
500 <10°% 432 =108 o 20EDE

1.0E+06

w 3.0E+06

0.0E+00

0 0.002 0.004 0.008
[h] /M
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Table 9.S.3 (Continued). Kinetics

in CH3CN at 20 °C.

CHAPTER 9 — Nucleophilic Reactivities of Tertiary Alkylamines

of the reactions of N-methylpyrrolidine (1b) with Ar,CH’

Clation [precursar] / [1b] £ 1 B s £ 57 A=523nm g0l
E -5 -4 [3 [
(furCHY  [4-BFy] = 1329 =10 .11 =10 144 =10 I 231 =10
122 =102 280 =10 ° 7 0E+06
183 =107F 451 =10 ¢ 6.0E+08
240 %10 5Tt pee
306 =10 % 709 =10 % = 3.0E+08
2.0E+06 ¥ = 2 3 E+00x + 9 50E+04
1.0E+0& R*=0.9979
0.0E+00
0 000l 0002 0003 0004
[kl M
Clation [precursar] / M [1b] £ 1 B s £ 57 A =484 nm g0l
+ 5] = 10 * 10 10 ¢ 10 ?
{tolLCH [5] = 200 = 500 = 203 = S 0 406 =
100 x10°% 543 =10°
150 =10°%  goo =10 1.5E+07
200 =10 em=w® & L DE07
230 =102 112 =107
3DD - ].D -3 134 = ID T 5 .0E+08 Y =4 0GE+09x + 1 27E+06
3 7 R = 0.9956
400 =10 175 =10 ——
] 000z 0004 0008
[kl M
Clation [precursor] / M [1h]# M Fogne /ot A =435 nm ka7 ts!
(PhpCH* 5] = 100 =10% spo=10* 372 =10° o QE+07 465 =10 °
100 =10? 773 =108
150 =10 3 10z =107 1.3E+07
-3 T -
200 =10 124 =10 2 ipe
230 =10 2 142 =107
300 =10 -3 173 =10 7 5.0E+08 y =4 BSE+09x + 3 22E+06

346

0.0E+00

1] 0.001

R*=0.8952

0.002
[h] /M
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Supplementary Data and Experimental Section

Table 9.S.4. Kinetics of the reactions of N-methylpyrrolidine (1b) with Ar,CH" in CH,Cl, at

20 °C.
Cating [cation] £ I [1h] { b1 Fgne fat A =622 nm EqfWlst
(mpapCHY [2BFy] = 231 =107% 154 =10° 265 =10 * J— 529 =107
B 5 ' y = 5 29E+07x + 5 54E+03
307 =10 166 =10 4 DB
R +|
460 =10 ° 246 =10 3
614 x10F 3z xqp? o OB
767 =10 ° 414 =1p % e 20E<D5
1.0E+05
0.0E+00
u} 0005 0.01
[1h] § M
Clation [cation] / I [1b] £ 11 B gps £ 57 A=620 nm Eq /0 lst
(mofCHY  [2-BFy] = 400 =10 % 500 =10 360 =10 7 —— 653 =107
100 =10° 770 =10 3 ’ y = G.53E+07x + 6.36E+04
150 =10° 104 =10 ¢ 1.5E+08 2= 0.9954
200 =10 " 134 =108 = T
250 =10 ° 171 =108
5.0E+05
0.0E+00
a ool 0.0z 003
[h] /M
Cation [cation] / M [1h] M Fgne fat A =670 nm kg fnts?
CdpaCHY  [2BFy] = 200 =10 % 100 =10 49z =10 3 . 187 =10 ®
. +|
200 =10 " 723 =103 | 2Ea0s
300 =10° 914 =10 ° 1 OE+05
400 = 10" 100 =10 % » S0E+0S
500 =10 ° 125 =10 % S0E0S
4 OE+015 y =1 87E+08x + 3. 35E+05
20E+05 R*=0.995
0.0E+00
0 000z 0004 0006
[h] i M
Catint [cation] £ M [1h] # M Foghe £ gt A =3593 num kq Fnnlal!
(mfapCH  [2-BF¢] = 300 =10°F 107 =10 434 =10 7 —_ 456 =10 ¢
i +
215 =10 " 937 =10 7 I y = 4 BEE+03x - B.03E+04
372 =10° 147 =10 % 2'DE+06 R = 0.9994
430 =10 ° 196 =10% & R
- & -
537 =10 245 =10 | DE+0E
50E+05
0.0E+00
u} .00z 0.004 0008
[1h] # BT
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CHAPTER 9 — Nucleophilic Reactivities of Tertiary Alkylamines

Table 9.S.4 (Continued). Kinetics of the reactions of N-methylpyrrolidine (1b) with Ar,CH"

in CH,Cl, at 20 °C.
Clation [cation] / M [1h]# M Fgne /st A =601 nm hasMls!
(pfapCHT  [2BFy] = 300 =10% 100 =10 goo =10 ° I 631 =10 °
200 x 10 2 120 =10 & 3.DE+E|5 y = B.31E+08x - 4. 76E+04
300 =103 182 =10 ¢ 2.5E+06
a0 <10 % 249 =10 % o 20E+08
500 =107% 311 =10 % . 1OEHDE
1.0E+0&
SO0E+0S
0.0E+00
u] 0.002 0.004 0.00&
[Ih] ¢ M
Cation [precursar] / I [1b] £ 11 Fogps £ 57 A =530 nm g 0!
(FufyCHY  [4-BFy] = 500 =10% 100 =10%F psp =10 ¢ | DE+D7 165 =10°*%
200 =10 -3 371 =10 4 ’ vy =1.B5E+09x - 5.33E+04
300 =10% 481 =10 ° . R*= 09833
400 =10°F  Ges =g § o GOEDB
500 =107 g0l =10 % . HOEDE
2 0E+0&
00E+00
u] 0.002 0.004 0.00&
[Ih] ¢ M
Cation [precursar] £ I [1b] # 11 Fobs £ 5 A=512 nm ko fnrts?
(andpCH'  [4-BFy] = 200 =10°F 1m0 =10°% 386 =10 ¢ o 305 =10 °
200 x10% 716 =10 ¢ ' y = 305E+09 + B.43E+05
300 =10% g7z =t 1B R*=0.8955
400 =10 130 <107 2y pig
son =103 1Az =07 W
5 0E-HIG
0.0E-HID ' ' ;
i 0002 0004 0008
[Ih] /11
Clation [precursor] / M [1h]# M Fogne /ot A= 472 nm ka7 ts!
(telpCH®  [4-BFy] = 500 =10°% 100 =103 z2pq =108 S 355 =10 °
a0 <10 % 633 =10 ¢ ' y = 3556408 - BOTEHS
100 =10 % wen =10 © 1.5E+07 R?= 09993
400 =107° 134 =107 D oo
son =10 1T =7 -
SO0E+08
00E+00
u] 0.002 0.004 0.00&
[Ih] ¢ M
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Supplementary Data and Experimental Section

Table 9.5.4 (Continued). Kinetics of the reactions of N-methylpyrrolidine (1b) with Ar,CH'

in CH,Cl, at 20 °C.
Cation [precursar] F M [1h] M Fgne fat A =460 nm ko fnts?
(PriteDCH' [4-BFy] = 300 =10°F 100 =10 363 =10 ° S 366 =10 °
200 =10 ° 635 =10 4 ’ v = 3BEE+09x - B.13E+05
300 =10° 976 =10 ¢ 1.3E+07
- T w
300 =10 131 =10 L R
e
5 0E+0&
O.O0E+00

0.002 0.004 0.00&
[1h] F 11

Table 9.S.5. Kinetics of the reactions of N-methylpiperidine (1¢) with Ar,CH" in CH3CN at

20 °C.
Clation [cation] / I [lc] /I B s £ 57 A =605 nm g0l
(dmapCHT [2BFy] = 500 =10 % zo0 =10° o3 =10 ¢ P (1.4 =10 5
s00 =10 g7 =10 ° 3.5E+0s |V 7 1 41EDEK+ 900803 B
100 =10 146 =10 3 OE+05
. 2.5E+05
150 = 10 210 =107 2 ShEs
200 =10° 282 =10 % w1505
250 x 10 377 %107 1 OE+03
S0E+04
0.0E+00
0l 0z 03
[le] 4 M
Clation [cation] / I [lc] £ I B s £ 57 A=613 nm g0 lst
(mpapCHT [2BFy] = 195 =10% 110 =10° g67 =10 3 P 661 =108
219 =10 - 153 =10 4 5 SFa0d v = B.E1E+08x + 1.14E+03
329 =10 220 =10 * 3 OE+04
] . . 2.5E+04
432 =10 297 =10 g
542 %10° 377 = 10Y w 15E+0d
1 .0E+04
5.0E+03
0.0E+00
0.002 0.004 0.00&
[1e] /M
Cation [cation] £ M [le] # M Fcc,hs.l‘s'l A=612 rmm ;cng'ls'l
(mofpCHY [2BFy] = 198 =10°% 110 =10° 597 =10 % —_ 508 =10 °
- 4 ' y = S.0BE+06x + 2 G3E+02
219 =10 114 =10 4 I :
: R==0.9993
329 =10 162 =10 4 I
438 =10 225 =10 T cpend
542 =10° 22 =t .

1.0E+04
5.0E+03
0.0E+00

0.002 0.004 0.00&
[1e] /M
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CHAPTER 9 — Nucleophilic Reactivities of Tertiary Alkylamines

Table 9.S.5 (Continued). Kinetics of the reactions of N-methylpiperidine (1c) with Ar,CH'
in CH3CN at 20 °C.

Clation [cation] / I [lc] £ I B gps £ 57 A =644 nm Eq /0 lst
(dpanCH' [2EBFy] = 400 =10°% 100 =10°%F 43 =10t - 407 =107
200 =10 % 201 =10 % Jomos L7 4 OFE+07x - 3 BIE+02
300 «10% 117 =107 ' R*=09978
1.5E+05

400 =10 2 160 =10 % =
s00 <10 za7 =10 e 1OE40S

S0E+04
0.0E+00
0 0002 0004 0006
[1e]/ M
Clation [cation] / M [le]# M Fogne /ot A =386 nm ka7 ts!
(mfopCHT [2BFy] = 100 =10% 100 =103 41z =10t e 400 =107
200 =10 -3 777 =10 4 v = 4 00E+07x - 1. 24E+03
300 x10 % 115 =10 ° AR R*=0.9987
a0 %103 1smoxpgd o 1OBS
500 <10 % 20l =0 e LOESOS
50E+04
O.O0E+00
a 0.002 0.004 0.00&
[1e] /M
Clation [cation] / I [lc] /I B s £ 57 A=3592 nm g0l
- -5 -3 5 g
(pfaiCH"  [2-BFy] = 200 =10 100 = 10 145 = 10 N 153 =10
200 =10 3 205 =10 7 w=1.53E+08x - 3.31E+02
300 x10F 469 =107 BOEDS R*=0.998
400 =107 619 =1g ¥ & GOEDS
500 =103 7a0 =10 ¥ . HOE4DS
20E+05
0.0E+00
a 0.002 0.004 0.00&
[le]/ M
Clation [precursor] / M [le]# M Fogne /ot A=523 nm ka7 ts!
(FarlyCHY  [4BFy] = 1290 =10 % 523 =10 473 =107 R 832 =10 ®
105 =10 -3 ann =10 H v =5 32E+08x + 2 66E+04
2 0E+0&

157 =10 3 133 =108 R = 0.9995
209 =10 3 175 =108 =
261 =10 % 232 =10 % . 1DOE+DE

5.0E+05

1. 5E+08

0.0E+00

0 0.001 0.002 0.003
[le]/M
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Supplementary Data and Experimental Section

Table 9.S.5 (Continued). Kinetics of the reactions of N-methylpiperidine (1¢) with Ar,CH'
in CH3CN at 20 °C.

Cation [precursar] / I [lc] £ I Fogps £ 57 A =500 nim g 0!
(anipCH*  [4-BFy] = 200 =10 100 =10%F 150 =10 ¢ - 168 =10°%
200 =10 -3 324 =10 ] v =1.68E+09x - 5.52E+04
300 =10°F 507 =10 ¢
400 =103 82 =10 ¢
500 =10°F 331 =10 % s HOES

FOE+HDE F2= 00005

&.0E+08

Is

2 0E+0&
O.O0E+00
a 0.002 0.004 0.00&
[1e] /M
Clation [precursor] / M [le]# M Fogne /ot A = 464 nm ka7 ts!
(talpCH' 5] = s00 =10* 100=10% 3g3=10°¢ S 297 =10 °
300 =10 -3 712 =10 L y = 2897E+09x + 1 OTE+06

300 =10 3 10z =107 1 5E+07 R7= 00685
-3 T v
400 =10 130 =10 2 aEea?
500 =102 157 =107 =
S0E+08
0.0E+00 - - '
u} 0.0o02 0.004 0008
[1c] /M
Cating [precursor] £ M [1e] f b1 Fgne fat A =435 nm EqfWlst
+ _ 3 4 [3 9
PhyCH [5] = 100 =10 300 %10 327 =10 5 SE+07 371 %10
100 =10 3 733 =10 ¢ v =3 T1E+09x + 3 51E+0E
2.0E+07

150 =10 916 =10°
200 =10 2 Lz =’ =
230 =10 2 131 =107 . LOE+07

1.5E+07

300 =10% 13 =107 5.0E+06
-3 T
400 =10 181 % 10 P——
s00 =10F 2z =107 0 0o0z 0004 0.006

[le]!M

* Some non-monoexponential comp onent.
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CHAPTER 9 — Nucleophilic Reactivities of Tertiary Alkylamines

Table 9.S.6. Kinetics of the reactions of N-methylpiperidine (1) with Ar,CH" in CH,Cl, at
20 °C.

Clation [cation] / I [lc] /I B s £ 57 A =644 nm g0l
(dpanCH' [2EBFy] = 196 =10% 105 =10%F 257 =10% S 3 o=10
197 x10% 551 =104 ' y = 3.00E+07x - 4 5IE+03
315 =10 -3 ans =10 4 1.5E+05 R*=0.9992

-3 5 w
395 x 10 1.16 =10 2 OEe0s
525 =10 2 151 =10% =

5.0E+04
0.0E+00
0 0o0z 0004 0006
[1c] /M
Cation [cation] / M [le] /M Fone /! A = 586 nm EqfWlst
(mfopCH" [2BFy] = 213 =10% 105 =103 7g3 =10t < gE0s 779 =107
i +|
197 =10 3 134 =10 ¢ y = T.TOE+0Tx - T.3TE+03
315 x10 % 240 x10 ° 4.0E+05 R= 0992

305 =10 ¢ 316 =10 3 ~ 30E+03
525 =10°% 382 <107 . 20E+0S

1 0E+05
0.0E+00
o 0.002 0.004 0.00&
[Le] # M
Cating [precursor] £ M [1e] f b1 Fgne fat A =601 nm EqfWlst
CpfaiCHY  [4-BFy] = 200 =10°% 100 =103 131 =107 S QE405 - 145 =10 ®
200 =10F 263 =10 ¢ TOEHIS |y =1.45E+08x - 2.34E+04
200 =10 ¢ 404 =10 F 60EH]S  R*=0.9954

400 x10 7 sz kit % eIy
: : L 40E405 |

500 =10 3 712 =10 3 « 30EHS |

20E+05 |
LOE+HDS |
0 OE+0 : - ;
0 OO0z 0004 0006
[1e] i
Clation [precursar] / [lc] /I B s £ 57 A=534nm g0l
(furaCHY  [4-BF¢] = 200 =10°F oo =10F 570 =10 F A 506 =10 ¢
. +
-3 ] -
200 =10 114 =10 3 0E+06 y = 9.96E+08x - 3.80E+04
zom=10F 173 =10f 2 5E408 R®= 00998
400 =10 % 236 =10 % 20E+08
]
sop =10 ze4 =5 1OEHDE
1 OE+08
5.0E+05
O.O0E+00
0 0.002 0.004 0.008s

[le] s 2L
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Supplementary Data and Experimental Section

Table 9.S.6 (Continued). Kinetics of the reactions of N-methylpiperidine (1c) with Ar,CH'
in CH,Cl, at 20 °C.

Cation [precursar] £ I [le]# M Foghs F 8t A=512 nm ko fnrts?
(anipCH* [4-BF4] = 200 =10% 100 =10%F 1z =10 ¢ —— 127 =10%
200 =10 F 243 =10 O ¢ 0Esns | ¥ = 1-2TEHISx - BATE+
300 <10%F 372 =10 50E+06
400 =10 300 x10® 2 40ED6
500 =107 628 =106 . SOEE
2 0E+08
1.0E+0&
0.0E+00
o 0.002 0.004 0.00&
[Le] FM
Clation [precursar] / I [lc] £ I B gps £ 57 A=473 nm Eq /0 lst
. 5 3 [5 9
(tolyCHY  [4-EFy] = 500 =10 100 =10 233 = 10 v 200 =10
3 & y=2 +03% + 3. +
200 =10 439 =10 | DE+07

300 <103 639 %10 ¢ A R = 0,996

3 ]

400 =10 215 =10 & NE+0
3 T

500 =10 105 =10 " 4 OE+06

Is

20E+08

0.0E+00

0 0.002 0.004 0.008
[le]!M

™ Bothe nof-mono exponential comp onent.

Table 9.S.7. Kinetics of the reactions of N-methylmorpholine (1d) with Ar,CH" in CH;CN at
20 °C.

Clation [cation] / I [1d] /1 B s £ 57 A=612nm g0l
(mofCHY [2BFy] = 200 =10°F soop =102 ze7 =10t P 673 =10 7
1o =1 ! 204 =10 ¢ ¥ = B.T3E+05% + 1 20E+04

150 <10 -1 173 =10 9 1.5E+05 R*= 09853
1 g - u
230 =10 ! 175 =10 % =

S0E+04

0.0E+00

0 0.1 0.2 0.3
[1d] 4 M
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CHAPTER 9 — Nucleophilic Reactivities of Tertiary Alkylamines

Table 9.S.7 (Continued). Kinetics of the reactions of N-methylmorpholine (1d) with Ar,CH'

in CH3CN at 20 °C.
Cation [cation] / M [1d] /M Fgne fat A =644 nm ko fnts?
CdpaCHY [2BFy] = 100 =107 100 =10 719 =10 3 — 506 =108
200 =10 ° 135 =10 4 2.5E+D4 y =5 0BE+06x + 2.58E+03
B 4 )
300 =10 175 =10 ) —
400 =10 22% =10 4 LSEs04
500 =10 273 =10 L OE+04
5.0E+03
0.0E+00
] 0.002 0.004 0.008a
1]/ M
Clation [cation] / I [1d] f 1 B s £ 57 A=3586 nm g0l
(mfapCHY  [2BFy] = 211 =10°F zo0 =10 130 =104 4 OEsD4 436 =10 °
286 =10° 168 =10 % 3.5Ee0q | ¥ = .36E+06x + 4.09E+03
486 =10 - 245 =10 4 3.0E+04 R*=0.9974
] 4 2 5E+04
372 =10 200 =10 S pend
715 = 10" 357 =10 * 1.5E+04
1.0E+04
50E+03
0.0E+00
u] oooz 0004 000s 0002
[1d] /M
Clation [cation] / I [1d] 11 Foghs £ 57 A=3592 nm ka0 st
(pfapCHT  [2BFy] = 100 =10°% 100 =10° 216 =10 * R 163 =107
200 =10 " 384 =10 ¢ ' v =1.63E+07x + 5. 41E+03
B O0E+04 -
300 =10° 535 =104 R¥= 09997
400 =10 708 =q0t n SHEM
500 =10° 266 =10+ . 40EA4
20E+04
00E+00
u] 0.002 0.004 0.00&
[1d] /M
Clation [precursor] / M [1d] M Fogne /ot A =323 nm ka7 ts!
* -EFy] = =10 -* *10 - =10 ¢ =10 ®
(RurpCHY  [4-BFy] = 173 870 2066 5 | 4Es08 27
291 =10° 77 =107 1.0E+06
388 =10° 104 =10 ¢ 8.0E+03
485 =10° 132 =10 ¢ &.0E+03
4.0E+05 v = 2 T1E+08x - 7 BSE+03
2.0E+05 2o 09993
0.0E+00
0 000z 0004 0006
1]/ M
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Table 9.S.7 (Continued). Kinetics of the reactions of N-methylmorpholine (1d) with Ar,CH'

in CH3CN at 20 °C.

C ating [precursor] £ M [1d] f b1 Fgne f 8" A =300 nm EqfMlst
_ -5 € & ]
CardyCH* [6] = 500 =10 100 =10 152 =10 romes 238 = 10
200 =10 ° 236 =10 ¢ BOE+Dg || oo R eE
300 =10° 307 =108 5 0E+06 R~ =0.9933
400 =10° 376 =10 ¢ 4.0E+08
500 =102 478 =10 ° J0E+De
600 =10 ° 520 =10 ¢ 20m08
: : 1.0E+0&
0.0E+00
] 0002 0o04  00os 0002
1]/ M
Clation [precursor] / M [1d] M Fogne /ot A = 464 nm ka7 ts!
(talpCH* 5] = 500 =10°% 100 =10° 374 =10 ° LEEsDT 266 =10 °
200 =10° 668 = 10 ] 1 4E+07 v = 2 BEE+09x + 1 2VE+0G
300 =10° 936 =10 ° L2E+07
] 7 1.0E+07
400 =10 117 =10 2 E+08
500 =10 ° 145 =107 & DE+06
4 0E+0&
2.0E+0&
0.0E+00
o 0.002 0.004 0.00&
[1d]/ M
Clation [precursar] / I [1d] 11 Foghs £ 57 A= 435 nm ka0 st
+ _ K . [5 9
PhaCH [5] = 100 =10 100 = 10 663 = 10 OB 256 = 10
200 =10 ° 043 =10 ¢ y = 2.96E+09: + 4 19E+06
400 =10 145 =107 L.3E+07 R*=0.5993
E 7
500 =10 169 =10 L DE07
5.0E+0&
0.0E+00
1] 0.002 0.004 0.00&

[1d] /M

Table 9.S.8. Kinetics of the reactions of N-methylmorpholine (1d) with Ar,CH' in CH,Cl, at

20 °C.
Clation [precursor] / M [1d] M Fogne /ot A =530 nm ka7 ts!
(FaflyCHY  [4-BFy] = 163 =10°% 101 =10° z.19 =10 * < 0Ee0 710 =107
203 =10° 157 =107
304 x10°3 234 x10° HOES
406 =10 ° 30E =10 7 30E+05
507 =10° 375 =10 7 2.0E+15
632 %10 ° ags <10 % ——— y =T A0E+07x + 1.34E+04

0.0E+00

R*=0.9994

u] 0002 0.004
[1d] F M

0.008 0008
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CHAPTER 9 — Nucleophilic Reactivities of Tertiary Alkylamines

Table 9.S.9. Determination of N and sy parameters for 1b and 1c¢ in in CH3CN.

N-methylpyrrolidine (1b) in CH;CN:

Cation £ ko /Mt W s
(dpa)gCH+ (hotused; =2 x lﬂsj 058 032
g
(mof),CHY 553 639 =107
(mpa)gCH+ (not used; see text) 2
(dma)CH 702 122 =107 ;
(pyfaCH TED 719 =10 8 e
=l
+ _ w1 ¢ 8
(tha)aCH 842 208 y=05207% + 10722
(ind),CH" (not used; not first order) 5 R = 09651
4
] g 7 ] -5
E

N-methylpiperidine (1b) in CH;CN:

Cation B g/l ! N 5
(FufiaCH (notused; = 2 % 10%) 1272 0.52

9
(pfa)CHY 314 153 =10 8
(rfa)CHT 3RS 400 =10 7 & »
CdpanCHY (not used; see text) ;
(mofnCH" 553 508 =10 ® <

=]

(mpangH" (not used, see text) 4 y = 05174 + D557
(ma)CH 70z 140 =10 6 R*=08813

5
(pyepCHY (no teaction)

4

g & -4 2
E
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Table 9.S.10. Determination of N parameters for 1a,d in CH;CN and la-d in CH,Cl, from
individual rate constants, using sy = 0.52.

triethylamine (1a) in CH3CN

Cation E kq /LI ls! N=(logh)052-E I (mean)
(fuf)CHY -136 191 =10 8 17.3

(pfaCHY 314 14 =107 16.9 17.1
triethylamine (1a) in CHaCly

Cation B g iM st N=(logh)052-F I (meat)
(fuf)CHY -136 196 =10 © 17.3 17.3

N-methylpyrrrolidine (10 in CHaCly

Cation E g snlst W=(logh)0351-& I (mear)
dpaiCH 472 187 =10 ° 20 6
P
(mofipCH' 553 §.53 =107 04
(mpa)yCHT 589 529 =107 07 06

N-methylpiperidine (1e) in CHaCly

Cation E g (Lt N=(ogh)052-E I (mear)
(pfanCH" 314 145 =10 # 12.3
(rufa)yCHT ek 779 %10 7 19.0 12.0

N-methylmorpholine (1d) in CH3CH

Cation E g MLt N=(lagh)0.52-F M {mean)
(pfaCHY 314 163 # 107 17.0

(rufa),CH' ek 436 =10 ° 16 6

(dpa)gCH+ (not used; see text)

(mofiyCHY 553 673 =107 16.7 162

N-methyhmorpholine (1d) i CHaCly
Cation E kg MLt N=(logh)052-E I (mear)
(Fuf),CHY 136 710 =107 16.5 16.5
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~ CHAPTER 10 ~

Photogener ation of Benzhydryl Cations by
Near-UV Laser Flash Photolysis of Pyridinium Salts

Tobias A. Nigst, Johannes Ammer, and Herbert Mayr

J. Phys. Chem. 4 2012, 116, 8494-8499

10.1 Introduction

Pyridinium salts have a rich photochemistry' which includes their use as photoinitiators in
cationic polymerizations.”* However, the heterolytic cleavage of the exocyclic C—N bond of
N-alkylated pyridinium ions was only found in a few cases.” The observation that photolyses
of related onium salts, such as phosphonium™® or ammonium salts,® gave excellent yields of
carbocations thus prompted us to investigate substituted pyridinium salts as precursors for the
carbocations. The use of highly substituted aminopyridines as photoleaving groups promised
a good wavelength tunability, which would be interesting for applications as
photoinitiators”'® and for kinetic investigations of carbocation reactivities.

Many bimolecular reactions of carbocations proceed on a timescale from nanoseconds to
microseconds, which requires short pump pulses for time-resolved measurements. The most
common and most affordable source of light pulses with pulse widths of a few nanoseconds is
the Nd/YAG laser.'' Its fundamental emission in the infrared region (1064 nm) can be
converted to the second, third, or fourth harmonic to generate laser pulses in the visible (532
nm) or UV range (355 or 266 nm). In the following discussion, we used the Nd/YAG laser as
an example to address some problems related to the choice of excitation wavelength in laser
flash photolysis experiments, but similar problems will also be encountered with other types
of lasers (including tunable lasers). In previous investigations, we have generated benzhydryl
cations 1 and other carbocations by heterolytic photocleavage of precursor molecules such as
arylmethyl halides'* or arylmethyl triarylphosphonium salts® which have significant UV
absorbances at 266 nm, but not at 355 nm (Scheme 10.1). Typically, the carbocations were
obtained by irradiating precursor solutions with A6 nm = 0.1-1.0 with a 266 nm laser pulse;
subsequently, the UV/vis absorption decays of the carbocations were monitored in the

presence of the nucleophilic reaction partners.*"
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Scheme 10.1. Photoheterolysis of Substrates R—PLG (Photoleaving Group PLG = CI', PR3,
etc.) and Subsequent Trapping of the Generated Carbocations (R") by Nucleophiles (Nu).

hv
R-PLG + Nu — R* + PLG™ + Nu —> R-Nu* + PLG™

This procedure is problematic when the reaction partners also have considerable absorbances
at the excitation wavelength of 266 nm. In this case, the laser pulse may also generate reactive
intermediates from the nucleophilic reaction partner, and we can no longer be sure which
process is causing the decay of the carbocation. In the usual experimental setup'' featuring a
90° angle between pump and probe light, the opacity of the sample solutions for the 266 nm
pump pulse also prevents sufficient excitation of the precursor molecules to generate the
carbocations. The same problems not only occur when the nucleophilic reaction partner
absorbs at 266 nm but also occur when experiments are carried out in solvents with a high UV
cutoff, such as N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), or acetone.

In such cases, the third harmonic of the Nd/YAG laser (355 nm) would be suitable as a pump,
but onium salts do not usually absorb at this wavelength. The use of photosensitizers, a

common strategy for photoinitiator systems,’"

cannot be employed for kinetic studies
because the diffusion-limited bimolecular excitation transfer is too slow. It was, therefore,
desirable to develop a carbocation precursor that can be irradiated at 355 nm. For this
purpose, we took advantage of the fact that amino substitution of pyridinium salts causes red
shifts of the UV absorptions.' In this work, we report the generation of benzhydryl cations
1f-n by 355 nm irradiation of benzhydryl pyridinium salts 2f-n-R derived from

3,4,5-triamino-substituted pyridines 3-R, the so-called super-DMAPs'*'* (Scheme 10.2).

Scheme 10.2. Generation of Benzhydrylium Ions 1f-n by 355 nm Laser Flash Photolysis of
Pyridinium Ions 2f-n-R with Different Substituents (R) on the Pyridine Moiety.”

K\N
IS e

hv * _N N.
<) a7 A P ROTR
N x- 355nm _
e N
Ar Ar
2f-n-R 1f—n 3-R

“ For substitution patterns f-n of the benzhydryl moiety, see Table 10.1. Counteranion X = Cl or BF, .
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Table 10.1. List of the Reference Electrophiles 1 Used in This Study.

reference electrophile

Eu

SRS
M n=2

R = N-pyrrolidino
R =NMe,
R = N(Me)Ph
R R
R = N-morpholino
R= N(MC)CH2CF3

R'=R’=0Me
) R'=0OMe,R*=H

2 R'=R*=Me
R'=Me,R*=H

R'=R*’=H

la
1b

1c
1d
le
1f
1g
1h
1i
1j
1k
1
Im

1n
1o

—-10.04
-9.45

—8.76
—8.22

—7.69
-7.02
-5.89
-5.53
-3.85

-1.36

0.00
2.11
3.63
443"
547"

“ Electrophilicity parameters, E, were taken from ref 18a, unless noted otherwise. ” From ref 6b.

For testing our approach, we measured the rate constants of the reactions of benzhydrylium

ions 1 (Table 10.1) with pyridines 4-8 (Chart 10.1). Pyridines have strong UV absorptions

below 300 nm and are known to undergo photoisomerizations via azaprefulvenes or Dewar-

pyridines upon ~254 nm irradiation.'® Therefore, their reactivities cannot be characterized

readily with a method that uses 266 nm pump pulses. Rate constants of the reactions of

photolytically generated carbocations with pyridines could previously only be determined

when the employed precursors incorporated a highly conjugated 7 system which absorbed at

A > 300 nm."” The reactivity data acquired in this study will subsequently be employed to

determine the nucleophilicity parameters, N and sy, for the pyridines 4-8 according to the

linear free energy relationship eq 1, which allows us to predict second-order rate constants, 4,
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for polar organic reactions with one electrophile-specific parameter, £, and two solvent-

dependent nucleophile-specific parameters, N and sy.'®

log k(20 °C) = sy(N + E) (1)

Chart 10.1. Pyridines Employed as Nucleophiles in This Study.

O

e L)
&6 &GS

10.2 Results and Discussion

10.2.1 Photogeneration of Benzhydrylium lons. Since the photoelectrofuges (i.e.,
carbocations-to-be) do not absorb at 355 nm, the excitation must occur at the photonucleofuge
(i.e., PLG moiety in Scheme 10.1). Our recent investigation of 3,4,5-triamino-substituted
pyridines 3-R (Chart 10.2) showed that these compounds are strong Lewis bases and that the
pyridinium ions 2-R (i.e., their adducts with benzhydrylium ions 1) show UV absorptions

around 355 nm. "

Chart 10.2. Pyridines Employed as Photoleaving Groups in this Study.”

N N

NN Ox N AN 0

N
3-H R=H 3-Ac R = Me
3-Me R=Me 3-Bz R = Ph
3-Et R = Et 3-dmaBz R =4-(Me,N)-CgH,

3-Bn R =Bn

“ dmaBz = 4-(dimethylamino)benzoyl.
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The pyridines 3-R were obtained in four to six steps from 4-pyridone as described by David et
al."” In order to use the costly materials efficiently, we did not isolate the benzhydryl
pyridinium tetrafluoroborates 2f-j-R (X = BF, ) but generated them in solution by combining
the pyridines 3-R with solutions of the isolated'® benzhydrylium tetrafluoroborates 1f-j BF,
(i.e., the reverse of the reaction depicted in Scheme 10.2). The formation of the pyridinium
salts 2f-j-R was indicated by the immediate disappearance of the color of 1f-j and the
appearance of UV/vis absorption bands at 340-380 nm. The benzhydryl pyridinium chlorides
2j-0-R (X' = CI') were obtained from reactions of 3-R with the corresponding benzhydryl
chlorides, Ar,CH—Cl. The syntheses of 2n-R and 20-R by this method required longer
reaction times of 2 h or overnight, as revealed by the full development of the pyridinium
bands in the UV/vis spectrum.

Figure 10.1 shows the UV/vis absorption spectra of several 1-benzhydryl pyridinium salts
2I-R derived from the pyridines 3-R. The parent compound 2I-H (not shown) and the N-alkyl-
substituted derivatives, 2|-Bn, 2I-Me (Figure 10.1), and 2I-Et (not shown), have absorption
maxima near 355 nm. The absorption maxima of the N-acyl-substituted compounds 2I-Ac and
21-Bz (not shown) are too far in the UV but can be red shifted by the introduction of the NMe,
substituent on the benzoyl group (— 2l-dmaBz, Figure 10.1). In agreement with previous
reports,'® the absorption maximum of the pyridinium salts does not depend on the substituent

at the pyridine nitrogen atom (see Figure 10.S.1 in Section 10.S.2).

15000

2l-dmaBz

1T >

10000

gl M cm

5000

O L L 1 L 1

300 350 400
Alnm —

Figure 10.1. UV/vis absorption spectra of pyridinium salts 2|-R (X = Cl') with different
substituents.
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0.00
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d)
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Figure 10.2. Transient UV/vis spectra obtained by irradiation of 1.2 x 10™* M solutions of

(a) 2f-Bn (X =BF4 ), (b) 2i-Bn (X =BF, ), (¢c) 2k-Bn (X =Cl), or (d) 2n-Bn (X =Cl ) in
acetonitrile with a 7 ns laser pulse (Aexe = 355 nm).
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When we irradiated ~1.2 x 10™* M solutions of the parent pyridinium salt 2i-I-H or the N-alkyl
derivatives 2i-1-Bn, 2i-1-Me, or 2i-I-Et in CH;CN with a 7 ns laser pulse from the frequency-
tripled Nd/YAG laser (Aexe = 355 nm, ~50 mJ/pulse), we detected the previously described'?
UV/vis absorption bands of the moderately stabilized benzhydrylium ions li-l at Ap. =
450-600 nm in the transient spectra and observed the disappearance (bleaching) of the
pyridinium salts 2i-I-R at ~350-370 nm. Figure 10.2 shows the transient spectra obtained by
irradiation of the N-benzyl-substituted pyridinium salts 2f-n-Bn with different substituents on
the benzhydryl moiety. The different absorbances of the benzhydrylium ions 1f-n in Figure
10.2 (panels a-d) are mostly due to the different absorption coefficients and correspond to
concentrations of the benzhydrylium ions of 0.6-2.3 x 10°® M. The spectrum obtained by
irradiation of 2n-Bn (X = Cl ) additionally shows a small band at ~338 nm, which we assign
to the phenyl(p-tolyl)methyl radical by comparison with its previously published spectrum.'?
More electrophilic carbocations such as the parent benzhydrylium ion 10 could not be
obtained in concentrations which were sufficient for kinetic investigations; in these cases we
mainly observed the benzhydryl radicals.

The yields and lifetimes of the carbocations 1li-l obtained by photolysis of the parent
pyridinium salts 2i-I-H and the N-alkylated derivatives 2i-1-Bn, 2i-I-Me, and 2i-l-Et were
almost independent of the nature of the photonucleofuge 3-R. Irradiation of the N-acyl
derivative 2|-dmaBz, however, did not yield any carbocations 1l. For our kinetic
investigations, we selected the N-benzyl derivatives 2-Bn because the pyridine 3-Bn has the
highest Lewis basicity in the series'® and, therefore, forms the most stable pyridinium ions
(see below).

In the photolyses of benzhydryl triphenylphosphonium salts, the yields and lifetimes of the
benzhydryl cations greatly depend on the counteranion of the precursor salt.* The generation
of benzhydryl radicals by electron transfer in electronically excited phosphonium chloride and
bromide ion pairs was described, but this process is unimportant at low concentrations of the
precursor salts in CH3;CN, as the phosphonium halides are mostly unpaired under these
conditions.”® However, the lifetimes of the photogenerated benzhydryl cations are reduced
significantly by the diffusion-controlled reactions with the halide counteranions.®® Therefore,
we also investigated the influence of the counteranion in the photolysis of 2j-Bn on the
lifetime of the photogenerated carbocation 1j. When we irradiated a 1.2 x 10™ M solution of
the pyridinium halide 2j-Bn (X = Cl'), we observed a monoexponential decay of the

benzhydryl cation 1j with a rate constant of ks = 1.9 x 10° 5™, which corresponds to a
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second-order rate constant of 1.6 x 10" M s for the reaction of 1j with 2j-Bn CI". As this
value is slightly larger than the previously reported value of 9.39 x 10° M™ s for the reaction
of 1j with CI” in acetonitrile,'” one might assign this decay to the combination of 1j with
chloride ions. On the other hand, when we employed the pyridinium tetrafluoroborate 2j-Bn
(X = BF4 ) as a precursor, the decay of the benzhydryl cation 1j was not monoexponential,
and we found an initial fast decay with a rate constant comparable to that obtained with 2j-Bn
Cl', which was followed by a slower decay on the microsecond timescale. We explain this
behavior by a fast reversible reaction of 1j with the tertiary amine functions of the precursor
salt 2j-Bn, which is followed by a slower unidentified subsequent reaction. This behavior is
analogous to that of other tertiary amines, where we also observed fast reversible reactions
followed by slower decays due to unknown subsequent reactions.® Due to the high
nucleophilic reactivity of the tertiary amine centers of the precursors 2-Bn, the choice of the
counteranion X is thus not so important, and we did not convert the chlorides 2j-n-Bn (X =
Cl) to the tetrafluoroborates. Because of the proximity of the diffusion limit, the reactions of
1j-n with chloride'® or tertiary amines® proceed with almost the same rate constants, and we
observed similar decay rates for all investigated benzhydrylium ions obtained from different

precursors 2j-n-Bn (X = CI or BF, ).

10.2.2 Kinetic Investigations. With a method at hand to generate the benzydrylium ions 1
using 355 nm laser pulses, we determined rate constants of reactions of 1 with nucleophiles.
After irradiation of the pyridinium salts 2f-I-Bn (~1.2 x 10 M) in the presence of a large
excess of added nucleophiles (7 x 10* to 1 x 10" M), we observed monoexponential decays
of the absorbances, 4, of the photogenerated benzhydrylium ions 1f-I, as illustrated in Figure
10.3 for the reaction of 1h with DMAP (4). The decays of the absorbances were fitted with

the exponential function 4, = Ape" obs’ + C to obtain the first-order rate constants kops (s'l).

Plots of kqbs versus the nucleophile concentrations were linear in all cases, and the slopes of
these plots provided the second-order rate constants k> (M s™') for the reactions of 1f-I with
the nucleophiles.

In order to study some systems of known reactivity, we measured the second-order rate
constants, k,, for the reactions of some benzhydrylium ions 1 with 4-(dimethylamino)pyridine
(DMAP, 4) in acetonitrile (Table 10.2). The second-order rate constant for the reaction of 4
with 1f was previously determined with the stopped-flow method,” and we wanted to

reproduce this measurement with our new method.
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Figure 10.3. Plot of the absorbance decay of 1h at 4 = 612 nm observed after irradiation of
2h-Bn (1.2 x 10* M, X~ = BF, ") with a 7 ns laser pulse (Aexc = 355 nm, ~50 mJ/pulse) in the
presence of 4-(dimethylamino)pyridine ([4] = 2.12 x 107 M). Inset: plot of ke vs [4];
kops = 1.37 x 10° [4] + 857 (R* = 0.9996).

However, due to the similar electrofugalities of 1f (E; = 4.84) and 1c (E; = 4.83),”' the
formation of 1f by thermal dissociation of 2f-Bn in acetonitrile solutions is expected to occur
with a rate constant similar to that reported for the dissociation of 2¢c-Bn (9.6 x 1072 sH)." In
the presence of high concentrations of DMAP (4), the benzhydrylium ions 1f will then be
trapped by 4 to give a pyridinium salt with no absorption at 355 nm. As a consequence, we
had to work quickly and keep the nucleophile concentration below ca. 5 x 10> M in order to
maintain a sufficient concentration of 2f-Bn, which is needed to generate the carbocation 1f
with the 355 nm laser pulse. The rate constant for the reaction of 4 with 1f (2.97 x 10° M s™)
determined in this way is in fair agreement with the previously reported value from stopped-
flow experiments (2.31 x 10 M)

The rate constants for the reactions of 4 with 1h and 1i are too fast for the stopped-flow
method and could not be measured with the established laser flash photolytic method using
266 nm laser pulses because 4 absorbs at the excitation wavelength. These rate constants
could now be determined by laser flash photolysis of 2-Bn at 355 nm (Table 10.2), and Figure
10.4 shows that these rate constants extend the correlation line for log 4, (1a-d), which was
determined by stopped-flow experiments. If all available data are used to calculate the
nucleophilicity parameters of 4, we obtain N = 15.51 and sy = 0.62 (Table 10.2), which

deviate only slightly from the previously published values.*’
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Table 10.2. Second-Order Rate Constants, k;, for the Reactions of the

Electrophiles 1 with the Pyridines 4-8 at 20 °C and Resulting N and sy Parameters.

pyridine N s« AnRCH' k*/m's’!
4in CH:CN 15.51 0.62 1la 2.11 x 10° "¢
M. -Me 1b 5.30 x 10°"°
N 1c 1.29 x 10*>*
| P 1d 332 x 10*P¢
1f 231 x 10° >4
1f 2.97x10°¢
1h 1.37 x 10°
1i 1.33 x 10’
4 in DMSO 1f 1.53 x 10°%¢
1i 5.62 x 10°¢
4 in DMF 1f 2.04 x 10%%¢
1i 7.97 x 10°¢
4 in acetone 1i 2.50 x 107
5in CH;CN 14.80 0.63 1la 7.27 x 10*°
0 1c 5.72 x 10*°
[Nj le 4.42 x 10*°
Q 1f 9.28 x 10*"
» 1f 1.36 x 10°¢
N 1h 6.30 x 10°
1i 6.39 x 10°
6in CH;CN 1296 0.67 1le 4.04 x 10°"
Me- -Me 1f 1.00 x 10*”
ﬁﬁ/Br 19 7.02 x 10*?
' > 1h 5.76 x 10**
1i 6.45 x 10°”
1j 8.20 x 10’
7inCH;CN 11.11 0.75 1h 1.63 x 10*°
NH, 1i 1.96 x 10°°
Br\ﬁm 1j 4.97 x 107
N 1k 1.31 x 10*
8in CH;CN 1324 0.67 1d 2.38 x 10°°
0 le 6.30 x 10°°
HNJ\ 1f 1.76 x 10**
@ 1h 1.07 x 10°°
NG 1i 1.36 x 10°
1j 1.28 x 10

Reference

“ Laser flash photolysis of 2-Bn, unless noted otherwise. ” Stopped-flow UV/vis measurement. ¢ From ref 20. ¢
The average of both rate constants from laser flash photolysis and stopped-flow measurements was used for the

correlation analysis. © With <1% acetonitrile as cosolvent.
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Figure 10.4. Plot of log k, for reactions of benzhydrylium ions 1 with substituted pyridines
4-8 vs the electrophilicity parameters £ of the benzhydrylium ions. The plot for 6 is not
shown here because it overlaps with 8.

Encouraged by the results with 4, we determined second-order rate constants k, > 10° M™ s
for the reactions of 1f-k with the substituted pyridines 5-8 (Table 10.2) in acetonitrile with the
355 nm laser flash photolytic method.”* These data are supplemented with rate constants for

"'s1), which were determined with the stopped-flow method

slower reactions (ky < 10° M
under first-order conditions by using the nucleophiles in a large excess (>10 equiv over the
benzhydrylium tetrafluoroborates 1a-i) as described previously'® (Table 10.2). Again we

observed good linear correlations of log &, versus £ (Figure 10.4) for the data from both

8,23a,b 23¢

methods. As previously observed, 1g (not shown) and 1j~° always react somewhat faster
in acetonitrile solution than expected from their £ parameters which have been determined in
CH,Cl; solutions.

In the case of 7, only the reactions with 1h and 1i can be followed with the stopped-flow
method, as the better stabilized carbocations show no conversion in reactions with 7 due to its
low Lewis basicity. We have now been able to characterize the nucleophilicity of 7 over a
wider reactivity range by including the data determined by the laser flash photolysis method.
From the correlations in Figure 10.4, we derived the nucleophilicity parameters of 4-8 listed
in Table 10.2. As expected, the nucleophilicities of the 4-amino-substituted pyridines 4-7

decrease with the electron-withdrawing character of the substitutents (Table 10.2 and Figure
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10.4). The N-acetyl-4-aminopyridine (8) is of similar reactivity as the 3-bromo-substituted
DMAP 6.

To demonstrate the applicability of the method in solvents with high UV cutoff, we also
measured the second-order rate constants for the reactions of 1i with 4 in DMSO, DMF, and
acetone (Table 10.2). The order of reactivity (acetone > acetonitrile > DMF > DMSO) agrees

f 20 Furthermore, we determined

with that previously reported for the reactions of 4 with 1
first-order rate constants for the reactions of 1l with 80% and 90% aqueous acetone (Table
10.3) and found good agreement between the experimental rate constants and the values
calculated from eq 1 and the solvent nucleophilicity parameters, N; and sn, of the

acetone/water mixtures.”*

Table 10.3. Comparison of Experimental and Calculated First-Order Rate Constants (s™) for
Reactions of 1l with Acetone/Water Mixtures.

solvent? kst keall /87! ky | keate
90A10W 6.23 x 10°  4.35 x 10° 1.43
S0A20W 6.61 x 10°  7.17 x 10° 0.92

“ Mixtures given in v/v (A = acetone, W = water). * Laser flash photolysis of 2|-Bn. ¢ Calculated from eq 1 using
the previously published N, and sy parameters of acetone/water mixtures (90A10W: N, = 5.70, sy = 0.85;
80A20W: N, = 5.77, sy = 0.87).

10.3 Conclusion

We have demonstrated that the 355 nm laser flash photolysis of pyridinium salts 2-Bn is a
suitable method for the generation of benzhydrylium ions 1 in the presence of reactants or
solvents that absorb at 266 nm. The scope of carbocations which can be generated is more
restricted than in the 266 nm photolyses of quaternary phosphonium salts.** Highly reactive
carbocations such as 10 cannot be generated efficiently, and the precursors 2-Bn of
carbocations, which are less Lewis-acidic than 1f, are not stable in the presence of
nucleophiles that trap the small concentrations of benzhydrylium ions, which exist in
solutions of 2a-f-Bn in the dark. Nevertheless, we could generate benzhydrylium ions 1f-n
covering more than 10 orders of reactivity and investigate the rates of their reactions with
nucleophiles. We employed this method to characterize the nucleophilic reactivities of the

electron-rich pyridines 5-8, which will be used for further studies in our group. Moreover, we
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have demonstrated that the third harmonic of the Nd/YAG laser (355 nm) can be employed to
generate benzhydrylium ions 1 in solvents with a high UV cutoff such as acetone (cutoff =
330 nm)*’ which is opaque to the quadrupled Nd/YAG laser (266 nm) and the XeCl excimer
laser (308 nm). Laser flash photolysis of substituted pyridinium salts at 355 nm thus
supplements the established kinetic methods and is particularly useful for characterizing
nucleophiles which do not react with stabilized carbocations for thermodynamic reasons and
which cannot be studied with 266 nm laser flash photolytically generated carbocations due to

the absorbance of the sample solutions.
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10.S Supplementary Data and Experimental Section

10.S.1. Materials

Acetonitrile (> 99.9%, extra dry), DMSO (> 99.5%, extra dry), DMF (> 99.8%, extra dry),
and acetone (> 99.9%, extra dry) were purchased and used without further purification. Water

was distilled and passed through a Milli-Q water purification system.

10.S.2 UV/vis absor ption spectra of pyridinium salts 2 in acetonitrile

a) b)
15000 15000 r
T 2i-Bn 2i-Bz
";E 10000 [
(@]
IE 21-Bn
w 5000
0 1 1 1 1 1 1 1 1 1 J 1 1 1 1 1 1 1 1 1
300 350 400 300 350 400
Alnm — Alnm —

Figure 10.S.1. UV/vis absorption spectra of pyridinium salts 2. (a) Independence of the
absorption maxima on the substituents of the benzhydrylium ions for 2i-Bn (X~ = BF4") and
21-Bn (X~ = CI"). (b) UV/vis absorption spectra of pyridinium salts 2k-H (X = CI") and 2i-R
(X" =BF4, R =EtorBz).

10.S.3. Transient spectra

Solutions of the carbocation precursors were irradiated with a 7-ns pulse from the third
harmonic of a Nd:YAG laser (355 nm, ~50 mJ/pulse), and a xenon lamp was used as probe
light for UV/vis detection with an ICCD camera. The system was equipped with a
fluorescence flow cell and a synchronized pump system which allowed the complete
exchange of the sample volume between subsequent laser pulses. To obtain the spectra

published in this work, 4 to16 transient spectra were averaged.
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10.S4 Transient UV/vis spectra obtained by irradiation of 2 in acetonitrile
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Figure 10.S.2. Transient UV/vis spectrum obtained after irradiation of a 1.2 x 10~* M solution
of 2h-Bn (X = BF4 ) in acetonitrile.
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Figure 10.S.3. Transient UV/vis spectrum obtained after irradiation of a 1.2 x 10~* M solution
of 2j-Bn (X™ = CI') in acetonitrile.
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Figure 10.S.4. Transient UV/vis spectrum obtained after irradiation of a 1.2 x 10~* M solution
of 2j-Bn (X~ = BF, ) in acetonitrile.
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Figure 10.S.5. Transient UV/vis spectrum obtained after irradiation of a 1.2 x 10~* M solution
of 2I-Bn (X" = CI) in acetonitrile.
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Figure 10.S.6. Transient UV/vis spectrum obtained after irradiation of a 1.2 x 10~* M solution

of 2m-Bn (X = CI") in acetonitrile.
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Figure 10.S.7. Transient UV/vis spectrum obtained after irradiation of a 1.2 x 10~* M solution

of 20-Bn (X = CI) in acetonitrile.
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10.S.5 Transient UV/vis spectra obtained by irradiation of 2 in other solvents
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Figure 10.S.8. Transient UV/vis spectrum obtained after irradiation of a 8.5 x 10~ M solution
of 2i-Bn (X = BF, ) in DMF.
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Figure 10.S.9. Transient UV/vis spectrum obtained after irradiation of 8.5 x 10> M solution
of 2i-Bn (X = BFy4 ) in acetone.
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Figure 10.S.10. Transient UV/vis spectrum obtained after irradiation of 8.5 x 10~ M solution
2i-Bn (X" =BF,) in DMSO.
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Figure 10.S.11. Transient UV/vis spectrum obtained after irradiation of 8.5 x 10~ M solution
2l-Bn (X = CI") in 80% aqueous acetone.
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~ CHAPTER 11 ~

Photogener ation of Carbocations:
Applicationsin Physical Organic Chemistry and
the Design of Suitable Precursors

Johannes Ammer and Herbert Mayr, 2013, submitted

11.1 Introduction

Carbocations are key intermediates in many organic reactions'® including Friedel-Crafts

reactions!’

and carbocationic polymerizations."'>'¥ For the investigation of the reactivities
of short-lived carbocationic intermediates under typical reaction conditions, techniques for the
sufficiently fast generation and detection of carbocations are needed. An efficient method is
the laser flash photolysis of suitable neutral (R—X) or charged (R—X") precursors (Scheme
11.1), which allows the photogeneration and subsequent real-time UV/vis detection of the

6,15-17

carbocations R" in the presence of a nucleophile.! ] This method has widely been

employed to determine the rates of fast reactions of carbocations with nucleophiles.'®>?
Common precursors include alkyl halides R—Hal,!"®**! acetates R—OAc,****! aryl ethers R—
OAr,**?¥ ammonium salts R-NR’;",'"***7] and phosphonium salts R—PR’;".*>*% For the
sake of simplicity, neutral and charged precursors will both be denoted as “R—PLG”, and the

corresponding anionic (X ) and neutral (X) photo-leaving groups will be denoted as “PLG ™

in the following.

Scheme 11.1. Generation of carbocations R* by photoheterolysis of (a) neutral precursors
R-X or (b) charged precursors R—X".

hv

(@ R-X R* + X~ X" = CI7, AcO, etc.

+ hv + , ,
() R-X' —— R+ X X = NR's, PR3, etc.

The photolytic generation of carbocations R* by heterolytic cleavage of carbon-heteroatom

bonds is also relevant for photopolymerization and photocuring processes,”>®! and the
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synthetic potential of the photoinduced cleavage of benzylic carbon-heteroatom bonds has
been reviewed.[”’) Despite the obvious relevance for these fields, there is little systematic
information about the relative efficiencies of different photo-leaving groups for the generation
of carbocations.*"!

In recent years, we have employed different precursors in laser flash photolysis experiments
for the purpose of generating carbocations and studying their reactivities in bimolecular
reactions on the 10 ns to 1 ms time scale.[?'*2%3437526872] yhjle the original papers mostly
focus on the chemistry of the photogenerated carbocations, this review article summarizes
those aspects of our work which are relevant for the rational design of precursors for the

photogeneration of carbocations, and offers some guidelines for the use of laser flash

photolysis in kinetic experiments.

11.2 When isthe Use of Laser Flash Photolysis Advantageous?

Conventional UV/vis spectrophotometry is limited by the time which is required for the
mixing of the reactants. Even with stopped-flow techniques, the mixing time cannot be
reduced below a few milliseconds. By using low concentrations of the reaction partners (e. g.,
10 M), one can determine second-order rate constants up to 10° M s™', because the resulting
half reaction times do not go below milliseconds. The determination of rate constants for
reactions of carbocations which proceed in less than 1 ms requires a different approach, where
the carbocation is generated almost instantaneously from a suitable precursor in a solution
which already contains the other reactant.

The combination of conventional UV/vis spectroscopy, stopped-flow methods, and laser flash
photolysis allows the investigation of long-ranging reaction series with rate constants from 10°
* M s up to the diffusional limit (10° to 10" M s™) which may include reagents covering
more than ten units of electrophilicity £ (Table 11.1a)""
(Table 11.1b).1*"!

A variation of the reactant concentration is not possible for the determination of solvent

or 14 units of nucleophilicity N

nucleophilicities by studying first-order reactions of carbocations with solvents. Since
reactions of many carbocations with solvents often proceed with rate constants > 10° s, the
photolytic generation of carbocations is particularly useful to investigate the rates of these

reactions (Scheme 11.2).33%
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Table 11.1. Rate constants for reactions of substrates with a series of (a) electrophiles[sg] or
(b) nucleophiles*”’ covering many orders of magnitude in reactivity can be studied by
combination of different techniques.”

conventional stopped-flow laser flash
spectroscopy spectroscopy photolysis

+ k2
a) E o+ _SMe;  —— E & _SiMe;

O NMe,
reagent (E") l :

NMe,
(E=-7.02) (E =-1.36) (E =3.63)
ky/m's™! 3.0x107 1.2x10° 2.8 %107

OSiMes H
H N
reagent (Nu) W 05 O
(N =4.63, (N =12.56, (N=17.35,
sy = 1.00) sy = 0.70) sy = 0.68)
ky /M7 s 6.8x10™ 1.1 x 10 1.9x10

“ Reactions with more reactive reagents can also be followed with the laser flash photolysis technique, but will

already be influenced by the limiting effect of diffusion.

Scheme 11.2. Photogeneration of the di(p-anisyl)methyl cation and its reaction with water.”*!

OAc
MeO II l Il OMe

hyv

i
MeO II II OMe

H,0 l ky = 9.44 x10*s™

H‘S’H

_H*
—
MeO OMe
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Lowering the reaction temperature may also reduce the rate constant to a value which can be
determined by conventional methods, and the rate constants determined at lower temperatures
may then be converted to 20 °C by the Arrhenius or Eyring equations. However, this
procedure is difficult for highly reactive carbocations (E > 6) due to the low stabilities and

(73,741 Furthermore, it has to be considered that fast

high reactivities of these carbocations.
bimolecular reactions are characterized by small values of AH? leading to a small temperature
dependence of the rate constants. Consequently, variation of the temperature has only little
effect on the rate constants. In such cases, it is often possible to follow the reactions of
photolytically generated carbocations at 20 °C.1**4")

Laser flash photolysis is also helpful for kinetic studies under conditions where the
carbocations are consumed quickly even in the absence of the nucleophiles of interest, e. g.,
by reaction with the solvent or other decomposition pathways. In these cases, the reactions of
the carbocations with these nucleophiles can only be studied if they are sufficiently fast to
compete with the background reaction. For this purpose, the nucleophile of interest often has
to be employed in such high concentrations that the observed rate constants exceed 10* s,
which is too fast for stopped-flow measurements. The second-order rate constant for the
reaction of the di(p-anisyl)methyl cation with fluoride in water, for example, is 10° M 5™
(Scheme 11.3); a rate constant of this magnitude could usually be determined by the stopped-
flow method. Due to the fast background reaction of the carbocation with the solvent (10° s™),
however, the reaction of the carbocation with the fluoride anion can only be followed by laser

flash photolysis using high concentrations of fluoride anions."*”!

Scheme 11.3. Reaction of the di(p-anisyl)methyl cation with fluoride in water.!*”!

.
MeO I I OMe
ky=10°s" k,=1.09 x10° M s
H,0 F
F

+
H\O,H

MeO I I OMe MeO I l OMe
l_H*-
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Rate constants for reactions of some nucleophiles, e. g. tertiary amines or dialkylsulfides, with
carbocations cannot be studied with conventional methods at all. This is the case when
reactions of these nucleophiles with stabilized carbocations are thermodynamically
unfavorable while their reactions with less stabilized carbocations are very fast.
Triethylamine, for example, does not react with benzhydrylium ions of £ < —4, but its
reactions with slightly more reactive benzhydrylium ions (£ = —3.14) already proceed with
rate constants of 1.4 x 10" M 57" Such situations are generally observed for reactions with
low intrinsic barriers giving products which do not undergo fast subsequent reactions. An
intriguing example of this kind of reactivity is observed with the NMe,-terminus of 1,1-di-
methylhydrazine, an ambident nucleophile. The fast reversible reactions (> 3 x 10° M™' s™) of
the NMe,-terminus with benzhydrylium ions could be studied at high nucleophile
concentrations with the laser flash photolysis method, while at low nucleophile concentrations
conventional and stopped-flow UV/vis spectrophotometry showed the slow irreversible

reactions at the NH,-terminus (Scheme 11.4).5

Scheme 11.4. Ambident reactivity of 1,1-dimethyl hydrazine towards the bis[4-(dimethyl-
amino)phenylJmethyl cation.**!

Me
+  HoN- N
MezN NMez
fast reversible reactlon slow irreversible reaction
k—806><10M s’ k,=2.46 x10° M s’
K=4.7x10>M"
+ .NH,

J e
The reaction shown in Scheme 11.4 is also a good .éxample to demonstrate that fast
measurement techniques such as laser flash photolysis can also be used to determine
thermodynamic data. Information about the equilibrium constant K for the fast reversible
reaction of the bis[4-(dimethylamino)phenyl]methyl cation with the NMe,-terminus of 1,1-di-
methylhydrazine (Scheme 11.4) is not available from conventional UV/vis spectroscopic

measurements: Since the carbocations are consumed by the slower subsequent reaction with

the NH,-terminus of the nucleophile, the absorbance does not stay constant on the seconds
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time scale. When the carbocation is generated photolytically from its stable tributylphosphine

51 one can observe that a

adduct in the presence of an excess of 1,1-dimethylhydrazine,
certain fraction of the photogenerated carbocations is consumed as the equilibrium is
established (Figure 11.1). The equilibrium constant K of the reaction can then be estimated
from the initial absorbance of the carbocations and the absorbance after the equilibrium is
established.”!! The subsequent irreversible reaction with the NH,-terminus of the nucleophile

(Scheme 11.4) is too slow to be observed on the microsecond time scale (Fig. 11.1).

A(t = 0) — A(plateau)

K= -
0.3 A(plateau) [nucleophile]
02 [nucleophile] / mM
T
< 1.58
3
277
o1 T 5.14
6.34
0.0 1 1 J
0 50 100 150 200
t/us -

Figure 11.1. Decays of the absorbance of the bis[4-(dimethylamino)phenyl]methyl cation at
605 nm after irradiation of the substituted benzhydryl triphenylphosphonium salt (1 x 10” M)
in the presence of different concentrations of 1,1-dimethyl hydrazine in CH;CN at 20 °C.!

11.3 Historic Per spective

Photochemical reactions involving the intermediary formation of carbocations have long been
known.!”>7®) Almost a century ago, Lifschitz and Joffé reported the heterolytic photocleavage
of amino-substituted 2,2,2-triarylacetonitriles in alcoholic solution to the corresponding
tritylium ions and cyanide, and observed the subsequent slow disappearance of the
carbocations (Scheme 11.5a).77 However, the rate constants for the reactions of these
tritylium ions with cyanide could be measured more conveniently by simply mixing solutions

of the tritylium ions with a solution of CN"."*
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Scheme 11.5. Photocleavage of triarylacetonitriles with formation of tritylium ions and
cyanide anions.

(a) (b)
hv, EtOH or MeOH hv, 33% aq. CH3CN
R" = NH,, NMe, R'=H
R2=p-R', H R2 = p-OMe, 0-OMe

(colored) (colored)
kroH * ko[CN7] ‘ slow Ko + k2[CN7] ‘ 7<0.5ms
colorless colorless
products products

When shorter light pulses and faster measurement techniques became available, the photolytic
generation of carbocations also became attractive from the viewpoint of physical organic
chemists who are interested in the kinetics of the subsequent reactions of the generated
carbocations. The earliest example, where the flash photolysis technique was employed to
study carbocations, was a reaction similar to that described by Lifschitz and Joffé. In 1972,
Ivanov et al. reported the flash-photolytic generation of methoxy-substituted tritylium ions

).} These reactions of these

from the corresponding triarylacetonitriles (Scheme 11.5b
carbocations with CN~ in aqueous acetonitrile could not have been investigated by
conventional methods, since their lifetimes were considerably shorter (a few hundred ps) than
the time required for the mixing of the reagents.

Other early flash photolysis studies of carbocations focused on triarylmethyl,!7*5!
retinyl,®*'™) and triarylvinyl®®® cations, which were generated from the corresponding

nitriles, acetates, halides, alcohols, or p-cyanophenyl ethers (Chart 11.1a).
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Chart 11.1. Substrates R—X which were reported to yield carbocations R" upon irradiation.

a
@ Ar Ar Ar
Ar+x >=<
Ar Ar X

X =CN, OAc, OOCN X=Br, Cl

NN AN K

X =0Ac, OH

(b) X for Ar =

Ar)\Ar X=Cl,Br,F, O‘« O
AA -
N*~N BF;, PPhJ BF;, P cl) BF;
/ 3

for donor-substituted systems also:
X =0Ac, NO,, NCS, NCO, PPh3+ cl”

T ‘i‘

X = Br, NMe; BF;, OAc

[O><Ph [S Ph

o X

NO, o
X = CH, X=0OMe, $ Me , S cl
0

Since the late 1980s, a large number of studies have employed nanosecond laser flash
photolysis®®** to study the generation and the decay kinetics of carbocations.!*">'") Some of
the substrates that were successfully employed for the photogeneration of carbocations are
shown in Chart 11.1p [!821-24:2327-293238.68-70.89-95] y731y1ab]e information about the formation of
carbocationic intermediates in photoreactions has also been derived by analysis of the

products.!>70]

11.4 I nstrumentation

[87.88]

A nanosecond laser flash photolysis setup is usually sufficient for the study of

bimolecular reactions of carbocations in solution, because the rates of such reactions are
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limited by diffusion (10° to 10'° M s™). Figure 11.2 shows a schematic representation of a
typical experimental setup. A light pulse with a pulse width of a few nanoseconds is generated
by a Nd/YAG laser. The fundamental emission is converted to the third or fourth harmonics
to obtain laser pulses with wavelengths of 355 nm or 266 nm, respectively. In a typical
experiment, the 266-nm pulses are employed to irradiate 10 to 10™* M solutions of the
precursors, and the UV/vis absorbances of the photogenerated carbocations are monitored by
a UV/vis detector. The probe light originates from a xenon short-arc lamp and is collected by
an ICCD camera or a photomultiplier. The setup used in our laboratory is described in detail

in ref, 3%

Nd/YAG Laser

fundamental: 1064 nm

frequency conversion

pump pulse J/ 266 or 355 nm

Probe probe light UVlvis

lamp el detector
Sample cell

Figure 11.2. Schematic setup of a nanosecond laser flash photolysis instrument.

11.5 Requirements for Good Photo-leaving Groups

In order to study the kinetics of bimolecular reactions of photogenerated carbocations on the
>10 ns time scale, an appropriate precursor for the carbocations must be selected. In this
Section, we will discuss the requirements to be met by such precursors using illustrative

examples from our work.

11.5.1 Efficient Photogeneration of Diffusionally Separated Carbocations. Mechanism for
the Photogeneration of Carbocations R" from Substrates R-PLG. The general mechanism of
photo-heterolysis and photo-homolysis reactions of substrates R—PLG (PLG = CI, OAc, I'R’,
S'R’,, N'R’3, PR3, etc.) is well known (Scheme 11.6).1 1717961921 After irradiation by the
laser pulse, the excited precursor may undergo heterolytic bond cleavage yielding the ion pair
[R" PLG] (Scheme 11.6, path a) or homolytic bond cleavage to the radical pair [R" PLG’]

(path b); alternatively the ion pairs may also be generated by homolytic bond cleavage and
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subsequent electron transfer (paths b + c). Both pairs may then either separate diffusionally
(paths d and e) to yield the free carbocations R™ or radicals R’ respectively, or undergo
geminate recombination to regenerate the substrate R-PLG (paths f and g). Only the free
carbocations R or radicals R’, which are shown in the bottom line of Scheme 11.6, are the

species which can be observed in a nanosecond laser flash photolysis experiment.

Scheme 11.6. Mechanism for the photogeneration of carbocations R and radicals R* from
substrates R-PLG.

R-PLG
lhv
[R-PLG|
geminate geminate
recombination recombination
() heterolysis  homolysis )
/@ ®) N\

. _ SET . .
[R* PLG| R PLG|
()
cage escape (e) cage escape (d)
R* + PLG~ R* + PLG’

The actual reaction pathways and dynamics cannot be determined by analysis of reaction
products or by the observation of the ions or radicals on the >10 ns time scale. The real-time
observation of the fast processes within the solvent cage shown in Scheme 6 is only possible
with transient absorption measurements having a temporal resolution of about 50 fs, and a
conclusive interpretation of the transient signals often requires additional theoretical
calculations.

Detailed investigations of these ultrafast processes have been performed for the photolyses of
benzhydryl chlorides Ar,CH-CI and phosphonium salts Ar,CH-PR;".P*!%'%] 1 both cases,
the partitioning between ionic and radical photoproducts is controlled by conical intersections
between the excited state and ground state potential energy surfaces of the reactant.!'” %
After the bond cleavage, the initially generated benzhydryl cations or benzhydryl radicals
undergo relaxation by planarization and solvation within a few hundred femtoseconds.!'*

In the case of chloride as photo-leaving group, the initial photocleavage is predominantly

homolytic (Scheme 11.6, path b),l'*'%

and the experimentally observed carbocation
population is mostly generated by single electron transfer (SET) in the geminate radical pair
(path ¢), which is distance-dependent and competes with the diffusional separation of the

radical fragments (path d).l"1 An efficient diffusive separation of the generated ion pairs
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(Scheme 11.6, path e) requires a polar solvent such as acetonitrile to reduce the Coulombic
attraction between the ions. In less polar solvents such as dichloromethane virtually all
generated carbocations recombine to the starting material (path g) before they can separate
diffusionally, and one cannot observe them on the nanosecond time scale.!'"

In photolyses of benzhydryl triarylphosphonium salts with non-oxidizable counter-anions
(e. g., BF4), high yields of stabilized carbocations are often observed without detection of any
intermediary radicals.”® Whether these are formed by direct C—P bond heterolysis (Scheme
11.6, path a) or by homolysis and subsequent fast electron transfer (paths b-+c) can be

(1951 Concomitant formation of carbocations and

answered by theoretical investigations.
radicals by C—P bond cleavage is observed when the resulting carbocations are less stabilized.
The yields and lifetimes of carbocations obtained by irradiation of phosphonium salts greatly
depend on the reaction conditions, which will be discussed below and is described in detail in
ref.®) With the proper choice of the precursor salt, excellent yields of highly reactive
carbocations can be achieved.

Improving the yields of carbocations based on our knowledge of the mechanism. Due to the
complex interplay of different reaction pathways (Scheme 11.6), it is difficult to predict the
suitability of a particular substituent PLG as a photo-leaving group for the generation of
carbocations which are available for the investigation of bimolecular reactions on the >10 ns
time scale. Particularly the potential energy surfaces for the ground state and excited state
which control the efficiency of the initial bond cleavage can hardly be estimated without high
level quantum chemical investigations.

For structurally related systems, the oxidation potentials of the photo-leaving groups PLG™
provide information about the relative thermodynamic stabilities of R/PLG™ ion pairs and
R’/PLG’ radical pairs. Likewise, the nucleophilicity parameters of the photo-leaving groups
PLG provide information about their tendencies to undergo geminate recombination
reactions with the corresponding carbocations. The phosphine P(p-CI-CsHy)s, for example, is
indeed a better photo-leaving group for the photogeneration of carbocations than PPh; due to
its higher oxidation potential (i. e., lower thermodynamic stability of the radical cation PAr;™)
and lower nucleophilicity.?™

The escape rate of the carbocation from the geminate solvent cage (Scheme 11.6, path e) is
also a crucial factor, which is illustrated by the low yields of carbocations obtained by
irradiation of Ar,CH—Cl in CH,Cl, on the nanosecond time scale. On the picosecond time

scale, a significant population of [Ar,CH" CI] ion pairs is observed. As a result of the strong
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Coulombic attraction, however, the diffusional separation of Ar,CH" and CI  is so slow in

CH,Cl, that all carbocations undergo geminate recombination and do not escape the solvent

cage (Scheme 11.7).1102

Scheme 11.7. After irradiation of Ph,CH—CI in CH»Cl,, no carbocations can be observed on
the nanosecond time scale, because the [Ph,CH" CI'] ion pairs generated by the laser pulse
recombine within a few hundred picoseconds.!'®
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The final yields of the carbocations on the >10 ns time scale are substantially larger in
solvents of higher permittivity such as CH3;CN, which reduce the Coulombic attraction

between the ions,[loz]

or when a neutral photo-leaving group such as PPhs is employed instead
of the charged CI".*8 On the other hand, the geminate recombination of Ar,CH" and PPh;
after the photolysis of Ar,CH-PPh;" in CH3CN solution is greatly enhanced when the
diffusional separation of the photofragments is restricted by encapsulation in reverse

micelles.!'?”!

Side reactions in the initial solvent cage. The efficiency of carbocation formation from a
precursor molecule may also be reduced by competing photoreactions. This situation is
encountered when phosphonium ions are irradiated under conditions where they exist as ion
pairs with halide counter-anions (Scheme 11.8): In this case, the preferred reaction pathway is
a photo-electron transfer (PET) in the excited benzhydryl phosphonium halide pair (Scheme

11.8, path a), which generates phosphoranyl radicals that undergo subsequent reactions."**!
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Scheme 11.8. Irradiation of phosphonium halide ion pairs [Ar,CH-PR;" X ] (X =CI or Br)
in CH,Cl, does not yield the desired carbocations Aro,CH'. The main reaction is a photo-
electron transfer in the excited ion pair (path a). Carbocations which may be generated from
the excited phosphonium salt (path b) are trapped by the halide ions which are present in the
solvent cage (path ¢).**!

Ar,CH-PR; X~
| |

l hv
| ArcH-PRS x|
@ PET /" ®)
IArch—PRg x'] [ArZCH+ PR, x‘]

L el

[Arch—X + PR3]

This example also highlights the important role of subsequent thermal reactions in the solvent
cage: The few carbocations which may be generated from the phosphonium halide ion pairs
(Scheme 11.8, path b) are consumed immediately by the reaction with the halide ions which
are present in the ion pairs of the precursor salts (Scheme 11.8, path ¢).*® A detailed
investigation of ion pairing in solutions of benzyl and benzhydryl triphenylphosphonium salts
was recently reported.!'*”!

For the generation of highly Brensted-acidic carbocations, the possibility of a proton transfer
from the carbocation to the photo-leaving group in the solvent cage also has to be taken into
account. Irradiation of PhC(CH3)2—PPh3+ in CH,Cl,, for example, presumably leads to
intermediary cumyl cations PhC(CH3),", which are rapidly deprotonated by PPh; before the
photofragments can diffuse apart (Scheme 11.9). Only when the less Bronsted-basic
phosphine P(p-Cl-C¢H,); is employed as photo-leaving group, cumyl cations can be observed

on the >10 ns time scale.[*”!
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Scheme 11.9. Irradiation of PhC(CH;3),—PAr;" leads to the geminate photofragment pair
PhC(CH3), /PAr;, which may undergo a proton transfer yielding a-methylstyrene and the
protonated phosphine or diffusional separation yielding the free carbocation.'*”’

©><PAr3+

th

.
PAr;
Ar = Ph Ar = p-Cl-CgH,
proton transfer cage escape
+ +
l ©)\ H—PPh3] [ j N+ PAn

In this section, we have discussed how the yield of diffusionally separated carbocations
depends on the reactions shown in Scheme 11.6 and possible side reactions in the initial
solvent cage. Knowledge of these processes may help to assess the quantum yields of
diffusionally separated carbocations on the nanosecond time scale which may be obtained
with a certain photo-leaving group. However, there are further important aspects which have

to be considered when selecting precursors for the photogeneration of carbocations.

11.5.2 Stability of the Precursor in the Sample Solution. An obvious but not always trivial
requirement for the selection of a photo-leaving group is the fact that the substrate R—PLG
must be soluble and sufficiently stable under the experimental conditions in the dark.
Chloride, for example, is not a suitable photo-leaving group for the generation of carbocations
in media of high ionizing power, such as alcohols or aqueous solvents, because Sy1-active
substrates are rapidly transformed into ethers and alcohols in these solvents. The life-times of
precursors which are prone to heterolysis reactions can be estimated by the linear free energy
relationship, eq. 1,/''"
Ig ks = so(N¢ + Ey) (1)

which relates the rate constant ks of a solvolysis reaction to the empirical reactivity parameters
of the electrofuge (Er) and the nucleofuge (Ng, s¢). Using this relationship, one may, for

example, predict that the life-time of bis(3-fluorophenyl)methyl chloride in trifluoroethanol
would still be sufficient (7, = 17 min, calculated using Er = —9.26 for Ar,CH" and N; = 5.54,
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s¢ = 0.85 for CI" in CF3CH,OH)!"'"") to carry out a laser flash photolysis experiment with this

precursor (Scheme 11.10).

Scheme 11.10. Laser flash photolysis of bis(3-fluorophenyl)methyl chloride in
trifluoroethanol.
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Figure 11.3 shows a semi-quantitative scheme to estimate the lifetimes of different precursors
which may be employed for the photogeneration of carbocations. Compounds located in the
blue range have lifetimes of more than one day, while those in the red range do not have
sufficient lifetimes to carry out a laser flash photolysis experiment. The combination of the
bis(3-fluorophenyl)methyl cation with chloride in trifluoroethanol shown in Scheme 10 is
located in the border range. As illustrated in Figure 11.3, the photogeneration of better
stabilized carbocations in this solvent requires the use of a weaker nucleofuge such as acetate

or p-cyanophenolate as the photo-leaving group.*!

[119] 3cetate and p-cyanophenolate are suitable photo-

Because of their lower nucleofugalities,
leaving groups for the generation of moderately stabilized carbocations in alcoholic or
aqueous solutions.>**) More recently, we have also employed tertiary phosphines for this
purpose.**) The respective combinations of electrofuges and nucleofuges for these

experiments are located in the blue area of Figure 11.3.
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Figure 11.3. Semi-quantitative scheme to estimate the lifetimes for precursors which are
composed of an electrofuge (carbocation-to-be, vertical axis) and a nucleofuge (photo-leaving
group, horizontal axis) in the absence of light. Lifetimes of precursors with neutral
nucleofuges are not strongly dependent on solvent. AN = acetonitrile, E = ethanol, TFA =
trifluoroacetate, TFE = 2,2,2-trifluoroethanol, W = water.

[111

In CH;CN, chloride is a weaker nucleofuge.!"'"! It has been employed as photo-leaving group

to generate the di(p-tolyl)methyl cation (light blue range in Fig. 11.3) and to study its

t.[21]

reactions with z-nucleophiles in this solven The photogeneration of the di(p-

anisyl)methyl cation from the corresponding chloride in CH3;CN has also been reported,*")
but as this combination is located in the red area of Figure 11.3, we expect that this precursor
cannot be employed in the presence of nucleophiles which trap this carbocation during the
setup of the experiment.

While the nucleofugalities of anions are strongly solvent-dependent, the solvent has only a

limited influence on the rate constants for solvolyses of substrates with neutral
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nucleofuges.!''®'"?! Therefore, we did not specify the solvents for the neutral photo-leaving
groups in Figure 11.3.

The black range at the lower left of Figure 11.3 serves to remind the reader that photo-
heterolyses may become unfavorable when the energetic barrier for the heterolytic bond
cleavage becomes too high. Laser flash photolysis experiments with series of structurally
analogous precursors have repeatedly demonstrated that the formation of carbocations
becomes unfavorable at some point when the electrofugalities of the carbocations become too

2438711 This behavior cannot be derived

low, while the photo-leaving group is kept constant.!
from Figure 11.3, however, which is illustrated by the fact that the 4-(trifluoromethyl)-
benzhydryl cation (Er = -9) can easily be generated from the corresponding
triphenylphosphonium salt** but not from the corresponding chloride in CH;CN,** which is
located further right in Fig. 11.3. The factors which control the efficiency of the photo-

heterolysis reactions are discussed in Section 11.5.1.

Triarylphosphonium salts generally combine high stability, even in strongly ionizing solvents,

33461 Reactions of

with a high tendency to produce carbocations upon irradiation.!
triarylphosphines with highly stabilized carbocations, however, do not yield stable
triarylphosphonium salts (Figure 11.3),') and the more Lewis-basic tributylphosphine has

145321 por carbocations of very low Lewis acidity,

been employed successfully in these cases.
even the formation of tributylphosphonium salts becomes reversible, as shown in Scheme
11.11 for the 2-phenyl-3,4-dihydroisoquinolinium ion. When the resulting equilibrium
mixture is irradiated, the phosphonium salt is cleaved to the iminium salt and the phosphine.
The rate constant for the reaction of the iminium salt with the phosphine can be determined
photometrically by following the decrease of the absorbance of the iminium salt as the
equilibrium is re-established.”” However, the method fails in the presence of other

nucleophiles than tributylphosphine, because the small equilibrium concentrations of the

2-phenyl-3,4-dihydroisoquinolinium ion already react with the added nucleophiles in the dark.

Scheme 11.11. Reaction of the 2-phenyl-3,4-dihydroisoquinolinium ion with tributyl-
phosphine and photolytic cleavage of the resulting phosphonium salt.
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Similarly, tertiary phosphines do not form stable adducts with very bulky carbocations such as
tritylium ions (frustrated Lewis pairs!''*)). The photogeneration of tritylium ions in aqueous
acetonitrile was, therefore, accomplished by using the less bulky but usually less efficient
photo-leaving groups acetate or p-cyanophenolate.!**>"]

Problems with phosphonium salts may also be expected under basic conditions, if the salts

can undergo deprotonation with formation of ylides (Scheme 11.12).

Scheme 11.12. Deprotonation of benzhydryl triphenylphosphonium ion by acetate with
formation of the corresponding phosphonium ylide (pK4 values in DMSO taken from ref. [''*!
for acetic acid and estimated as described in ref. ' for the phosphonium salt).
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Under conditions where charged precursors form ion pairs, the stability of these ion pairs in
the sample solution must also be considered. In the presence of chloride ions, for example, a
good precursor such as Ar,CH-PR;" BF, may be converted to the bad precursor
Ar,CH-PR;" CI  if the chloride anions replace the initial counter-anions of the phosphonium
salt (Scheme 11.13). As discussed above (Scheme 8), a photo-electron transfer in the excited
ion pairs of the precursors may then result in the formation of radicals instead of

carbocations.”*®!

Scheme 11.13. By replacing the BFs; anion with an oxidizable chloride ion, the good
precursor [AI’QCH—PR3+ BF,] is transformed into the phosphonium chloride pair
[ArzCH—PRg+ X"] which is a bad precursor for the generation of the carbocations Ar,CH'
(cf. Scheme 11.8).

[Arch—PR3+ BF;] +cr

|

lArch—PR3+ Crl + BF;

|

(as in Scheme 11.8)
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Most nitrogen compounds which can be employed as photo-leaving groups for the generation
of carbocations by C—N bond cleavage are relatively weak Lewis bases (cf. entry for NMes in
Figure 11.3), which is a problem for the synthesis of adducts with stabilized carbocations.
Even if quaternary ammonium salts are obtained by the reactions of tertiary amines with such
stabilized carbocations in weakly nucleophilic solvents such as CH3CN, they are often not
stable in solution, probably because of reactions of the amines with the quaternary ammonium
ions.””!

The use of 3,4,5-triamino-substituted pyridines as photo-leaving groups is advantageous for
some applications due to the absorbances of the resulting pyridinium salts in the near UV
(see below), but the Lewis basicity of these pyridines is also insufficient to obtain stable
adducts with highly stabilized carbocations. For example, the reaction shown in Scheme
11.14 (path a) is practically quantitative (complete decolorization; estimated equilibrium
constant K ~ 1 x 10’ M™),!"' but the dissociation of the pyridinium salt proceeds fast enough
(path b in Scheme 14; k& = 0.1 sHM 5o that the small equilibrium concentration of the

carbocation may be trapped by other nucleophiles which are present (path ¢ in Scheme 11.14).

Scheme 11.14. Reversible addition of 1,6-dibenzyl-2,3,5,6-tetrahydro-1H,4H-1,3a,6,8-tetra-
aza-phenalene to the bis[4-(dimethylamino)phenyl]methyl cation (X~ = BF4, CI").
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As a consequence, the 3,4,5-triamino-substituted pyridinium salt may already be consumed
during the time needed for the preparation of a kinetic experiment, when other nucleophiles

which trap the reversibly generated carbocations are present.!’"!
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11.5.3 Absorption of the Precursor at the Excitation Wavelength. The requirement that
the precursor R—PLG absorbs at the excitation wavelength of the laser is generally
unproblematic for experiments using the fourth harmonic of a Nd/YAG laser (266 nm) as the
source of the pump pulse: As the generated carbocations R" are usually detected by UV/vis
spectroscopy, researchers typically investigate systems where the positive charge is
conjugated to aryl groups. In this case, the R moiety of the precursor R—PLG already contains
at least one aromatic group which absorbs at 266 nm. For other R groups with insufficient
absorbance at 266 nm, one can easily solve the problem by employing one of the common
aromatic photo-leaving groups such as triphenylphosphine or p-cyanophenolate.

The choice of photo-leaving group is more challenging, when pump pulses with wavelengths
>300 nm shall be employed, which may be necessary if reaction partners or solvents with
significant UV/vis-absorptions at wavelengths <300 nm are present. As the R groups of the
substrate R—PLG usually do not have sufficient UV/vis absorbances at >300 nm, the
excitation must occur at the PLG moiety. The generation of carbocations by irradiation with
355-nm pulses from the third harmonic of the Nd/YAG laser thus required the development of
suitable photo-leaving groups. Taking advantage of the fact that the UV/vis absorptions of
pyridinium salts can be shifted towards higher wavelengths by bridged amino-substituents, we
were able to obtain carbocations by 355-nm irradiation of their adducts with 3,4,5-triamino-

substituted pyridines (Scheme 11.15)."""*

Scheme 11.15. Generation of benzhydrylium ions Ar,CH" by 355 nm laser flash photolysis of
3,4,5-triamino-substituted pyridinium ions.!”"!

R” = | R hv + _N N.
~ + —— Ar/\Ar + R | X R
N 355 nm P
)\ N
Ar Ar

The excitation can thus be located entirely on the photo-nucleofuge (PLG), like in the 355-nm

[71,72]

photolysis of 3,4,5-triamino-substituted pyridinium ions (Scheme 11.15), or entirely on

the photo-electrofuge (R), like in the 266-nm photolyses of arylmethyl chlorides R—CIH¥2%%

192 or tributylphosphonium ions R—P(nBu);".[*% In the 266-nm photolysis of benzhydryl
triphenylphosphonium salts,"** it is not clear where the excitation occurs.

For the kinetic investigation of the reaction of the photogenerated 2-phenyl-3,4-dihydro-
1soquinolinium ion with tributylphosphine, where the photo-nucleofuge P(nBu); is also used

52]

as a nucleophile in high excess (Scheme 11.11),°*! it is essential that the photo-nucleofuge
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does not absorb at the excitation wavelength: If the free phosphine had a considerable
absorption at the excitation wavelength, the concentrated sample solution would be opaque to

the laser pulse and no carbocations could be generated.

11.5.4 Life-times of the Diffusionally Separated Photogenerated Carbocations. Reactions
with the diffusionally separated photo-nucleofuge. The recombination of the carbocation with
the diffusionally separated photo-leaving group PLG™ may be a limiting factor for the life-
time of the photogenerated carbocations R".1**** It is therefore desirable that the reaction of
R" with PLG™ is slow. This is achieved easily for highly stabilized carbocations (E << -2),
which react slowly with common photo-leaving groups such as PPh;. Highly reactive
carbocations R™ (E > 0), however, often undergo diffusion-controlled combination reactions
with any suitable photo-leaving group PLG  that is employed to generate these carbocations.
The observation of relatively long life-times of ~10 pus for such highly reactive carbocations is
only due to the fact that the concentrations of the photofragments are very low.***"

In fluorinated alcohols such as 2,2,2-trifluoroethanol, the rates for the recombination of R"
with PLG  are significantly lower when anionic photo-leaving groups such as acetate or
p-cyanophenolate are employed.[zs] This is a consequence of the strong stabilization of anions
in these solvents. In fluorinated alcohols, the life-times of carbocations may thus be extended

by the use of anionic photo-leaving groups.

Reactivity of the precursor. Another possible pathway for the decay of photogenerated
carbocations is the reaction with nucleophilic centers of the precursor. If the carbocations are
generated from phosphonium halides R-PR’;" X in solvents of low nucleophilicity, for
example, they decay primarily by combination with the halide ions X  (Scheme 11.16) and
not by recombination with the phosphine PR’3, because the concentration of the precursor salt

R-PR’;" X is much higher than that of the photofragment PR’5.""]

Scheme 11.16. Carbocations R which are generated from phosphonium halides R—PR’;" X~
(X~ = CI" or Br) in solvents of low nucleophilicity (e. g., CH3;CN) decay primarily by
reaction with the halide ions X".1**!
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Carbocations which are obtained by irradiation of phosphonium tetrafluoroborates R—PR’3"
BF. have longer life-times, although highly reactive carbocations (£ > 5) may also react with
the less nucleophilic BF4~ anions.”® If the phosphonium salts exist as ion pairs, the trapping
of the carbocations by the counter-anions may already occur within the geminate solvent cage
(see Section 11.5.1).

The 3,4,5-triamino-substituted pyridinium ions which are used for the photogeneration of
carbocations with 355 nm light due to their UV/vis absorptions at this wavelength (Scheme
11.15) have three tertiary amine functions, which may act as nucleophiles and reduce the life-

times of carbocations which are generated from these precursors.!’"

Quantitative estimates. Upper limits for the life-times of photo-generated carbocations can

often be estimated using the linear free energy relationship, eq. 2,1°%!1*2]

lg k=sn(N + E) )

which relates the rate constants & for reactions of electrophiles with nucleophiles to the
empirical reactivity parameters of the electrophiles (£) and the nucleophiles (N, sy).

We will exemplify this for the reaction shown in Scheme 11.10, where the bis(3-
fluorophenyl)methyl cation is generated by laser flash photolysis of the corresponding
chloride in trifluoroethanol. In principle, there are three possibilities for the decay for the
carbocations that could compete with the desired reaction with an added nucleophile:
Recombination with the free photo-leaving group (here: Cl), reaction with the unreacted
precursor (here: Ar,CHCIl), and reaction with the solvent (in our example:
trifluoroethanol).!'*

)% and of CI in trifluoroethanol

Using the reactivity parameters of the carbocation (£ = 6.87
(N =10.3, sy = 0.6),’*! we calculate a second-order rate constant k&, =2 x 10'° M s for the
reaction of the carbocation with CI” from eq. 2, i. e., the reaction is almost diffusion-

" are somewhat over-estimated by eq. 28%).

controlled (note that rate constants >10* M s
Although the reaction of the carbocation with CI” will not be of pseudo-first-order, we can use
k[CI'] as an upper limit, which equals 10* to 10° s for typical concentrations of the
photoproducts in the kinetic experiments (10 to 10° m). The nucleophilicity parameter of
Ar,CHCI is not known, but for a rough estimate let us use that of the more electron-rich
toluene (N = —4.36, sy = 1.77),[3 I which yields a second-order rate constant of ky” = 3 x 10°
M" s, Considering the low concentration of the precursor (usually 10* to 10 M), the

pseudo-first-order rate constant k,’[Ar,CHCI] for the reaction of the carbocation with the
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precursor is negligible. By substituting the solvent reactivity parameters of trifluoroethanol
(Ny = 1.11, sn = 0.96)**) into eq. 2, we obtain the first-order rate constant k; = 4.6 x 10" s™* for
the reaction of the bis(3-fluorophenyl)methyl cation with trifluoroethanol. This value is
considerably larger than the rate constants calculated above for the reaction of the carbocation
with CI” (10* to 10° s) and with the precursor molecule. The life-time of the bis(3-fluoro-
phenyl)methyl cation generated by laser flash photolysis of the corresponding chloride in
trifluoroethanol (Scheme 11.10) is therefore limited by the carbocation’s reactivity towards
the solvent (7= 20 ns). We can conclude that the choice of an anionic photo-leaving group,
which is often preferable in fluorinated solvents (see above), does not make a difference in
this case and we could also choose triphenylphosphine instead of chloride as photo-leaving

group for the photogeneration of this carbocation in trifluoroethanol.**

11.6 Which Photo-leaving Group for Which Purpose?

The optimal choice of photo-leaving group thus depends on the conditions of the kinetic
experiment. This section briefly summarizes the advantages and disadvantages of some
photo-leaving groups which are commonly employed in kinetic measurements. Table 11.2
gives our recommendations for selecting the proper photo-leaving group to generate a certain
carbocation under given conditions. A minus sign in either of the two sections “solvent” or
“carbocation to be generated” indicates that the photo-leaving group cannot be employed,
because irradiation of these precursors in the respective solvent is not expected to yield
carbocations that can be detected on the >10 ns time scale. A plus sign denotes precursors
which we recommend because they typically work well under the respective conditions.
Empty fields are shown for combinations which may work, but are usually not the best

choice.
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Table 11.2. Recommendations for the use of photo-leaving groups to generate carbocations.
A minus sign in either of the two sections “solvent” or “carbocation to be generated” indicates

that the photo-leaving group cannot be employed.”
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photo-leaving group o | 2288
< = g — | O+ 8
= . = o228
T | % | E|ZE|Ega
O £ & = | Q| 5 |s&|els
o =) ; @) Q = £ o | gTsF
Q=] 2 < | E |EC(2EE
a A~ S |2 g|lSor
P Q 5 |08
L nB 228
SRR R
M alo
solvent
apolar solvents (e.g., n-hexane) = = = = — — — —
solvents of intermediate polarity (e.g., CH,Cl,) aF aF = = = de
polar aprotic solvents (e.g., CH;CN) aF aF + d
ionizing solvents (e.g., CH;OH) + + — | Hf| + d
fluorinated alcohols fast reactions (>10° s™) + g + 4 d
. <10° <!
slow reactions (<10”s™) of _ _ _ g n n — | dh
reactive carbocations
solvents with high UV-cutoff which require the use of
o ) = = — = = = + IS
excitation pulses with 4> 300 nm (e. g., acetone) /e e fe /e e /e fe
carbocations to be generated
carbocations with low Lewis acidity = +/i = = I
bulky carbocations (e.g. tritylium ions) = = = 4k 4k =
highly electrophilic (E > 7) carbocations’ +k | — — Lg l [ —
highly acidic carbocations (S-protons)’ s — — | Ig / [ =

13

¢ “+” = Recommended if there are no other conditions which preclude using this precursor. = Irradiation of
this precursor under these conditions will typically not yield carbocations which can be detected on the >10 ns
time scale. Empty fields = May work, but usually not the best choice. * Phosphonium salts or other charged
precursors should have non-nucleophilic non-oxidizable counter-anions such as BF, or SbFs, particularly if
they exist as ion pairs under the conditions of the experiment. Moreover, these precursors are not suitable in the
presence of strong Brensted bases which deprotonate the onium salts. © Only possible if the R moiety of R-PLG
absorbs at the excitation wavelength. ¢ May work if the nucleophile is suitable as photo-leaving group and does
not absorb at the excitation wavelength. ¢ Only with uncharged nucleophiles. / Recommended only in highly
aqueous solutions where the solubility of p-cyanophenolates and quaternary phosphonium salts is low. ¢ The life-
time of the precursor may not be sufficient due to the large ionizing power of fluoroalcohol solvents. * Only with
anionic nucleophiles. ' It may be useful to use the photo-leaving group in large excess as nucleophile in order to
drive the eqilibrium in the direction of the precursor.’ A solvent of sufficiently low reactivity must be employed
in order to observe such highly reactive carbocations on the >10 ns time scale. * Use SbF, as counter-anion.
'Recommended only if the solvent is a fluorinated alcohol such as 1,1,1,3,3,3-hexafluoro-2-propanol.
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Phosphines. Tertiary phosphines are the most versatile among the different classes of photo-

35-52 [109]

leaving groups investigated:*>*! Quaternary phosphonium salts are easy to synthesize,

stable in solution, even in solvents with very high ionizing power such as

hexafluoroispropanol/water mixtures,!**!

and provide excellent yields of carbocations even in
solvents of moderate polarity such as CH,Cl,.*”*% Tris(p-chlorophenyl)phosphine is one of
the most efficient photo-leaving groups presently known for the generation of highly reactive

D841 Wwhile tributylphosphine is the photo-leaving group of choice for the

carbocations,
photogeneration and kinetic investigation of highly stabilized carbocations with low Lewis
acidity.* % Due to their relatively large size, phosphines are less suited for the synthesis of

precursors for the generation of very bulky carbocations (frustrated Lewis pairs).

Anionic photo-leaving groups. In the past, kinetic investigations of carbocations were often
carried out using CI", AcO", or p-cyanophenolate as anionic photo-leaving groups.!'*?*! The
use of these photo-leaving groups is limited to polar solvents like acetonitrile, alcohols, and
aqueous solvents, but may be advantageous for some applications such as the generation of
bulky carbocations (see Section 11.5.2) or suppressing the recombination with the free
photoleaving group in fluoroalcohol solvents (see Section 11.5.4). The efficiencies of
carbocation formation from several precursors with anionic photo-leaving groups in CH3;CN
were compared in ref.*” Precursors with the chloride photo-leaving group often have

insufficient lifetimes in solvents of high ionizing power.

Using the nucleophile as photo-leaving group. A convenient procedure for determining the
rate constants for reactions of carbocations with nucleophiles can be applied if the carbocation
is available as a stable salt and the nucleophile to be studied can act as a photo-leaving group.
In this case, the precursor for the photogeneration of the carbocation can be generated in
solution simply by combining the carbenium salt with a high excess (>10 equivalents) of the
corresponding nucleophile which is required for the kinetic experiments. For example, the
tetrafluoroborate of Michler’s Hydrol Blue can be combined with the cyanate anion to give
the alkyl isocyanate (Scheme 11.17).) Upon irradiation, the alkyl isocyanate yields
Michler’s Hydrol Blue and the cyanate anion, and the rate of the reaction of the carbocation

).1%) As only a small fraction

with the excess of nucleophile can be measured (Scheme 11.17
of the precursor is cleaved by the laser pulse, the concentration of the nucleophile remains

virtually unchanged during the experiment (pseudo-first-order conditions). This procedure has

403



CHAPTER 11 — Photogeneration of Carbocations

the advantage that the recombination of the carbocation with the photo-leaving group does not
complicate the kinetic experiment, since the photo-heterolysis of the precursor only
regenerates the carbocation and the nucleophile to be studied. This approach has also been

]

applied successfully to study the nucleophilic reactivities of thiocyanate,!® nitrite,'’” and

[32] [34,37]

halide ions, " as well as those of tertiary amines.

Scheme 11.17. Kinetic experiment where the bis[4-(dimethylamino)phenyl]methyl cation
(Michler’s Hydrol Blue) is generated by irradiation of its adduct with the nucleophile to be
studied (here, the cyanate anion).!®

+
Me,N NMe,

(isolated salt)

l + OCN"™ (excess)

NCO

MeoN I I NMe,
l hv
+
MSQN NMez

l ky [OCNT]

NCO
MezN NMez

The disadvantage of this method is that generally no information about equilibrium constants
can be gained during the experiment, although in some cases fast measurements may be the
only source of such data (see Section 11.2). After the fast reversible reaction of N-methyl-
pyrrolidine with the bis[4-(N-pyrrolidino)phenyl]methylium ion, for example, the absorbance
of the benzhydrylium ions does not stay constant on the seconds time scale due to a slow

[37,51

subsequent reaction which consumes the benzhydrylium ions.”’>!! When the carbocations are

B7] the equilibrium is disturbed by the laser

generated from their N-methylpyrrolidine adducts,
irradiation and the absorbance of the carbocations subsequently decreases to its initial value
as the equilibrium is re-established within less than 100 ps after the laser pulse (Figure 11.4a,
note that in this experiment the absorbance A4 is measured relative to the absorbance before

the laser pulse). However, if the carbocation is generated from the stable tributylphosphine

404



CHAPTER 11 — Photogeneration of Carbocations

adduct in the presence of an excess of N-methylpyrrolidine, only a certain fraction of the
photogenerated carbocations is consumed by reaction with N-methylpyrrolidine as the
equilibrium is established, while recombination with the photo-nucleofuge does not play a
role because of its low concentration (Figure 11.4b).°" The equilibrium constant K of the
reaction can now be estimated from the absorbance of the carbocations immediately after

irradiation and the absorbance after the equilibrium is established.

N-Me PN + - . e N ~Me
A A A A
Ar/l\Ar ko ' ' <—7 Ar” CAr ' ' <—7 Ar)\Ar
0.6 | 0.6 |
4 1 04 - A(t = 0) — A(plateau)
<<5 <<5 L A(plateau) [nucleophile]
0.2 |
0.0
PN TN [N T T T T YT T T N T T T T N O Y T N T T A A | PN TN [N T T T T YT T T N T T T T N O Y T N T T M N
0 10 20 30 40 50 0 10 20 30 40 50
t/us — t/ us —

Figure 11.4. Decays of the absorbance of the bis[4-(N-pyrrolidino)phenyl]methylium ion at
611 nm (a) after the irradiation of a solution of the carbocation (1 x 10~ M) and N-methyl-
pyrrolidine (1.0 x 107 M), which are in equilibrium with the corresponding ammonium
salt,’”) or (b) after the irradiation of the substituted benzhydryl tributylphosphonium salt
(1 x 10 M) in presence of N-methylpyrrolidine (1.3 x 10 M) in CH3CN at 20 °C.”" Note
that the absorbance A4 is measured relative to the absorbance before the laser pulse; thus only
experiment (b) provides information about the equilibrium constant.

In the preceding paragraphs, we have described the situation when the reactivity of a given
nucleophile shall be investigated and this nucleophile can also act as the photo-leaving group.
The same approach — using a nucleophile identical to the photo-leaving group — may also be
helpful in situations where one is interested in the reactivity of a certain carbocation but has
difficulties to find a stable precursor due to the reversibility of the addition of the photo-
leaving group to this carbocation (see Section 11.5.2). A high excess of the photo-leaving
group (such as PR3 or Cl") and the absence of other added nucleophiles then shifts the
equilibrium towards the precursor (such as R—PR3" or R—Cl) in the dark. By irradiation of the
equilibrium mixture and following the re-establishment of the equilibrium, one can at least
measure the rate constant for one bimolecular reaction of the carbocation of interest with a

nucleophile.™
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Photo-leaving groups for the irradiation at >300 nm. Pyridinium salts have the advantage
that their UV/vis absorptions can be red-shifted considerably by the introduction of bridged
amino-substituents. Appropriately substituted pyridines are therefore suitable as photo-
leaving groups for the generation of carbocations with near-UV laser pulses of wave lengths
up to 355 nm (Scheme 11.15). With this method, carbocations can be photogenerated in the
presence of aromatic compounds and in solvents of high UV-cutoff such as dimethyl

sulfoxide, dimethylformamide, or acetone.”"""

A disadvantage of the 3,4,5-triamino-
substituted pyridines is their inconvenient accessibility.!"'”’ Furthermore, these pyridinium
salts have lower stabilities than tributylphosphonium salts and lower efficiencies of

carbocation formation than triarylphosphonium salts.

11.7 Summary and Outlook

Laser flash photolysis has become an invaluable tool for studying carbocations, providing
quantitative information about their reactivity that can not be obtained with conventional
methods. Appropriate precursors have to be employed which produce sufficient yields of
carbocations when they are irradiated under the conditions of the kinetic experiment. We have
given an overview of the limitations of the method and offered some guidelines for selecting
photo-leaving groups for the generation of carbocations in nanosecond laser flash photolysis
experiments. In recent years, the use of phosphonium and other onium salts as precursors has
greatly extended the scope of accessible carbocations, as well as the scope of tolerable
reaction conditions. Ultrafast investigations on the picosecond time scale and theoretical
investigations of the photo-cleavage mechanism will continue to provide new insights that

may help improving the efficiency of heterolytic photo-cleavage for future applications.
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~ APPENDIX ~

12.1 Abbreviations Used in Chapters1-11

15-crown-5
18-crown-6
A

A

Ao

A266 nm
A280 1m
A3550m
4,

Ac

AN

ani

Ar

Bn

br

Bu

Bz

C,c
CCD
calc, Caled
d

d

d
DABCO
DBN
DBU
dfp

DFT
dmaBz
DMAP
DMF
DMSO
dpa

EOOX
Ereq
Er

E gas
ESA
ESI
exp

fc

fur
GIAO

1,4,7,10,13-pentaoxacyclopentadecane
1,4,7,10,13,16-hexaoxacyclooctadecane

acetone (as component of a solvent mixture)
absorbance

initial absorbance

absorbance at the excitation wavelength of 266 nm
absorbance at the excitation wavelength of 280 nm
absorbance at the excitation wavelength of 355 nm
absorbance at time ¢

acetyl group

acetonitrile (as component of a solvent mixture)
p-anisyl, 4-methoxyphenyl

aryl group

benzyl group

broad

n-butyl group

benzoyl group

constant

charge-coupled device

calculated

distance (between atoms) / A

thickness of the sample cell (in direction of the probe light) / m

doublet

1,4-diazabicyclo[2.2.2]octane
1,5-diazabicyclo[4.3.0]non-5-ene
1,8-diazabicyclo[5.4.0]-undec-7-ene
3,5-difluorophenyl

density functional theory
4-(dimethylamino)benzoyl
4-(dimethylamino)pyridine
N,N-dimethylformamide

dimethyl sulfoxide

4-(diphenylamino)phenyl
solvent-independent electrophilicity parameter
oxidation potential / V

reduction potential / V

solvent-independent electrofugality parameter
gas phase electrophilicity parameter (Denekamp)
excited state absorption

electrospray ionization (mass spectroscopy)
experimental

ferrocenyl

2,3-dihydrobenzofuran-5-yl
gauge-independent atomic orbital method
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h

Hal
HFIP
HMBC
HR-MS
HSQC
1

ICCD
ind
INIFER
J

jul

K

k

ko

ko

ky

ky

kg

Keate

Kp

kesc

kobs
kPAr3s kphosphine

krecomb

ks

lil

m
mlz
mfa
mfp
mor
m. p.
mpa

N,
Ny
Ny
Nd/'YAG

pcp
PET
pfa

pfp

pKAa pKa
PKan, PKan
PKr, pKr*
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Planck constant, 6.626 x 10>* J s

halogen atom

hexafluoro-iso-propanol, 1,1,1,3,3,3-hexafluoro-2-propanol
heteronuclear multiple bond correlation NMR experiment

high resolution mass spectroscopy

heteronuclear single quantum coherence NMR experiment
nuclear spin quantum number

intensified charge-coupled device
N-methyl-2,3-dihydro-1H-indol-5-yl

bifunctional initiator-transfer agent (in cationic polymerizations)
coupling constant / Hz

julolidin-9-y1, 2,3,6,7-tetrahydro-1H,5 H-pyrido[3,2,1-ij]quinolin-9-yl
equilibrium constant

rate constant

rate constant for the first-order background decay reaction / s
rate constant for the reference reaction (Yukawa-Tsuno equation)
first-order rate constant for the reaction with a solvent / s
second-order rate constant / M s™'

Boltzmann constant, 1.3807 x 102 JK!

second- or first-order rate constant calculated from a linear free energy relationship / M s™ or s™
dissociation constant / M

first-order rate constant for the diffusional separation of photogenerated carbocation and photo-
leaving group /s

observed (pseudo-)first-order rate constant / s

second-order rate constant for the combination with PAr; /M s™!

first-order rate constant for the geminate recombination of the photogenerated carbocation with
the photo-leaving group /s

solvolysis rate constant / s

lilolidin-8-yl, 1,2,5,6-tetrahydro-4H-pyrrolo[3,2,1-ij]quinolin-8-yl

multiplet

mass-to-charge ratio (mass spectroscopy)
4-[methyl(trifluoroethyl)amino]phenyl

m-fluorophenyl

4-(N-morpholino)phenyl

melting point / °C

4-(methylphenylamino)phenyl

number of data points used for the fit

solvent-dependent nucleophilicity parameter

solvent nucleophilicity parameter (for prediction of first-order rate constants)
solvent-dependent nucleofugality parameter

solvent nucleophilicity (extended Grunwald-Winstein equation)
neodymium-doped yttrium aluminum garnet

nucleophile

p-chlorophenyl

photo-electron transfer

4-(phenyl(trifluoroethyl)amino)phenyl

p-fluorophenyl

negative decadic logarithm of the acid dissociation constant

negative decadic logarithm of the acid dissociation constant for the conjugate acid

negative decadic logarithm of the equilibrium constant for the reaction of carbocations with
water (R" + H,0 = R-OH + H")



PLG
pop
pyr

]

SE

St

SN

SET
SolvOH

T H NN

TFE
tfm
thq
tol
Vs
viv
w
wiw
X
Xpaired
Yors
Yrecomb

O, paired
OH, unpaired
Op

Osb

APPENDIX

photo-leaving group

p-phenoxyphenyl

4-(N-pyrrolidino)phenyl

quartet

extent of resonance demand (Yukawa-Tsuno equation)

ideal gas constant, 8.3145 J K' mol

coefficient of determination

electrophile-specific sensitivity parameter

solvent-dependent nucleofuge-specific sensitivity parameter
solvent-dependent nucleophile-specific sensitivity parameter
single-electron transfer

solvent molecule with OH group, hydroxylic solvent

temperature / K

transmission (IR spectrum) / %

2,2,2-trifluoroethanol (as component of a solvent mixture)

time /s

triplet

2,2, 2-trifluoroethanol

4-(trifluoromethyl)phenyl

N-methyl-1,2,3,4-tetrahydroquinolin-6-yl

p-tolyl, 4-methylphenyl

versus

volume / volume mixture

water (as component of a solvent mixture)

weight / weight mixture

mole fraction

mole fraction of paired phosphonium ions

ionizing power of a solvent (Grunwald-Winstein equation, solvolyses of 2-adamanty] tosylates)
yield of geminate recombination of the photogenerated carbocation with the photo-leaving
group / %

Leffler parameter, slope of a AG* vs AG® plot (or Ig k vs K plot)
gyromagnetic ratio / rad T s™

chemical shift / ppm

boron chemical shift ('"'B NMR) / ppm

carbon chemical shift (*C NMR) / ppm

fluorine chemical shift (‘’F NMR) / ppm

proton chemical shift (‘"H NMR) / ppm

C(a)—H proton chemical shift of the fully paired phosphonium ions / ppm
C(a)—H proton chemical shift of the unpaired phosphonium ions / ppm
phosphorus chemical shift *'P NMR) / ppm

antimony chemical shift (**'Sb NMR) / ppm

difference

sum of the squares of the errors (least-squares fit)

Absorbance difference (relative to before the laser pulse)

Gibbs free energy for deprotonation of the conjugate acid HX in the gas phase / kJ mol™
hydride affinity / kJ mol

methyl anion affinity / kJ mol™

single free ion energy of transfer from one solvent to another / kJ mol™!
Gibbs free energy / kJ mol™

Gibbs free energy of addition / kJ mol™
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AGY,
AGorel
AGy
AGH
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Gibbs free energy of ionization / kJ mol™

Gibbs free energy of E-N" relative to E-C1/kJ mol™

intrinsic barrier / kJ mol™ (activation free energy of a process with AG® = 0)
activation free energy / kJ mol™

activation free energy of ionization / kJ mol™

heat of addition reaction / kJ mol™

activation enthalpy / kJ mol™

entropy of addition reaction / J mol™ K™!

activation entropy / J mol™ K™!

heats of reaction of alcohols with HSO;F/SbFs/SO,CIF at —55 °C (Arnett) / kJ mol!
absorbance coefficient / M cm™

wavelength / nm

excitation wavelength / nm

wavelength of the absorbance maximum / nm

frequency /s

wave number / cm™

Hammett reaction constant or sensitivity constant

normal sensitivity constant (modified Yukawa-Tsuno equation)

normalized normal sensitivity constant (modified Yukawa-Tsuno equation)
normalized sensitivity constant (modified Yukawa-Tsuno equation)
resonance sensitivity constant (modified Yukawa-Tsuno equation)
normalized resonance sensitivity constant (modified Yukawa-Tsuno equation)
standard deviation

Hammett substituent constant (ionizations of benzoic acids)
Hammett-Brown substituent constant (solvolyses of fert-cumyl chlorides)
Hammett substituent constant (ionizations of phenols and anilines)
life-time (1/kqps) /' s

half-life / s,

quantum yield / %

overall quantum yield of free carbocations (at ~2 ns) after diffusional separation of the photo-
leaving group / %

quantum yield of heterolytic bond cleavage (including the possibility of initial homolytic bond
cleavage and subsequent fast electron transfer) / %

global electrophilicity index (Parr)
local electrophilicity at the carbocation site
bond angle / ©
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12.2 Numbering of the Reference Electrophilesin Chapters 1-11

Table 12.1. Reference electrophiles Ar,CH" employed in this work.

T

©/\© abbreviation 1" of precursor®  no. of benzhydrylium ion reactivity
& X Ar,CH-PAr;" X Ar,CH" parameters

Y 4

z CHAPTERS 9,11 CHAPTER 1 CHAPTERS 2-5 CHAPTER 10  E” EY

Y
(li,CH" - E1 la  -10.04 5.5
(jul),CH" - E2" 1b -9.45 5.6l

(ind),CH" - E3* 1c -8.76 483

/ \

(thq),CH" - E4" d 822 522
|

—Z

Y =Z = 4-(N-pyrrolidino) (pyr),CH" - E5 le —7.69 5.35
Y =Z = 4-N(Me), (dma),CH" - E6" 1f -7.02  4.84
Y =Z = 4-N(Me)(Ph) (mpa),CH" - E7" 1g -5.89 346
Y = Z = 4-(N-morpholino)  (mor),CH" - ES" 1h -5.53 3.03
Y =Z =4-N(Ph), (dpa),CH" - E9* - 472 178
Y =Z =4-N(Me)(CH,CF;) (mfa),CH" - E10" 1i -3.85  3.13
Y =Z =4-N(Ph)(CH,CF;)  (pfa),CH" - E11' - -3.14 179
{Fey O fe(Ph)CH" - E12* — —-2.64 ¢
(fur),CH" 2b BF, E13' 1 136 1.07
O (6]
fur(ani)CH'" 2 BF, E14* - 081 0.6l
0 OMe
4-MeO 4-MeO (ani),CH" 2d BF, E15" 1k 0.00  0.00
4-MeO 4-PhO ani(pop)CH" 2f BF, E16" - 0.61 -0.86
4-MeO 4-Me ani(tol)CH" 2eBF, E17" — 1.48 -1.32
4-MeO H ani(Ph)CH" 2h BE, E18" 1 211 —2.09
4-PhO H pop(Ph)CH" 2j BF, E19" - 290 -3.52
4-Me 4-Me (tol),CH" 29 BF, E20" im 3.63 —3.44
4-Me H tol(Ph)CH" 2i BE, E21" 1n 443 463
4-F 4-F (pfp),CH" 2k BF, E22 - 5.01 ¢
4-F H pfp(Ph)CH" 2| BE, E23" - 520 -5.72
3-F,4-Me  3-F,4-Me - 2u BF, E24" - 524 —6.37
H H Ph,CH" 2aBF, E25" 10 547 -6.03
4-Cl 4-Cl (pep).CH” 2n BE, E26" - 548 —6.91
3-F H mfp(Ph)CH" 2m BF, E27" - 6.23  -7.53
4-(CF;) H tfm(Ph)CH" 20 BF, E28" - 6.70 —8.66
3,5-F, H dfp(Ph)CH" 2p BE, E29" - 6.74  —9.00
3-F 3-F (mfp),CH" 29 BE, E30" - 6.87 -9.26
3,5-F, 3-F dfp(mfp)CH"  3r BF, /SbF, E31* - 7.52 —10.88
4-(CF5) 4-(CFs) (tfm),CH" 3s SbF,- E32" - 7.96 ¢
3,5-F, 3,5-F, (dfp),CH" 3t SbF, E33" — 8.02 —12.60

“ Recommended precursor for the photo-generation of Ar,CH™ (numbering of CHAPTER 1). ? Electrophilicty (E)
and electrofugality (Er) of Ar,CH" (see Table 5.1 in CHAPTER 5 for references). ¢ Not available.
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