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Chapter 0. Summary

Chapter 0. Summary

Nucleophilic Reactivities of Thiophenolates

The kinetics of the reactions of 10

differently substituted thiophenolates with Investigated Thiophenolates
. . R = 4-OMe, 4-Me,
p-quinone  methides (pQMs) were H, 4-Br, 3-Cl, 3-CFj,
4-CF3, 3,5-(CF3),, O
investigated in DMSO at 20 °C (Chart 1, 4-NO, !

Figure 1a). The previously characterized,

. . . i Methid Ms) Used As Ref Electrophil
colored p-quinone methides with known Quinone Me 'es(”Q s) sed As Reference Electrophiles

N ‘Bu
Mayr E parameters of the Mayr-Patz O ‘ O O o

equation (log k; = sn(N + E)) served as . Bu

reference electrophiles to determine the N Ar' = 4-NMe,, 4-OMe,
4 Me, 3-F, 4-NO,

and sy parameters of the thiophenolates. Chart 1. Structures of thiophenolates and pQMs used in this work.

However, the reactions were found to be highly reversible, because the formed phenolates have a
higher pK, in DMSO than the thiophenolates. The reactions were driven to completion by addition of
thiophenols, which protonated the emerging phenolates to shift the equilibrium to the product side

(Figure 1a).

DMSO proton transfer

(0]
Bu Bu k exptl ArSH
@ ' A_A»
20 °C fast
R
Ar' @ @

(b)
Bu
08 r1 80
T decay of: T Kobs = 2.85 x 10% [KSCgH4CF3] + 1.79
0.6 60 | R?>=0.9986
E OMe =
« 0.4 . % 40
3 Kobs = 15.2's 8
T 02 = 20 CFs
2]
e
<
0 L 0 1 )
0 0.2 0.4 0 0.001 0.002
t(s) —> [KSCgH4CF3] (M) ——>

Figure 1. (a) Reactions of substituted thiophenolates with pQMs. (b) Monoexponential decay of the absorbance A (at 393
nm) during the reaction of 4-(trifluoromethyl)thiophenolate (c = 0.49 mM, counterion: K*) with the depicted pQM. (c) Linear

dependence of the first-order rate constant kops on [4-(trifluoromethyl)thiophenolate].



Chapter 0. Summary

The decay of the p-quinone methide concentrations was followed with stopped-flow UV-Vis
spectrometry to monitor the kinetics, and second-order rate constants were obtained by plotting kobs
against thiophenolate concentration (Figure 1b, c). Plotting the logarithm of these second-order rate
constants against the electrophilicity parameters E of the employed p-quinone methides gave the
nucleophile-dependent parameters N and sy of the thiophenolates as slope and intercept of the linear
correlations, respectively (Figure 2). The rate constants of the reactions of thiophenolates with the p-
guinone methides were shown to correlate linearly with the rate constants of phenolates with the
same p-quinone methides. Furthermore, the determined N parameters of the thiophenolates
correlated linearly with Hammett ¢ constants and the pK.u of the thiophenolates in DMSO. Bordwell
reported the rate constants of reactions of n-butyl chloride with substituted thiophenolates in DMSO
in the past and these correlated linearly with the N parameters of the thiophenolates, too. The UV-Vis
spectra of the thiophenolates were recorded, with Amax ranging from 302 nm to 501 nm. The high
nucleophilicity, the absorption in the UV-Vis spectrum, and the big range of nucleophilic reactivity
make thiophenolates promising reference nucleophiles.
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|g kzexptl R = 4-Me R= 315'(CF3)2)
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3 [ R=4-CF,
) . . . ,
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Electrophilicity E ————

Figure 2. Determination of N/sy for ArS~ from the linear correlations of log k,®*Pt! with the electrophilicities E of the pQMs.
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Electrophilicities of Acceptor and Donor-Acceptor Cyclopropanes

The electrophilic reactivities of 10

acceptor substituted cyclopropanes
were quantified by following the
kinetics of the ring-opening reactions
with substituted thiophenolates,
C-nucleophiles and sodium azide in
DMSO as well as with substituted
pyridines in acetonitrile at 20 °C (Chart
2, Figure 3a). UV-Vis spectroscopy was
employed to either monitor the decay
of the thiophenolates (Figure 3b) or the
emergence of the colored carbanions in
the case of indandione derivatives.

Second-order rate constants were

obtained by plotting ko»s against

Investigated electrophilic cyclopropanes

\_R \_R
O%O o (0]
o.__0O
R=H, Ph R=H, Ph
3-Cl-CgHy4
Nucleophiles
OyN
X ? Q
S}
S X Ph
T
0
N
X =4-OMe, X = pyrrolidinyl,
4-Me,H, 4-Br, NMe,, OMe, Me
3-Cl, 4-CF,

X=CN,H

Ph \)kph

S
N
s o

Chart 2. Investigated electrophilic cyclopropanes in this work (top)

and reference nucleophiles (bottom).

cyclopropane concentration (Figure 3c). The second-order rate constants for the reactions of

thiophenolates with the electrophilic cyclopropanes correlated linearly with the N parameters of the

thiophenolates. Consequently, the parameters E and sg¢ of the extended Mayr-Patz equation

(log ka = sesn(N + E)) were determined for the electrophilic cyclopropanes (Figure 3d).

(@)
® K2 9
SN . PRs_~g
@)
PhS 20°C
P g DMSO Pho
SO
(b) (c) (d)
0.75 0.15 [ Kobs = 19.7 [cyclopropane] 25
_ -1
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£ 5 009 715
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= 0.25 @ >
P 0.03 2 05
< 0 0 - L g 0.0 " . L ,
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t(s) > [cyclopropane] (M) —— N ——

Figure 3. (a) Ring-opening reaction of a donor-acceptor cyclopropane with potassium thiophenolate. (b) Monoexponential

decay of the absorbance A at 310 nm over the course of the reaction of thiophenolate (0.247 mM) with the dimedone-derived

cyclopropane depicted in (a) (2.47 mM). (c) Linear correlation of the observed rate constant kops versus the concentration of

the cyclopropane depicted in (a). (d) Correlation of N against log k,/sn to determine E and sg of the cyclopropane depicted in

(a).
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All investigated cyclopropanes had an sg between 0.50 and 0.35, indicating low susceptibility towards
nucleophiles. Correlation of rate constants k; of the reactions of cyclopropanes with thiophenolates
with Hammett ¢ constant for the substitution of the electrophiles’ aryl moiety resulted in an unusual
U-shaped plot (Figure 4a). Variation of the thiophenolate substituents resulted in a linear correlation
in the Hammett plot (Figure 4a).

(b)

log k, with PhS™ at 20 °C in DMSO

N
X~ N
\/\\\N [
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Figure 4. (a) Hammett plots of log k. of the reactions of the depicted substituted cyclopropanes with substituted
thiophenolates versus Hammett 6, and o constants of the substituted thiophenolates. All reactions were performed in
DMSO at 20 °C. (b) Comparison of log k; for the reaction of Michael-acceptors with thiophenolate (left side, calculated with

the Mayr-Patz equation) with the ring-opening reaction of electrophilic cyclopropanes with thiophenolate.

Interestingly, the acceptor moieties and the substituted aryl donor moiety had little effect on the
reactivity of electrophilic cyclopropanes, with the least reactive cyclopropane only one order of
magnitude less reactive than the most reactive cyclopropane. This is unlike Michael-acceptors, that
span a significantly bigger range of reactivity (Figure 4b). Cyclopropanes were found to be around 7-9
orders of magnitude less reactive than comparable Michael-acceptors towards thiophenolate.

Further reference nucleophiles were employed to confirm the validity of the determined E and s¢
parameters calibrated for the reactions of electrophilic cyclopropanes with thiophenolates. However,
the reactions of cyclopropanes with C-nucleophiles resulted in a different linear correlation in a plot of
log k»/sn against N (Figure 5a, black line). This deviation however, was still within the error limits of the
Mayr scale, that aims to predict rate constants with an error of 2 orders of magnitude or less. It is

presumed that the sterically crowded environment of the reactive carbon center on the cyclopropanes
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is the reason for this deviation, since the employed C-nucleophiles were sterically more demanding
than the thiophenolates (Chart 2). Furthermore, the C-nucleophiles (black line) showed significantly
more scattering in the plot of log k»/sn against N (Figure 5a) than the thiophenolates (red line), which
also indicates variable steric effects.

The kinetics of the reactions of one indandione-derived cyclopropane with para substituted pyridines
in acetonitrile at 20 °C were investigated. The linear correlation of log k»/sn against N (Figure 5b) was

found to differ from the linear correlations found with thiophenolates and C-nucleophiles in DMSO.

o]
Ph% + Nu
o]

log kp / sy = 0.752 N - 14.7

4 log ko / sy = 0.441 N - 8.79 et
3 R2 = 0.9885 -2 [ R%=0993
2 t - T
1r _.o-"'ﬁ° -3
‘\”Z (U 4_.—-""".’ =z
St |
2ot log ky / Sy = 0.723 N - 16.7 < 4 |
3 R? = 0.9298 °
a4 L ' . ' | -5
18 20 22 24 26 28 12

N ——

N

Figure 5. (a) Linear correlation of log k»/sn versus N for the reactions of the carbon nucleophiles with the depicted electrophilic
cyclopropane (black dots and black correlation line). The red dots and red correlation line represent the reaction of the same
cyclopropane with the substituted potassium thiophenolates. The green dot represents the reaction of the same
cyclopropane with sodium azide. All reactions were performed in DMSO at 20 °C. (b) Linear correlation of log ka»/sn versus N
for the reactions of the substituted pyridines with the depicted electrophilic cyclopropane. All reactions were performed in

acetonitrile at 20 °C.

The linear correlations differed from each other (Figure 5a) due to the increased steric demand of the
employed C-nucleophiles, which resulted in smaller rate constants, in comparison to the
thiophenolates. Despite this deviation, the determined E and se parameters for the reaction of
electrophilic cyclopropanes with thiophenolates enable the semi-quantitative prediction of rate

constants with other nucleophiles, as long as they are not too sterically demanding.
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Kinetic Investigations of Concomitant Sny1 and Sx2 Mechanisms in

Menschutkin Reactions

The kinetics of the Menschutkin reactions of eleven benzylic halides or tosylates with five amines were
determined in acetonitrile or acetonitrile/methanol mixtures at 20 °C (Figure 1). Butyl halides and
tosylate were also employed as electrophiles to investigate the effects of different leaving groups in

Sn2 reactions. Conductivity measurements were used to monitor the kinetics.

(a) (d)

(0]

r 0.02M [4] g%] B

oL TR | o o ot o

20°C

N

o] Br
F. N F F N F
. © o0 o0
. 0.08 [ Kops = 0.406 [9] + 5.45 x 1073
] F F F F

g ‘1/:/ Electrophiles
© é Nucleophiles
(o)
[ﬁ] B O () /\/ MeOH
0 0.05 0.10 0.15 0.20 N H N H HoN (no Menschutkin reaction)

[DABCO] (M)
Figure 1. (a) Concurrent Sy1 and Sy2 reaction of 4,4’-bis(p-methyl)benzhydryl bromide with DABCO at 20 °C in acetonitrile.
(b) Plot of conductance G versus time t for the reaction in (a). (c) Linear correlation of kops versus nucleophile concentration.
The intercept represents the nucleophile independent rate constant k; and the slope represents the nucleophile dependent

rate constant kz. (d) Chart of the employed benzylic halides and tosylate electrophiles and amine and methanol nucleophiles.

The effect of structural changes in the substrate on the rate constants of concomitant Sy1 and Sy2
reactions was investigated. Electron donating groups (EDG) in the electrophile accelerated both Sy1
and Sn2 reactions. However, the rates of Syl reactions were affected linearly by stronger EDG, while
the rates of Sy2 reactions accelerated exponentially.

The solvent effect was investigated with acetonitrile and acetonitrile/methanol mixtures. With
increasing content of the protic solvent (methanol) in acetonitrile, Sx1 reactions became faster while
Sn2 reactions was slowed down. The ratio k»/ki decreased by around 3 orders of magnitude when
changing the solvent from acetonitrile to 50% (v/v) methanol in acetonitrile.

The rate constants k; of the reactions of the employed amines with organic halides did not correlate
with Mayr N parameters. The ratio k./ki was shown to decrease with increasing temperature.
Furthermore, activation parameters for a concomitant Sy1 and Sn2 reaction were determined, which

demonstrated, that the Sx1 mechanism proceeds through an entropically more favorable and an
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enthalpically less favorable transition state than the Sx2 mechanism. The leaving group tosylate was
shown to be as reactive as bromide in Sy2 reactions but around 3 orders of magnitude more reactive
in Sy1 reactions. This is due to tosylate being the thermodynamically more favorable leaving group,
but bromide reacts equally fast in Sy2 reactions due to lower intrinsic barriers, as supported by
computational considerations. The nucleofuge chloride was less reactive than bromide by about one
order of magnitude in Sy1 reactions and by about two orders of magnitude in Sn2 reactions. A guide is
depicted in Figure 2 to summarize how to control the ratio k,/ki. The parameters Ns and s¢ of the Mayr-

Kronja equation were determined for bromide in acetonitrile.

How to control the mechanism

of nucleophilic substitutions absence of EDG in electrophile
strong Nu
Spy1 Sn2 concentrated Nu

{—— Rx+Nu [ | X=8r

polar aprotic solvent

low temperature

Figure 2. How to control the mechanism of nucleophilic substitutions. Factors that favour Sy1 are on the left (red box), while

factors that favour Sy2 are on the right (blue box).
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Intrinsic Barriers, an Unsolved Limitation for LFER

Dynamics of the Dimethyl Sulfide Exchange of (1,3-Diphenylallyl)dimethylsulfonium lons

In Chapter 5.1 the dynamics of the allylic rearrangement of (1,3-diphenylallyl)dimethylsulfonium
triflate in dichloromethane, which proceeds through intermediate 1,3-diphenylallylium ions, was
investigated with dynamic *H-NMR spectroscopy (Figure 6). Recent studies have indicated that the
nucleofugality parameters in the Mayr-Kronja equation (log knet = sf(Nf + Ez)) may depend on whether
the reverse recombination is proceeding under activation-control or diffusion-control. For example,
two different sets of parameters Nrand s; were calculated for dimethyl sulfide when two different sets
of reference benzhydrylium electrofuges were used (Figure 7). One set of benzhydryl sulfonium ions
was substituted with strong electron donating groups (EDG) (red line in Figure 7), while the other set
was substituted with electron withdrawing groups (EWG) or weakly EDG. As a consequence, after
heterolysis the first set would form weak electrophiles (EDG substituted benzhydrylium ions) that
recombined with the nucleofuge (dimethyl sulfide) under activation-control. However, the heterolysis
of the second set of benzhydryl sulfonium ions results in significantly more electrophilic benzhydrylium

ions (without strong EDG) that recombine with dimethyl sulfide under diffusion-control.

@ g Me,S (3 equiv) O@Me@ o o O (c)
)\/\ TMSOTf Me@s TfO . Me\S,Me Experimental
Ph Ph _ 1 o
CD,Cl, PO 3 O Ph (2 equiv) H NMR spectrum at 0 °C (400 MHz)
1 M

I Ul J \
W_ 7 68 66 } {4 62 [ Y 56

(b) coalescence of coalescence of

allylic protons S-methyl protons DNMRS simulation

o
=0

. : for the allylic protons
3 Q! o] [@ (o
: I -70°C 1 :

. -10°C L

' (d) Coalescence of allylic protons caused by Me,S exchange

3 ; ; ® 8571 ®
: i Me;S H HOT09 H H SMe,
L +10°C 3 ] PhX%\Ph Ph)%Ph

=
—

‘ H H

; : ; 36.43

L +20 °C AL
' via

M g 3 +30 °C 3 3 D,
—— g /A P \"pp t MegS
75 70 65 60 55 50 45 40 35 3.0 25 20
3 (ppm)

Figure 6. (a) Synthesis of (1,3-diphenylallyl)dimethylsulfonium triflate with excess Me,S. (b) H NMR spectra (400 MHz) of a
mixture of (1,3-diphenylallyl)dimethylsulfonium triflate with Me,S (2 equiv) in CD,Cl, at variable temperatures. Protons used
for line shape analysis are marked by colored circles. (c) Experimental and simulated H NMR (400 MHz) spectra at 0 °C used
to determine kex from resonances of allylic protons. (d) Mutual exchange reaction observed in the DNMR studies of (1,3-

diphenylallyl)dimethylsulfonium triflate mixtures in CD,Cl; (chemical shifts refer to =70 °C).
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The (1,3-diphenylallyl)dimethylsulfonium ion was considered to be a suitable probe to further
investigate this phenomenon, as it is as good an electrofuge as benzhydrylium ions with strong EDG
(equal Ef). However, it is also more electrophilic than the aforementioned benzhydrylium ions (higher
E), which results in rate constants close to the diffusion limit for the recombination of the 1,3-
diphenylallylium ion with dimethyl sulfide, as estimated with the Mayr-Patz equation (log k2 = sn(N +
E)). Multiple *H-NMR spectra at different temperatures were recorded and the allylic proton signals
manually fitted in a line-shape analysis (LSA) by using the DNMR6 algorithm (Figure 6b, c, d).

The thus determined rate constant for the heterolytic carbon-sulfur cleavage corroborated that the
prediction of rate constants with the Kronja-Mayr equation will depend on whether the reactions of
the reverse recombination reaction are activation or diffusion-controlled and consequently different

Nr and st heterolysis parameters are obtained (Figure 7).

—_—
~
T

log khet (R-S*Mey)
o

Electrofugality E; of R¥ ———

Figure 7. Correlation of the heterolysis rate constants of benzhydryl dimethylsulfonium ions and the (1,3-

diphenylallyl)dimethylsulfonium ion with the electrofugality parameters E; of the resulting carbenium ions.

The Diffusion Limit and LFER

With the published kinetic and thermodynamic data on the reactions of chloride ions with
benzhydrylium ions and the reverse heterolysis reactions of benzhydryl chlorides a large data set was
identified to investigate the connections between the Mayr-Patz equation (log k2 = sn(N + E)), the
Mayr-Kronja equation (log knet = si(Ns + Ef)), and the equation log K = LA + LB. The data set included rate
constants of activation-controlled addition reactions and rate constants of diffusion-controlled

addition reactions. Extrapolation on the basis of the known sy, N, s, Nt and LB parameters of chloride
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and the known E, Er and LA parameters of the benzhydrylium ions extended the experimentally
accessible range of the three aforementioned equations.

It had been reported before, that correlations of E against Ef are linear for some of the benzhydrylium
ions, but not for others. The cause for this collapse of correlation has already been identified: the E¢
parameters of benzhydrylium ions correlate linearly with E if the reverse addition reactions are
diffusion-controlled, while the E; parameters of benzhydrylium ions did not correlate linearly with E if

the reverse addition reactions were activation-controlled.

ka cl

PN

Ar

Ar Knot Ar

_log (kolkner) = 1.18(LA + LB)
20 -1.76
15 | R?=0.9965

5 0 5 10 15 20
LA + LB(CI")—>

Figure 8. Linear correlation of log (ka/knet) versus LA + LB(CI") in acetonitrile. Double logarithmic plot of two different ways to
predict equilibrium constants. Black dots represent data points with measured rate constants for k; and knet. Red dots have
reached the diffusion limit (k. = const.). The green dot has only an experimentally measured rate constant k3, khet has been
calculated with the Mayr-Kronja equation. Blue dots consist only of calculated data for k, (calculated with Mayr-Patz

equation) and knet (calculated with Mayr-Kronja equation). There are only 3 variables in this plot: E, Ef, and LA.

A correlation of log (k2/knet) against log K was found to be linear with good accuracy for the entire data
set, including the range of the predicted rate constants (Figure 8). The data set also comprises the
crossover from activation-controlled to diffusion-controlled addition reactions. At this point the rate
constant k, does no longer increase in reactions with even more electrophilic benzhydrylium ions,
because diffusion is limiting the rate constant of the reaction (at around log k> = 10). Since the
correlation remains to be linear beyond that point, the rate constant knet has to compensate the now
invariable k,. This implies that khet can only be predicted by LFERs, like the Mayr-Kronja equation, for
reactions with activation-controlled reverse recombination reactions or for reactions with diffusion-
controlled reverse recombination reactions. This further corroborates the results in Chapter 5.1.
Furthermore, the origin of this phenomenon has also become clear: changes in intrinsic barriers of
addition reactions influence a set of reactions proportionally to the changes in the Gibbs reaction
energy (AAGo) of these reactions. Due to the principle of microscopic reversibility, the same is also true
for the reverse heterolysis reactions. At the diffusion limit intrinsic barriers for addition reactions

become irrelevant for reverse heterolysis reactions because AG® = AG? (Figure 9). With intrinsic barriers
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irrelevant, only the Gibbs reaction energies need to be known to predict heterolysis rate constants khet.
This explains the two different linear correlations found in Chapter 5.1 (Figure 7), the red linear
correlation stems from a series of reactions where rate constants are influenced by changes of the
Gibbs reaction energy and changes of intrinsic barriers, whereas the black linear correlation stems
from a series of reactions where rate constants are influenced only by changes to the Gibbs reaction

energy because intrinsic barriers are irrelevant.

Ph
AG o + c®
Ph

AG® = AGH

Ph

)—cl

Ph

Figure 9. Qualitative energy diagram of the heterolysis of benzhydryl chloride. The reverse recombination reaction is

barrierless and thus diffusion-controlled. As a consequence: AG® = AG*.
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Chapter 1. Introduction and Objectives

1.1 The Chemistry of Thiols

Thiols are alcohols, where the oxygen atom has been replaced with a sulfur atom. The prefix thio-
derives from the Greek word for sulfur: ©<tov (theion). Many thiols share similar attributes: toxicicity,*
strong odor,? relatively high acidity when compared to the corresponding alcohols (ethanol pK, = 15.9,
ethanethiol pK, = 10.25,* both in water), high nucleophilicity> and they are easily oxidized.®
Furthermore, since sulfur is less electronegative than oxygen, thiols form less polarized bonds with
hydrogen. As a consequence, thiols form weaker hydrogen bridges and are less soluble in water than
related alcohols. For example, ethanethiol does only mix with water to a very limited extent, unlike
ethanol. Another consequence of weaker intermolecular forces are lower boiling points.2 Ethanol boils
at 78 °C, while ethanethiol boils at 35 °C.” Also S-H and O-H bond dissociation energies (BDE) differ
significantly, with 440 k) mol™ (MeO-H)® and 366 kJ mol™ (MeS-H).°

The receptor in the human nose responsible for the detection of low molecular weight thiols is
olfactory receptor 2T11 (OR2T11).1° Thiols have been used since the late 19*" century as malodorant
additive for combustible gases.? For example, ethanethiol is the odorant used in propane and 2-
propanethiol is one of the odorants in natural gas.?!! Thiols are chosen for this task because the level
of perception is remarkably low for humans. Most low molecular weight thiols can be perceived at
concentrations of about 0.12 ppb to 1.70 ppb.2 Some thiols have even lower perception thresholds,
for example thioterpineol (Scheme 1), which is found in grapefruit, can still be perceived at
concentrations of 1.1 x 1077 ppb in the air by the human nose.’? Another member of the family of
natural gas odorants, 2-methyl-2-propanethiol (Scheme 4), has an odor-threshold of 0.029 ppb.2
Being able to perceive thiols even at low concentrations is

advantageous, as rotten food, oxygen depleted areas and

predators (through carnivore excretions) can be identified - \’/SH

early.’ Furthermore, thiols have another important sensory

4 Thioterpineol 2-methyl-2-propanethiol

impact, as thiols in wine,** beer,> cheese,'® onions,”

Scheme 1. Structures of thioterpineol
grapefruit,? durian,® roasted coffee!® and sesame seeds?® are

and 2-methyl-2propanethiol.

trace aroma components. The skunk has exploited the low odor

threshold of thiols found in many mammals and weaponized them in its skunk spray.?! Humans are
also a source of unpleasant thiol related odors, such as garlic breath??, armpit odor?® and the

methanethiol found in human flatus.?*
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The synthesis of thiols can be achieved in many different ways (Scheme 2).2 In industry, the addition
of hydrogen sulfide to alkenes under acidic conditions is an often used approach (Scheme 2a). For
example, sulfuric acid, phosphoric acid or solid phase catalysts, like alumina-silica gel can be used as
acidic catalysts, for example.??> This Markovnikov type addition is most suitable to produce tertiary
thiols. Instead of alkenes, alcohols may also be used as feedstock. However, due to the higher relative
cost, only methanethiol and cyclohexanethiol are commercially produced from methanol and
cyclohexanol, respectively.?

(a)

SH
\[/ +  HS
silica-alumina gel
94 °C
87%
(b) HA H
UV-light P G

H,S _— HS: + H- —_— /\/\SH /\/\SH + HS-

(c) CN
base © —/ H2S
H,S —_— HS HS/\/CN
A
PN
Ph™ “CI H,S
H,S
OH
HS™ >
Ph” > SH

(d)

S O, o)

A NaOH, A Hy i
Nk D PoNRy NaOHA L sh <2 a-ial
Ar—0 Ar—S

Newman-Kwart
rearrangement

Scheme 2. (a) Synthesis of thiols starting from hydrogen sulfide using either an acid, (b) radical or (c) base mediated pathway.?

(d) Aromatic thiols can be prepared with the Newman-Kwart rearrangement.26

Primary thiols are often prepared via free radical initiated synthesis (Scheme 2b) and thousands of
metric tons of thiols are produced per year in this way.? UV-light is used to homolytically cleave one of
the bonds in hydrogen sulfide to form a hydrosulfuryl radical, which subsequently adds to an alkene.
Hydrogen atom transfer from the hydrogen sulfide to the resulting carbon centered radical generates
the primary thiol as well as another hydrosulfuryl radical, which enter into the next cycle of radical
reactions (Scheme 2b). Hydrogen sulfide can be readily deprotonated and can then act as strong
nucleophile that undergoes Michael additions, epoxide ring-opening reactions or halide substitutions
(Scheme 2c). Syntheses involving the hydrogensulfide anion have the issue of over-alkylation, which

results in the formation of mixtures of thiols and dialkyl sulfides. Aromatic thiols are prepared in
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different ways, with the Newman-Kwart rearrangement?® and reduction of arenesulfonyl chlorides
being the most frequently used routes (Scheme 2d).2
The chemistry of thiols is quite diverse and very similar to the chemistry of hydrogen sulfide. Thiols can

react as nucleophiles with strong electrophiles, like an acylium ion (Scheme 3a).%%

(a)

S
SbFg
j
NN + NN
SH /\\\8® S
\_/’ MeNO,
RT 70%
fast reaction
(b) CN
N
W NM
0 CN o)
free radical initiator
ASH \/\NXO/R ( ) S Ne SN J R
S N~ O
H DMSO H
50 °C
12h 84%
(c)
® Co 0
K ®
@AL\ K OH N OH
H,O H,O
100 °C 100 °C OH

94%

Scheme 3. Examples for the reactions of a nucleophilic thiol with an acylium cation (a),?’ the addition of a thiyl radical to an

alkene (b)28 and the nucleophilic ring-opening reaction of an epoxide mediated by a thiolate anion (c).2°

Homolytic bond cleavage with radical starters or UV light generates reactive thiyl radicals, that add to
alkenes (Scheme 3b).%3° The resulting carbon-centered radical abstracts a hydrogen radical from a
thiol function and the radical cycle starts again. Deprotonation of thiols gives nucleophilic thiolate ions
that can attack epoxides in ring-opening reactions (Scheme 3c).>?%3!

The chemistry of thiols has many useful applications in industry and everyday life. For example, thiols
have been used since the early 1940 in synthetic rubber production.? Thiols act as chain transfer agents
in radical polymerization of styrene-butadiene rubbers.? They first donate a hydrogen radical and
terminate the growth of the polymer chain. Afterwards, the newly formed thiyl radical reacts with a
monomer and starts the growth of another polymer

o O\\\/OH Os_-ONa
chain. As a consequence, higher concentrations of thiols HS% S'Hg\/
Me

in polymerization reactions lead to shorter average

. . . Captopril Thiomersal
chain lengths. Shorter polymer chains result in a softer

rubber material.2 Scheme 4. Pharmaceutical thiols Captopril and

Thiomersal.
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Thiols are also used in pharmaceuticals, like Captopril and Thiomersal (Scheme 4). Captopril acts as an
inhibitor to the angiotensin-converting enzyme (ACE) and is used to treat hypertension and certain
types of congestive heart failure. Thiomersal is used as an antiseptic and antifungal pharmaceutical, as
well as a preservative in skin test antigens, vaccines, nasal products etc.3? In Thiomersal the inherent,
strong affinity of thiolates towards mercury is exploited. Ethylmercury, which is bound to the thiolate,
is the reason for the toxicity of Thiomersal.?? This property of thiols is the reason for another common
name for organic R-SH compounds: mercaptan, which was derived from the Latin “mercurium captans”
(capturing mercury).®

Glutathione (GSH) (Scheme 5) is found in the cytosol and organelles of animal cells in high
concentrations of 0.5 mM to 10 mM.3* GSH is a tripeptide consisting of the thiol bearing amino acid
cysteine, glycine and glutamine, which is linked with its y amino group, unusual for peptide bonds. GSH
protects the cells from xenobiotics, oxidative species and radicals.3® This is mainly achieved by its
deprotonated and much more nucleophilic thiolate form of GSH, which is present at a level of 1-10%

of the total GSH concentration in cells at physiological pH.3!

S@
SH
i1 Chd ;
PP N
HO < N I OH HS OH
2 NO, NH,
glutathione NTP cysteine

Scheme 5. Thiols and thiolates glutathione (GSH), 4-nitrothiophenolate (NTP), and cysteine.

The amino acid cysteine forms disulfide bridges, which are important for protein folding and
structure.?® The amount of oxidized disulfide bridges and reduced cysteine is controlled by GSH. In the
cell, GSH is in an equilibrium with its oxidized, dimeric, disulfide-bridged version (Scheme 6). The
position of this equilibrium can be a measure for the oxidative stress. In a normal cell, 90% of GSH is in

the reduced state.?’

NH, h ©
HO N
N e
o 0 SR o i H
S GO W 5 SR S
HO™ ™ N OH =
NH, H o

Red

glutathione

\
(0] O S H (0]
O S
NH, H oo
Scheme 6. Glutathione (GSH) forms a disulfide bridge with another molecule of glutathione when oxidized.

Several thiols function as chemical probes in chemoassays. Since the reactivity of GSH towards

electrophiles is known to correlate with the electrophiles’ toxicity,* GSH is one of the standard probes
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in chemoassays. However, it can only be monitored indirectly in combination with utilizing Ellman’s
reagent.?® This indirect detection method complicates the analysis, as no precise kinetics can be
determined.®® The dark red 4-nitrothiophenolate (NTP) (Scheme 5) has a strong absorption in the
visible spectrum. NTP can, thus, be monitored directly and continuously over the course of a reaction
by photometric methods, unlike the colorless GSH. Because of this fact, Siegel et al. screened the
kinetics of the reaction of electrophilic dermal sensitizers with NTP.*® They showed that the logarithm
of the second-order rate constant of the reaction of NTP with electrophiles correlates linearly with the
skin sensitizing potential of the same electrophiles. This indicates a possible use to predict toxic effects
with the probe NTP. Furthermore, Cheh and Carlson employed NTP as marker for spectral detection
and quantification of electrophiles stemming from environmental samples.*
Klopman and Hudson investigated the kinetics of the reactions of substituted benzyl bromides with
substituted thiophenolates in methanol.*? Interestingly, thiophenolates showed a minimum of
reactivity towards the parent benzyl bromide. Electron-donating or electron-withdrawing substituents
at the electrophile significantly increased rate constants when the same nucleophile was used. This
resulted in unusual U-shaped Hammett plots of the rate constants log k., against the Hammett &
parameters of the substituted benzyl bromides.
Though knowledge of the reactivities of thiolates would be relevant in the context of many
applications, there is a lack of data that would allow chemists to calibrate thiolate reactivities towards
common reference electrophiles which would make it possible to compare their nucleophilic
reactivities with those of other classes of nucleophiles. The nucleophile specific parameter N and the
nucleophile specific sensitivity parameter sy, combined with the electrophile specific parameter E in
the Mayr-Patz equation (1) allow for the prediction of second-order rate constants at 20 °C:

log ka2 (20 °C) = sn(N +E) (1)
One of the goals of this thesis is to quantify the nucleophilicity parameters N and sy of NTP and
further substituted thiophenolates in DMSO. The previously characterized, aryl substituted, para-
guinone methides with known E parameters are intended to be used as carbon-centered reference
electrophiles. Due to their absorption of visible light or near-UV light (Amax > 300 nm), the consumption
of thiophenolates in a reaction can be readily monitored with UV-Vis spectrometry. Furthermore,
thiophenolate ions are strong nucleophiles and will react even with weak electrophiles in a reasonable
timespan. It is anticipated that aryl substitution on thiophenolates will give access to a considerable
range of reactivity, while keeping the steric demand at the reacting sulfur center and its vicinity
unchanged. The corresponding studies are presented in Chapter 2 of this thesis.
Given their high reactivity and straightforward photometric detection in reaction mixtures,

thiophenolates may be potentially useful reference nucleophiles. In this thesis their application as
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reference nucleophiles will be investigated in ring opening reactions of electrophilic cyclopropanes

(Chapter 3).

1.2 Cyclopropanes

Cyclopropane was synthesized for the first time in 1882 by

August Freund by treating 1,3-dibromopropane with sodium
B~ >~""gr * Na —>= >

43 . . . . .
(Scheme 7).** Given its special structure, it has some unique Scheme 7. Synthesis of cyclopropane by

properties. For example, the unusually low C-C bond angles of A Freund (1882).

4 which deviate significantly from the

60° in cyclopropane,?
tetrahedral angle of 109.5° that is usually found at sp® hybridized carbon.* Interestingly, the two hybrid
orbitals of carbon facing inwards found in cyclopropane have more p character than a standard sp®
hybridized carbon, with only about 17% s character. These orbitals may be called sp® orbitals.****® As a
consequence, the amount of strain is reduced, because the deviation in preferred angle towards
p orbitals is smaller: p orbitals have a preferred angle of 90°, which is closer to 60° than the tetrahedral
angle of sp® orbitals (109.5°). Furthermore, more s character is found for the

two hydrogen facing hybrid orbitals, about 33%, resulting in sp? hybridized

orbitals. An angle of 115.1° was found between the two hydrogens of a

carbon, significantly larger than a tetrahedral angle.*” The bond between two
carbons in cyclopropane is formed by the overlap of the sp® orbitals, which
causes an unusual phenomenon: “bent bonds”.*® The area of the highest Z;g:;:lo;c;;enn:- bond”
electron density (black dot in Figure 1) was not found directly between the

two carbon atoms, but instead this area is shifted off the direct line, at an angle of 21°, causing the
bond to appear “bent” (Figure 1).%>*® This analysis of cyclopropane bonds according to valence bond
theory is also called the Coulson-Moffit model.*® The bent bonds are considerably weaker than normal
o bonds found between sp® hybridized carbon. A strain energy of 115.5 kJ mol™ is found in
cyclopropane, which is released upon ring-opening reactions. This explains the relatively high reactivity
of cyclopropanes and similar compounds like epoxides, when compared to linear alkanes and ethers,
respectively.

The pioneers of cyclopropane chemistry were Danishefsky,>® Stork,>! and Corey®? in the late 60s and
early 70s. Later Wenkert>® and Reissig®* developed donor-acceptor (D-A) cyclopropanes with a
substituent controlled C-C bond polarization. Over the last two decades cyclopropanes experienced a
renaissance and interest in these intriguing compounds is still on the rise with numerous recent

publications and reviews on their applications.>> Nowadays cyclopropanes are regularly employed as

precursors for carbo->® and heterocycles.>” Ring-opening reactions®¢, (formal) cycloadditions®® and
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rearrangements®® (Scheme 8) offer access to a multitude of building blocks. Over the past decades
many asymmetric procedures have been developed, which made cyclopropanes, and particularly D-A
cyclopropanes, an even more useful tool for the synthetic chemist.®®

(a)

OTBS
_ benzene, reflux
OTBS X\~ then PPTS, EtOH/H,0
CH,4 99%
(b)
NH, NO, H NO,
9 A e
+ Ph
< otB > o °
B ! MeOH tBu
A 21h tBu
99%
OMe OMe
(c)
Ph
S Ph cat. AlCI
)k + _ >
Ph” “Ph Me0,C” "CO,Me CH,Cl, CO.Me
25°C, 8h Ph” pp, CO2Me
99%
(d)
i'Pr
Ts t N/\N
1
N cat.
iPr iPr
Cu(SbFg), (cat.)
A CO,iPr
N COyiPr DCE
N 30°C, 4 h
77%
90/10 dr
>99% ee

Scheme 8. Examples for a cyclopropane rearrangement (a),®! a ring-opening reaction (b),52 a formal cycloaddition (c)>8® and

an asymmetric (3+2) annulation (d).%3

While the synthetic possibilities have been well explored, there is an astounding lack in systematic
kinetic investigations into this topic. McKinney et al. published rate constants and activation
parameters for the reactions of two Meldrum'’s acid derived spirocyclopropanes with pyridine in 1984
(Scheme 9a).®* Hanafusa et al. reported rate constants of two cyclopropane derivatives with

substituted pyridines (Scheme 9b).®* More recently, Werz et al. published a study on the effect of
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different donors on the reactivity in a common D-A cyclopropane with the Lewis acid catalyst SnClsin

formal (3+2) cycloadditions with p-fluorobenzaldehyde (Scheme 9c).%®

(a)

i G
=z ®
I, 0 k N o o
N R /% MeCN %
€ R
(e} (0] 1) o

25°C
R=H, Ph
(b)
OROQ
=z ‘ k
RN * MeCN
00 25°C
R'=H, 4-Me, R =H, Me
3-Me,2-Me,
4-CO,Me, 4-CN
(c)
krel R
o
\ A/COZMe cat. SnCl, e}
—_—
R CO,Me
* CO,Me CH,Cl, COMe
F 25°C 2
R = Ar, cyclopropyl, F

succinimido, vinyl
or phthalimido

Scheme 9. Kinetic investigations of cyclopropane reactivities by McKinney (a),%* Hanafusa (b),%> and Werz (b).%®

To the best of my knowledge, no further publications exist that quantify the reactivity of cyclopropanes
in polar reactions. As a consequence, it is a goal of this thesis to investigate the electrophilicity of a
set of cyclopropanes. Electrophilicity of Sy2 substrates may be described by the electrophilicity
parameter E and the electrophile-specific slope s of the extended Mayr-Patz equation (1):*’
log k»(20 °C) = sgsy(N+ E)  (2)

The nucleophilicity parameter N and the nucleophile-specific slope sy are specific to the employed
nucleophile and solvent. Thiophenolates, characterized in this work (Chapter 2), will be used as
reference nucleophiles. Their UV-Vis absorption, sterically unhindered reaction center as well as the
high and easily tuneable nucleophilicity should make them ideal reference nucleophiles for this task.
The effect of different acceptor groups on the reactivity of cyclopropanes will be investigated.

Furthermore, substitution of one hydrogen at the cyclopropane ring by differently substituted aryl
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groups should enable a Hammett analysis, which is also intended for the differently substituted

thiophenolates. The results of these kinetic studies are presented in Chapter 3.

1.3 Nucleophilic Substitutions

Nucleophilic substitutions are fundamental reactions in organic chemistry. Hughes and Ingold were
the first to recognize, that nucleophilic substitutions can proceed by more than a single mechanism.%®
They investigated the reaction of alkyl ammonium ions and their reaction with alkoxides and
subsequently distinguished between substitution via ionization (Sy1) or direct displacement (Sx2). Sn1
is an abbreviation for substitution, nucleophilic, unimolecular, while Sy2 stands for substitution,

nucleophilic, bimolecular. General energy diagrams for the Sy1 and Sx2 mechanisms are depicted in

Figure 2.
(@) (b)
S
RR slow R LG fast |_(3e R R NE:)J R o
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Figure 2: (a) Stepwise mechanism of the Sy1 reaction and (c) corresponding energy diagram. (b) Concerted mechanism of the

Sn2 reaction and (d) corresponding energy diagram.

The Sy1 reaction begins with a slow ionization step, followed by a much faster addition reaction. The
result is a first-order rate law for Sy1 reactions. The reaction rate is independent of the nucleophile
type and concentration: v = k[RsC-LG]. This a generalization, however, and while many common
ionization reactions exhibit this rate law, there are exceptions. If the reaction of the ionized species
with the nucleophile is not significantly faster than the ionization, then the rate law changes to second

order.®® As a result, nucleophile type and concentration do matter for such Sy2C* ionization reactions.
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To avoid confusion of SN2C* reactions with the mechanistically different classical Sy2 reactions one may
use the nomenclature recommendations of the IUPAC® and call Sx2C* reactions and the classical Sn1
reactions Dy + An, which implies stepwise mechanisms beginning with dissociation followed by a
nucleophilic association.

The classical Sy2 reaction is represented by the term DyAn, emphasizing the concerted formation and
cleavage of the respective bonds in a single step. The transition state of the Sx2 mechanism is trigonal
bipyramidal (Figure 1). A second-order rate law is always found in this case: v = k[R3C-LG][Nu].
Hughes and Ingold considered Syl and Sn2 as two discrete mechanisms, an idea that was later
challenged by Winstein et al.’”* and Sneen et al.”?, who considered a mechanistic continuum more
likely. The presence of multiple acting mechanisms in nucleophilic substitution reactions at
N-substituted pyridinium ions was demonstrated by Katritzky.”® Furthermore, in 2009 the Mayr group
published a detailed kinetic study of concurrent Sy1 and Sx2 mechanisms in reactions of benzhydryl
bromides with amines, supporting the interpretation of two independent mechanisms suggested by
Hughes and Ingold.”

Distinguishing between the stepwise Sy1 mechanism and the concerted Sn2 mechanism can be
difficult, in particular in borderline cases. Two of the most important tools to identify the mechanism
operating in nucleophilic substitutions are investigations of the kinetics and the stereochemistry of a
reaction. However, both of these tools have limits. As mentioned above, stepwise nucleophilic
substitutions are often, but not always obeying a first order rate law, which makes kinetics of a reaction
an uncertain tool if used alone.

Another problem for the kinetic analysis appears at trivalent (sp? hybridized) or bivalent (sp hybridized)
carbon, here an addition-elimination (Ay + Dn) mechanism is possible (Scheme 10), because increasing
the coordination number can result in stable intermediates. Dissociation occursin a following, separate

step to complete the nucleophilic substitution.

®
0 0
O/\ @Na @
)ko/\Ph _ NaOMe  Q OMe HsO Ph)ko/\Ph Ph)kOMe
Ph” 0" Ph +

MeOH

Ph

HO” Ph

Scheme 10: Stepwise addition-elimination mechanism of benzyl benzoate with sodium methoxide, discovered by Claisen.”>

The addition-elimination reaction depicted in Scheme 1 was first observed by Claisen in 1887.7° Claisen
noticed a colorless solid precipitate during the reaction, which he correctly identified as the salt
resulting from the addition step of benzyl benzoate and sodium methoxide. By isotope labeling ester
carbonyl oxygen and subsequent alkaline hydrolysis Bender could prove the interpretation of Claisen

in 1951.7 However, not all nucleophilic substitutions on acyl compounds proceed with an addition-
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elimination mechanism, the classical Sx1 mechanism is also found.”” This mechanism is not only found
on carbonyls, but also on aromatic carbon, where this sequence of elementary reaction steps is known
as SyAr. Not only the mechanism of this special addition-elimination reaction has a unique name, but
also the addition products, which are known as Meisenheimer or sigma complex. In 1902
Meisenheimer was the first to identify the reaction product of trinitroanisol and potassium ethoxide

(Scheme 11).78

C)
MeQ OEtO K
O,N /N@O@

o)l\@/—\ NO, OMe OEt
O,N NO

2 Roet Ho®  ON NO, O,N NO,
B —
@)
NO NO N
2 MeO OEt 2 * O
O,N NO,
EtOH MeOH
o @
NS
0o NGO K

Meisenheimer or sigma complex
Scheme 11: Addition-Elimination reaction of trinitroanisol and potassium ethoxide and the intermediate Meisenheimer

complex.

Addition of acid eliminates either ethanol or methanol from the red Meisenheimer complex and
completes the nucleophilic aromatic substitution. However, nucleophilic aromatic substitutions do not
necessarily occur stepwise, the concerted variant is also common.”

One way to gain information about the mechanism of a reaction is stereochemistry. The stepwise Sy1
mechanism loses the stereoinformation of a chiral, sp® hybridized carbon over the course of the
reaction, due to the planar sp? hybridized carbon in the intermediate carbocation. However there are
exceptions to this rule, for example in select cases stereoinformation is retained if, instead of complete
dissociation, the carbocation and the leaving group form a close contact or solvent separated ion pair®
and thus block one of the sides at the planar carbocation for the attacking nucleophile.’! This would
then lead to a partial or complete inversion of the stereocenter in question. Retention of configuration
in Sy1 reactions has also been reported.®? The stereochemical behavior of the concerted Sy2 reaction
is different, because the mechanism at hand allows only for inversion at the electrophilic center. This
phenomenon is also called Walden inversion,® named after Paul Walden who discovered the inversion
of configuration when treating a chiral alcohol with PCls. For a retention of configuration a frontside

attack of the nucleophile on the reactive carbon would be required, but such an attack is hindered by
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a much higher activation barrier when compared to the backside attack.®* As a consequence,
nucleophilic frontside attack has yet to be observed.

Fortunately, even when the operating mechanism of a nucleophilic substitution reaction cannot be
clearly determined by either kinetic or stereochemical methods due to the shortcomings mentioned
above, then there are further tools for elucidating the mechanism, such as kinetic isotope effects,
positional isotopic exchange or polar substituent effects.®

Nucleophilic substitution reactions are useful and common reactions in chemistry.®® While many facets
of nucleophilic substitutions are well understood nowadays, it is often not clear whether the reaction
proceeds via the Syl or the Sy2 mechanism and there have been many experimental’®7486387 gnd
theoretical®® studies to elucidate this question. In particular, it is still unclear which parameters
make the concerted Sy2 pathway more or less favorable compared to the stepwise Sn1 pathway.
While Sy18° and Sy257-87n88¢88d.90 hrocesses individually have been subject of research in many studies
for almost a century, investigations that allow to learn about trends in both reaction mechanisms
concurrently and at the same substrate molecules’74°! are comparatively rare. Sy1 and Sx2 do not
follow the same trends when solvent®, leaving group® or carbocation stabilization®**°'® are varied.
Primary, aliphatic alkyl halides are known to react by the Sy2 mechanism exclusively and tertiary, bulky
alkyl halides only by the Sy1 mechanism. It is less clear cut for electrophilic molecules in between these
extremes.®* Depending on the reaction conditions, secondary alkyl halides and tosylates can react via
Sn1 or Sn2 or both of these mechanisms concurrently.

Sn1l permits the use of very weak nucleophiles, as the generated carbocation is highly reactive
(Figure 1).94 Even poor nucleophiles will react with secondary, benzylic carbocations, e.g. the phenethyl
cation Ph(CH*)CHs, under diffusion control. Because of the high reactivity strong and weak nucleophiles
will react both under diffusion control and it is possible to selectively attach weaker nucleophiles at
carbocationic centers though much stronger nucleophiles are present if the concentration of the more
reactive nucleophile is sufficiently low. With activation-controlled reactions the difference in
concentrations would need to be higher to achieve the same effect.

Secondary benzyl halides or tosylates only react with comparatively strong nucleophiles in Sy2

reactions.
®
LG NR; | g°
R R

Scheme 12. Menschutkin reaction of substituted phenethyl halides and tosylates with primary, secondary and tertiary

amines.
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To investigate the effects of substrate structure, solvent, nucleophile type and concentration and
temperature on the kinetics of concurrent Sy1 and Sn2 reactions, Menschutkin reactions (Scheme
12) have been investigated in Chapter 4 (Chart 1). With selected substrates these reactions allow to
study are all borderline cases that offer the potential to control the mechanism by modifying the
reaction conditions. To further investigate leaving group effects in well-defined Sn2 reactions, 1-butyl
halides and 1-butyl tosylate will also be employed as electrophiles. Amines will be used as the

nucleophiles, because they are nucleophilic enough to react reasonably quickly even with weak

electrophiles.
Br OTs /@/B( /@/ﬂ Br
o oo e oo
MeO (0] O O
cl Br
FF FF
F F F F

Electrophiles

Nucleophiles

0}
" ()
[ﬁj @ N [H] HNT> MeOH
(no Menschutkin reaction)

Chart 1. Electrophiles and nucleophiles.
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1.4 Intrinsic Barriers, an Unsolved Limitation for LFERs

Linear free energy relationships (LFER) are useful tools to predict rate constants of reactions. The
Brgnsted relation (1928)° has connected the rate constants of closely related reactions with the acidity
or basicity of one reaction partner. The notion of the link between equilibrium constants and rate
constants was then picked up by Hammett,?® who introduced equation (3) in 1937.% Either equilibrium
constants or rate constants can be predicted with the Hammett equation (3) for a related set of
reactions with differently substituted arenes. Each substituent is attributed a o value, depending on
the position in the aromatic ring and the development of charge during the reaction. Many hundreds
of & constants have already been reported.®® The constant p is specific for the investigated reaction
and indicative for the influence of the substituents. The equilibrium of benzoic acid and benzoate in
water is used to define p as unity and ois set to 0.

Iog—K or Iog—k = pro (3)

Ko ko
Inspired by the Hammett equation (1), in 1948 Grunwald and Winstein®® established equation (4) that
allows for the prediction of heterolysis rate constants in protic solvents. The structures of the Hammett
(3) and the Grunwald-Winstein equation (4) are related. However, in equation (4) the solvent is varied
instead of the arene substituent in equation (3). The parameter Y is describing the solvent ionizing
power, and m is the sensitivity factor of solvolysis and comparable to the sensitivity parameter pin
equation (3). The solvent ionizing power of 80% aqueous ethanol was defined as 0 and m equals unity
for tert-butyl chloride. The rate constant k represents the solvolysis of one substrate in a certain
solvent and the rate-constant ksoe represents the solvolysis of the same substrate in 80% aqueous

ethanol.

log K =m-Y (4)
ksoe

In the 1950s the Swain-Scott Equation'® and the Edwards Equation!®® were published, trying to
quantify nucleophilicity. The Swain-Scott Equation (5) predicts second-order rate constants with an
electrophile-specific sensitivity constant s and a nucleophile-specific nucleophilicity constant n. As
reference points Swain and Scott chose s = 1 for methyl bromide and n = 0 for the reaction of water
with methyl bromide in water at 25 °C. The rate constant k is for the reaction of an

electrophile/nucleophile combination and ko is for the reaction of the same electrophile with water.

k
log = S'n (5)
ko
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While this method was successful at first, in 1968 Pearson reported severe limitations of the Swain-
Scott equation (5) and as a consequence stated that it was not possible at that time to quantitatively
predict rate constants for a diverse range of reaction partners.2

Surprisingly, Ritchie then published another LFER in 1972,1% which could predict the rate constants of
organic cations with nucleophiles. To achieve this, the Ritchie equation (6) used only the rate constant
k of the reaction of a nucleophile with an organic cation, the rate constant ko of the reaction of the

same cation with water in water, and the nucleophilicity parameter N. of the nucleophile.

k
log = N, (6)
ko

In 1994 Mayr and Patz marked the beginning of the most extensive and general reactivity scale to date
with the Mayr-Patz equation (1).2°* More than 1200 nucleophiles and more than 300 electrophiles

have been characterized so far.l®

Nucleophiles are characterized by a solvent dependent
nucleophilicity parameter N and a solvent dependent sensitivity parameter sy. Electrophiles are
characterized by the electrophilicity parameter E, which is solvent independent. E for the
bis(p-methoxyphenyl)methyl cation was arbitrarily set to 0 and sy for 2-methyl-1-pentene was set to
1. Later it was shown, that the extended Mayr-Patz equation (1) could also predict rate constants for
Sn2 reactions and that the Swain-Scott equation (5) and the Ritchie equation (6) are special cases of
the (extended) Mayr-Patz equation.t’1% The solvent independent, electrophile specific sensitivity
parameter sg, analogous to the sy parameter, is introduced. But there are still limitations, for example
at least one of the nuclei, where the new bond is formed, must be carbon. However, equation (2) has

not yet been tested for a wider range of reactions.

log ko (20 °C) = sy(N + E) 1)

log ko (20 °C) = sySe(N+ E)  (2)
Substituted benzhydrylium ions served as reference electrophiles for establishing equation (1), due to
their huge range of reactivity, color and constant steric environment. The color is important for
monitoring the kinetics of reactions, although alternative ways of following the concentration of a
species during a reaction exist, such as time-resolved conductivity, IR spectroscopy or NMR
spectroscopy. UV-Vis spectroscopy has the least limitations of these variants, as long as a disappearing
or appearing absorption band can be unequivocally assigned to a reactant or product of the
investigated reaction. The Mayr group used these benzhydrylium ions also as reference compounds
for the construction of a Lewis acidity/basicity scale.'%” In equation (7), the equilibrium constant K of a
Lewis base and a Lewis acid can be described with the Lewis base specific parameter LB and the Lewis

acid specific parameter LA.
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Unlike the equations (1) and (2), equation (7) can only be applied in dichloromethane and acetonitrile
solutions. The reason for this is, that the LA parameters are solvent dependent and have only been
determined in these solvents so far. Also, the resulting Lewis basicity scales are only valid toward
carbon centered Lewis acids. Again, the bis(p-methoxyphenyl)methyl cation served as reference point
with a LA parameter of 0.
log K (20 °C) = LA + LB (7)
Furthermore, Mayr and Kronja developed a reactivity scale for nucleofuges and electrofuges.®¢1% |n
essence, the rate constants of the reverse reaction of equation (1) are predicted with the Mayr-Kronja
equation (8) for heterolysis reactions. The nucleofuge specific parameters s¢ and N; are solvent
dependent, the electrofuge specific parameter E; is not. As reference points served the electrofuge
bis(p-methoxyphenyl)methyl cation (E; = 0) and the nucleofuge chloride in ethanol (s¢ = 1).
log ket (25 °C) = se(Ns + Ey) (8)

Now with the LFERs in equations 1, 7 and 8 at hand, one can analyze the mutual relationships between
the reactivity parameters to find intriguing connections between kinetics and thermodynamics

(Scheme 13).

® log ky (20 °C) = sy(N + E) N
+  Nu log K (20 °C) = LA + LB O O
R R
l0g Khet (25 °C) = s¢(Ns + Ey) R R

Scheme 13. The reaction of reference benzhydrylium ions electrophiles/Lewis acids with nucleophiles/Lewis bases. Color

coding indicates the origin of the individual parameters. Equations employed are: (1), (7) and (8) (top to bottom).

Mayr and Ofial'® found that the logarithm of the rate constants of a set of reactions involving
substituted benzhydrylium ions correlates linearly with the Lewis acidity parameter LA of equation (7).
Kinetics correlate with thermodynamics in this case. Interestingly, the same rate constants did not
correlate with Lewis basicity parameter LB of equation (7). Intrinsic barriers as defined by the Marcus
equation,’® were shown by Mayr and Ofial to be important factors for defining the scope of
equation (8). For example, they found that DABCO was not only a better nucleophile than DMAP, but
also a better nucleofuge. Intuitively, one would expect a strong nucleophile to be a weak nucleofuge
and vice versa. On the other hand, iodide ions,%*® are known to be good nucleophiles and good leaving
groups (nucleofuges). As a consequence, the thermodynamics of a series of reactions can only
correlate with the kinetics, when intrinsic barriers change proportionally with thermodynamics (AAG®)
or not at all.

Mayr and Ofial also reported about the correlation of the logarithm of heterolysis rate constants
(log knet) with LA, which was linear with little scatter for benzhydrylium ions with weak electron

donating groups (EDG) (E > —2), but had a poor quality for benzhydrylium ions with strong EDG
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(E<=2).10% As reason the method of determination of E; parameters was identified: While the
benzhydrylium group with good linear correlations had its Es parameters determined with chloride as
nucleofuge, carboxylates were used to determine E¢ for the poorly correlating subset of benzhydrylium
ions. The problem is best explained with the reverse, addition reaction: Chloride will recombine with
its benzhydrylium partners in a diffusion-controlled reaction. These reactions are barrierless and, as a
consequence, the transition states correspond to the benzhydrylium ions. Due to the principle of
microscopic reversibility, the transition states for recombination and heterolysis are the same.
Carboxylates on the other hand recombine with their less electrophilic benzhydrylium partners with
activation control. Consequently, the transition states only resemble the benzhydrylium ions in this
case, causing the discrepancy in linear correlations against LA.
Because the Gibbs energy equals the activation barrier (AG° =
AG?) for heterolysis reactions of the reverse, diffusion- 4

controlled addition reactions, activation barriers become

independent of the effects of intrinsic barriers. Due to the 8

principle of microscopic reversibility, this is true for addition E

and heterolysis reactions. Again, correlations of rate constants . , .
Figure 3. Correlation of Ef (equation 8)

with thermodynamics are only linear, when the effects of

against E (equation 1).

intrinsic barriers do not change in a series of reactions.

Another consequence of this is the collapse in the linear correlation of E; versus E (Figure 3). The
collapse marks the position (E = —2), where the transition from Ef parameters that were acquired under
activation-control (of the reverse recombination reaction) to E; parameters that were acquired under
diffusion-control (of the reverse recombination reaction) occurs.

11 it appears that not all problems in applications of the Mayr-Kronja

In the light of recent results
equation (8) have been recognized so far (Figure 4). For example, different Nf and s¢ parameters for
the same leaving group (nucleofuge) are obtained, depending on whether the investigated reactions
have activation-controlled (red line Figure 4) or diffusion-controlled reverse recombination reactions
(black line Figure 4) of dimethylsulfide with the carbenium ions, which are released in the heterolysis

reactions.
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Me D Me
S

O CD

10g Knet (R-STMey) ———

Electrofugality E;of RY —————>

Figure 4. Plot of the logarithm of the rate constant knet for the heterolysis of benzhydryl sulfonium ions against the
electrofugality parameter E:. The red line consists of reactions (in CH,Cl,) with activation-controlled reverse recombination

reactions and the black line consists of reactions (in ethanol) with diffusion-controlled reverse recombination reactions.

It has to be mentioned, that the solvents are not the same, the black data!*'®!'!¢ points were measured

in ethanol, while the red data''!®

points were obtained in dichloromethane. However, the discrepancy
of the two data sets seems to be too big to be caused only by the change in solvent, as changing the
solvent was reported to have only a minor effect on the rate constants of the heterolysis reactions of
sulfonium ions, 1111

As part of this thesis it was intended to investigate the heterolysis of the 1,3-diphenylallyl
dimethylsulfonium ion with dynamic NMR spectroscopy (Scheme 14). The reactivity parameters E2
and E&8 for the 1,3-diphenylallylium ion have already been reported, enabling the estimation of khet
by using equation (8). The corresponding dimethylsulfonium ion is expected to undergo the heterolysis
reaction with a rate constant kne: that follows the correlation of the red data points in Figure 1. At the
same time, heterolysis of this sulfonium ion results in a highly electrophilic carbocation (Scheme 14),
which should recombine with dimethylsulfide under diffusion-control, as estimated with equation (1).
Whether the rate constant knet acquired for the reaction in Scheme 2 correlates with the red or the

black data set in Figure 1 will bring significant insight into the problem at hand. The performed studies

will be presented in Chapter 5.1.

® H
Me,S H H Koot H
Phx%\Ph - Ph)@)\%\Ph + SMe,
H H

Scheme 14. Heterolysis of the 1,3-diarylallyl dimethylsulfonium ion and recombination of the resulting allylium ion with

dimethylsulfide.

Intrinsic barriers and how they affect rate constants in a series of reactions are poorly understood. To

achieve further insights into the impact of intrinsic barriers on reactivity and subsequent
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consequences for correlation analysis, identifying a fitting and sufficiently large set of rate constants
to be able to correlate log k divided by log knet against LA is a goal of this thesis. This correlation
should be undisturbed by the influence of variable intrinsic barriers. The behavior or possible collapse
of this correlation once log k becomes constant at the diffusion limit (log kai# = 10) is of particular
interest. Insights into the differences in the influences of intrinsic barriers in activation-controlled
combination reactions and diffusion-controlled combination reactions and the resulting ramifications
for the reverse heterolysis reactions and the Mayr-Kronja equation (8) may also be gained from this

investigation. The results of such attempts of correlation analysis will be presented in Chapter 5.2.
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ABSTRACT: The nucleophilic reactivities of substituted thiophenolates were
determined by following the kinetics of their reactions with a series of quinone
methides (reference electrophiles) in DMSO at 20 °C. The experimentally
determined second-order rate constants were analyzed according to the Mayr—

X

[ log k(20 °C) = sy(N + E) |
in DMSO ;

X = 4-NO, 3,5-(CF;),4-CF; 3-CI H 4-Me 4-OMe

Patz equation log k = sy(N + E) to derive the nucleophile-specific reactivity | | | I | |1

parameters N and sy for ten thiophenolate ions.

S ulfur nucleophiles are considered to be among the most
reactive nucleophilic species. Importantly, the thiol
moieties of cysteine (Cys) in proteins or in glutathione
(GSH) are the reactive sites to trap xenobiotic Michael
acceptors in cells."” Also the concept for the use of targeted
covalent inhibitor drugs relies on the high reactivity of SH
groups in peptides.”™> The nucleo;)hilic reactivities of some
aliphatic thiolates,® including Cys’ and GSH® in aqueous
solution, have recently been characterized utilizing Mayr’s
benzhydrylium methodology.”

It is common knowledge that also aromatic thiolates, that is,
thiophenolates (ArS~), are potent nucleophiles given that
several Michael addition reactions to weak electrophiles have
been reported.'’™"* Depletion kinetics of p-nitrothiophenolate
(NBT) by electrophilic allergens were suggested as models to
replace skin sensitization tests that use animals.'* In addition,
numerous kinetic studies of Sy2 reactions of ArS™ with C(sp®)-
centered electrophiles have been carried out to assess, for
example, the effect of #-halogen atoms on the Sy2 reactivity of
alkyl bromides,'> the change in charge density at the
electrophilic reaction center of substituted benzyl bromides,'®
and the susceptibility of the transition state structure on
changes in the leaving group.'” To characterize substituent
effects on ArS™ reactivity, Bordwell and Hughes determined
the rate constants for the reactions of several thiophenolates
with n-butyl chloride in DMSO.'® The influence of ion pairing
on the reactivity of alkali metal thiophenolates toward n-butyl
chloride in aq diglyme solutions was investigated by Fang and
Westaway."”

Despite the fact that such quantitative data on the
nucleophilic reactivity of ArS™ are at hand, the comparison
of ArS™ with other types of nucleophiles, even with
analogously substituted phenolates (ArO~),”" is hampered by
a lack of kinetic data about ArS™ reactivity toward common
reference electrophiles.

As we planned to use the UV-active thiophenolates ArS™ to
investigate the reactivity of colorless electrophiles in future
studies, we set out to calibrate their reactivity within the
framework of Mayr’s reactivity scales for polar reactions. The

© 2021 The Authors. Published by
American Chemical Society
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aryl-substituted p-quinone methides (pQMs) have repeatedly
been used as reference electrophiles for reactions with anionic
nucleophiles in DMSO,”" a polar, non hydrogen bond donor
solvent."*® We intended, therefore, to follow the kinetics of the
1,6-additions”>** of the X-substituted ArS~ 1la—j (in DMSO)
to the pQMs 2a—f whose Mayr electrophilicity parameters E
are known (Chart 1).**

Chart 1. Structures of Thiophenolates and pQMs Used in
This Work

Investigated Thiophenolates

S 1a (X =4-OMe) 1f (X = 3-CF5) s
1b(X=4-Me)  1g (X = 4-CF,)
= T 1c (X =H) 1h (X = 3,5-(CF3);)
¥, 1d (X = 4-Br) 1i (X =4-NO,)
X 1e(X=3-Cl)

Counterion: Na* (if not mentioned otherwise)

o ‘Bu 7 ‘ '‘Bu
C O R
X
N (o] (o]
Bu

Ar' Bu
R 2b (R' = 4-NMe;), E = -17.29
3 2a 2c (R' = 4-OMe), E = -16.11
E=-17.90 2d (R' = 4-Me), E = -15.83

2e (R'= 3-F), E = -15.03
2f (R' = 4-NO,), E=-14.36

In a first step, we investigated the outcome of selected
conjugate additions of ArS™ 1 to pQMs 2 (Scheme 1) in
DMSO-ds by NMR spectroscopy and HRMS. Exclusive
carbon—sulfur bond-formation was observed for the reactions
of la—j with the pQM 2d to yield the adducts 4a—j, and
analogous thioethers 4k—o resulted from the reactions of 1b
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Scheme 1. Reactions of Thiophenolates 1 with pQMs 2

"p“ \?/ \?
20 °C Ar' fast Ar'

1+2

DMSO proton transfer
‘X 3 \X 4
- reversible addition without added pmton sources
- efficient proton fer can trap the p late 3

- up to 100 equiv ArSH are needed as pmton source

with a series of pQMs 2. The reaction of 1b with 2¢ was
performed at a 1 mmol scale and furnished 4m in 88% yield
after purification by column chromatography.

Analyzing the kinetics for the adduct formation with the
Mayr—Patz eq 1 should allow one to assign the nucleophile-
specific reactivity parameters N and sy for the ArS™ ions 1 in
DMSO solution.

log k,(20°C) = sy (N + E) (1)

Accordingly, the conjugate additions of the ArS™ 1 to the
pQMs 2 were followed by using stopped-flow photometry to
detect the absorption changes at or close to the pQMs’
absorption maxima (4,,,) in DMSO at 20 °C.** Initial kinetic
experiments indicated that the reactions did not go to
completion but soon reached an equilibrium owing to
reversible formation of the phenolate species 3 in the first
step of the reaction (Scheme 1).

The relative Bronsted acidities of 2,6-di-tert-butylphenol
(pK, 17.3 in DMSO)*° and thiophenols (pK, 11.2 for the least
acidic 1a-H)'® show that thiophenols 1-H are capable to
efficiently protonate the emerging phenolates 3. In this way, 3
is removed from the equilibrium with the starting materials 1
and 2 and generates the phenols 4 in a fast, thermodynamically
favorable step.

To define conditions under which protonation of 3 proceeds
faster than the backward reaction to the educts 1 and 2, we
kept the ArS™/pQM ratio in reactions of la or lc with 2¢
constant and varied the concentrations of the thiophenol
additives 1-H. Fitting the exponential decay function A = A,
exp(—kgst) + C to the decrease of the absorbance of 2
furnished the first-order rate constants kg, (s™). The rate
constants kg, steadily increased with increasing concentration
of ArSH (1-H) and reached a plateau (within experimental
error) when more than 100 equiv of 1a-H or 40 equiv of 1c-H
were added to the reaction mixture (Supporting Information,
Tables S2 and S3). This suggests that the first step in Scheme 1
becomes rate determining when >100 equiv of 1-H are added
to the reaction mixtures.

Trapping the phenolates 3 by a sufficient amount of 1-H
allowed us, therefore, to reliably determine the rate for the 1,6-
conjugate addition of thiophenolate ions 1 to pQMs 2 (Figure
la). By utilizing this procedure, the second-order rate
constants k,”?! (M~ s™') were obtained as the slopes of the
linear correlations of kg, with [1] (Figure 1b). The k"
values are gathered in Table 1 for all investigated reactions of 1
with the reference electrophiles 2.

Changing the counterion for ArS™ from sodium to
potassium or the addition of crown ethers affected the
reactivity of ArS™ only insignificantly (Table 2 and Tables
$36 and S37, Supporting Information,). We, therefore, used
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(a)

tos Koy = 2.85 x 10° [1g] + 1.79
2 =

Ets R = 0.9986

[se]

[+2]

304

@©

202

0 " J
0.001 0.002

[1g] (M) —

Figure 1. (a) Monoexponential decay of the absorbance A (at 393
nm) during the reaction of 1g (¢ = 0.49 mM, counterion: K*) with 2¢
(c = 0.050 mM) in DMSO at 20 °C ([1g-H], = 5.0 mM). (b) Linear
dependence of the first-order rate constant kg, on [1g].

kinetic data originating from Na-1 and K-1 side by side in the
following analysis.

Figure 2 illustrates that the rate constants log k,”?" for the
reactions of the thiophenolates 1 with the pQMs 2 correlate
linearly with the known electrophilicities E of 2. As a
consequence, the nucleophile-specific reactivity parameters N
(and sy) were determined for the thiophenolates 1 and listed
in the second column of Table 1.

Reported kinetic and thermodynamic data on substituted
thiophenolates are compiled in Table S1 (Supporting
Information) and used for further correlations as depicted in
Figures 3 and 4.

In Figure 3a, the nucleophilicities N for the entire set of
investigated thiophenolates 1a-1j are shown to correlate
linearly with Hammett o constants,”” which allows for a
straightforward prediction of nucleophilicities of further
substituted ArS™ ions. Though on a somewhat smaller data
basis, the Bronsted-type correlation of N parameters for 1 with
the corresponding basicities pK,;'** (Figure 3b) spans almost
6 pK,y units and is of similar quality as the Hammett-type
correlation depicted in Figure 3a.

Figure 4a reflects that the relative reactivities of ArS~
determined toward the sp>-hybridized carbon-centers of the
pQMs 2 can also beneficially be used to predict the reactivity
ordering of ArS™ toward sp>-hybridized electrophiles, such as
n-butyl chloride, in Sy2 reactions.'**

When a common reference electrophile is chosen, for
example the pQM 2, the reactivities of p-substituted ArS™ and
analogous phenolates (ArO™)*’ in DMSO at 20 °C can be
compared (Figure 4b). The slope >1 indicates, however, that
phenolates are more sensitive toward substituent effects than
their sulfur analogues.

To define the scope of the reactivity parameters for ArS™
determined in this work, we extended our kinetic studies to
further classes of neutral electrophiles. Given that the Mayr
reactivity scales for polar reactions currently span over 40
magnitudes of reactivity, a precision within 2 orders of
magnitude is usually observed when eq 1 is used for
predictions.””** We calculated the rate constants k,*! for
reactions of 1a, 1¢, and 1g with the structurally diverse carbon-
centered electrophiles E1—E3 (Table 3)** and studied the
corresponding kinetics experimentally.

Experimentally determined k,**! and the predicted k,*!
agreed within a factor <15 indicating that the N/sy parameters
for ArS™, which were calibrated against the pQMs 2 as the
reference electrophiles, also allow one to estimate the reactivity
of ArS™ ions toward further classes of neutral electrophiles,
including the Michael acceptor E1*” as well as the

https://doi.org/10.1021/acs.joc.1c00025
J. Org. Chem. 2021, 86, 5965-5972
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Table 1. Second-Order Rate Constants k,™" for the Reactions of Thiophenolates 1 with the Reference Electrophiles 2 (in

DMSO, at 20 °C)”

ko (M s

ArS™ N/sy 2a 2b

la 24.97/0.68 6.60 x 10* 136 x 10°
1b 24.35/0.69 3.31 x 10* 6.67 % 10*
lc 23.36/0.74 1.33 x 10* 2.75 x 10*
1j 22.55/0.83 n.d. 261 x 10*
1d 22.80/0.78 8.06 x 10° 1.84 x 10*
le 22.50/0.78 438 x 10° 1.00 x 10*
1f 21.75/0.86 233 x 10° 5.65 x 10°
1g 21.30/0.86 8.16 X 10° 2.63 x 10°
1h 19.71/0.86 n.d. n.d.

li 18.92/0.87 n.d. n.d.

2c 2d 2e 2f
7.59 x 10° 1.86 x 10° nd. n.d.
4.96 x 10° 8.65 x 10° nd. n.d.
225 % 10° 4.61 x 10° n.d. nd.
1.97 x 10° 3.48 x 10° 2.05 x 10° nd.
1.49 x 10° 2.83 x 10° 1.39 x 10° n.d.
9.19 x 10* 1.14 x 10° 7.94 X 10° n.d.
5.63 x 10* nd. 6.41 x 10° n.d.
2.75 x 10*F 5.46 x 10* 2.78 x 10° 7.76 X 10°
118 x 10° 234 x 10° 1.27 x 10* 3.80 x 10*
2.52 x 107 515 x 10% 2.66 x 10° 8.50 x 10°

“Kinetics determined in the presence of 5.0 mM of the corresponding thiol 1-H (£100 equiv of 1-H relative to [2]); the experimental error in k, is
assumed to be +10%, "With Na* as the counterion of 1g, the analogous kinetics with K-1g gave k""" = 2.85 x 10* M~ 5! (Figure 1).

Table 2. Counterion Dependence of the Kinetics for the
Reactions of the pQM 2c with Na/K-1a in DMSO“ (20 °C)

reaction crown ether kg, (s7Y)
Na-la + 2¢ none (1.06 + 0.01) x 10°
Na-la + 2c 15-crown-5 (1.0 mM) (9.46 + 0.06) x 10*
K-1a + 2¢ none (1.00 + 0.01) x 10°
K-1a + 2¢ 18-crown-6 (1.0 mM) (9.83 + 0.02) x 10*

“Solutions of Na-la and K-la in DMSO were generated by
deprotonation of 1a-H with NaH and KOtBu, respectively. Initial
reactant concentrations were [1a], = 1.0 mM, [1a-H], = 5.0 mM, and
[2¢], = 0.050 mM. The kinetics were followed at 393 nm.

T r

2a 2c 2d 2e

2b

2f

5}
log k,=®!

4 F

A7 -16 -16
Electrophilicity E ———

-18

Figure 2. Determination of N/sy for ArS™ (1) from the linear
correlations of log &, with the electrophilicities E of 2a—f.

26

T24
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N=-391c+2360

r=0.9650
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Figure 3. Linear relationships of N(ArS™) with (a) Hammett o,, or

,” substituent constants and (b) pK,y (in DMSO).
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Figure 4. (a) Plot of (log k®*") /sy, for the reactions of 1 with n-butyl
chloride (in DMSO, at 25 °C) vs the Mayr reactivities N; data for 1j
excluded when calculating the correlation line. (b) Linear correlation
of the second-order rate constants for the reactions of phenolates
(ArO~) and thiophenolates (ArS ~) with the pQM 2c in DMSO.

Table 3. Predicted and Experimentally Determined k, for
Reactions of ArS™ (1) with E1-E3 (DMSO, 20 °C)

o]
MezNJ\%\N"NTNHPh D/Nd/s Ph’Ndfs

/ Bl © ON E2 E3

E=-15.38 E =-15.89 E=-18.15

electrophile  ArS™ k' (M7's7) BT (M7 s ok

El Ic 8.0 x 10° 7.19 x 10° 1/1.1
El 1g 12 x 10° 8.78 x 10* 1/14
E2 1g 4.5 x 10* 569 X 10° 13
E3 la 43 x 10* 475 x 10* 1.1
E3 Ic 7.2 % 10° 4.90 x 10° 1/1.5

heteroallenes E2 and E3 with C(sp)-hybridized electrophilic
centers.”’

In conclusion, we have used a set of p-quinone methides as
reference electrophiles to characterize the Mayr nucleophilicity
parameters N/sy for meta- and para-substituted thiophenolates
ArS” in DMSO. Hammett- and Brensted-type correlations of
the nucleophilicities N make it possible to straightforwardly
predict the reactivity of further thiophenolates. In addition, we
have shown that applying the determined N/sy values in eq 1
also holds for reactions of ArS™ with further types of neutral
carbon-centered electrophiles.

In reactions of phenolate ions (ArO”) with reference
electrophiles, second-order rate constants in DMSO, acetoni-
trile, and DMF differed by less than 1 order of magnitude if the
reference electrophile was kept constant.’® We, therefore,

https://doi.org/10.1021/acs joc.1c00025
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expect that the ArS™ reactivities in DMSO determined herein
will be of value to predict reaction rates in other aprotic, polar
solvents, such as MeCN. Thus, the comparison of
thiophenolate reactivities with those of other S-nucleophiles,
such as fhenylsulﬁnate,” dithiocarbamates,” and dithiocar-
bonates® has now become possible within the framework of
Mayr’s reactivity scales (Figure 5).** The parent PhS™ (1c) is
only slightly less reactive than the piperidine-1-carbodithioate
(N = 238 in MeCN), the most reactive S-nucleophile
characterized by N/sy so far.”* The donor-substituted
thiophenolates 1b and 1a exceed the S-nucleophilicity of this
dithiocarbamate.

1i 1h 19 1e 1c 1b 1a
7\
S T A N T T T

R R= 4:NO, 3,5(CF3)4-CF; 3-ClH 4-Me 4-OMe
T T T T T T T T
18 19 20 2122 23 24 25 N
NCs©  Phsof s s© SYSO in DMSO
j\ Ph-O@ NMe, N or MeCN
E0” s O

Figure 5. Nucleophilicity scale for sulfur-centered nucleophiles (and
the parent phenolate ion) in aprotic polar solvents.

Given the UV—vis absorption of the thiophenolates,” we
are currently investigating their capacity as reference
nucleophiles in kinetic studies with colorless electrophiles.

B EXPERIMENTAL SECTION

Chemicals. The thiophenols 4-methoxybenzenethiol (97%), 4-
methylbenzenethiol (98%), benzenethiol (97%), and naphthalene-2-
thiol (99%) were purchased from Sigma-Aldrich, 4-bromobenzene-
thiol (97%), 3-chlorobenzenethiol (>97%), and 3-(trifluoromethyl)-
benzenethiol (>95%) from TCI, 4-(trifluoromethyl)benzenethiol
(97%), 4-nitrobenzenethiol (96%), and 3,5-bis(trifluoromethyl)-
benzenethiol (97%) from ABCR. The thiophenols were used without
further purification. All thiophenols, KOtBu (>98%, Acros Organics)
and NaH (95%, Sigma-Aldrich) were stored in a glovebox under
argon. Thiophenols were deprotonated with either KOtBu or NaH
prior to each use to give the potassium or sodium thiophenolates K-1
and Na-1, respectively. The quinone methides 2 were prepared as
described before.”’ E1 was donated by the Attanasi group (Univ
Urbino, Italy).”* 4-Nitrophenyl isothiocyanate (E2, >99.0%) was
purchased from TCI. Phenyl isothiocyanate (E3) was purchased and
purified by vacuum distillation prior to use. Silica gel plates with a F-
254 fluorescence indicator were obtained from Merck and used for
thin-layer chromatography. Flash column chromatography was
performed with Merck silica gel 60 (0.040—0.063 mm) and distilled
solvents.

Analytics. Nuclear magnetic resonance (NMR) spectra were
recorded on 400 and 600 MHz spectrometers. Deuterated solvents
were purchased from Eurlsotop. The following abbreviations and
their combinations are used in the analysis of NMR spectra: s
singlet, d = doublet, t = triplet, ¢ = quartet, m = multiplet, br s =
broad singlet. The *C NMR spectra were recorded under broad-band
proton-decoupling. NMR signals were assigned based on information
from additional 2D NMR experiments (COSY, gHSQC, gHMBC).
Chemical shifts are given in ppm. Internal reference was set to the
residual solvent signals (8 = 2.50 ppm, 6c = 39.52 ppm for DMSO-
dg and 8y = 7.26 ppm, d¢ = 77.16 ppm for CDCly).>

Infrared (IR) spectra of neat samples were recorded on a
PerkinElmer Spectrum BX-59343 instrument with a Smiths Detection
DuraSamplIR II Diamond ATR sensor for detection in the range from
4500 to 600 cm™".

High-resolution mass spectra (HRMS) were acquired on a Thermo
Finnigan LTQ FT Ultra Fourier transform ion cyclotron resonance, a
Q-Exactive GC Orbitrap, a Finnigan MAT 95 or a Finnigan MAT 90
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GC/MS. Samples were ionized either by electron impact (EI) or
electron spray ionization (ESI).

UV-—vis measurements were carried out using a J&M TIDAS diode
array spectrophotometer, which was controlled by TIDASDAQ3 (v3)
software and connected to a Hellma 661.502-QX quartz Suprasil
immersion probe (light path d = S mm) via fiber optic cables and
standard SMA connectors.

A DMSO solution of the thiophenol 1-H was deprotonated (by
NaH or KOtBu) and added in multiple steps to a flask filled with
DMSO. The increasing absorption of the solution was followed. The
molar absorption coefficient £ was determined from the slope of the
linear relationship of the absorbance (at 4,,,) with [1], in accord with
the Lambert—Beer law. All spectra were then normalized relative to
the extinction coefficient at 4,,,, and are depicted in the Supporting
Information.

Product Studies. General Procedure. A solution of the
benzenethiol 1-H (0.0408 mmol, in 0.1 mL DMSO-d,) was partially
(5%) deprotonated by adding an equal volume of a sodium dimsyl
solution (19.5 mM in DMSO-dg). The resulting 1-H/Na-1 mixture
(0.2 mL) was mixed with a DMSO-d, solution of the pQM 2 (0.0389
mmol, in 1 mL). The color of the reaction mixture faded within
seconds. Subsequently, the reaction mixture was analyzed by NMR
spectroscopy and HRMS without further workup (see Supporting
Information for atom labeling). NMR spectra of products 4 were
usually found to be spectroscopically clean, indicating quantitative
conversions (except for 4a and 4i, which show additional resonances
caused by traces of starting materials).

2,6-Di-tert-butyl-4-(((4-methoxyphenyl)thio) (p-tolyl)methyl)-
phenol (4a). According to the General Procedure, the thiophenol 1a-
H (5.7 mg, 0.041 mmol) and the pQM 2d (12.0 mg, 0.0389 mmol)
were mixed. The reaction mixture (in 1.2 mL DMSO-d;) was
analyzed by NMR spectroscopy and HRMS. '"H NMR (600 MHz,
DMSO-dy) 6 7.32 (d, J = 8.1 Hz, 2 H, 9-H), 7.20 (d, ] = 8.9 Hz, 2 H,
14-H), 7.10 (s, 2 H, 5-H), 7.09 (d, ] = 7.9 Hz, 2 H, 10-H), 6.87 (s, 1
H, 1-OH), 6.77 (d, ] = 8.9 Hz, 2 H, 15-H), 5.52 (s, 1 H, 7-H), 3.67 (s,
3 H, 17-H), 2.23 (s, 3 H, 12-H), 1.31 (s, 18 H, 4-H). *C{'H} NMR
(151 MHz, DMSO-d;) 6 158.6 (C,, C-16), 152.7 (C,, C-1), 138.94
(C, C-8), 13892 (C,, C-2), 1359 (C, C-11), 133.7 (CH, C-14),
132.1 (C,, C-6), 128.9 (CH, C-10), 127.9 (CH, C-9), 125.7 (C,, C-
13), 124.2 (CH, C-5), 114.3 (CH, C-15), 5§7.1 (CH, C-7), 55.1 (CH,
C-17), 34.5 (C,, C-3), 30.3 (CH3, C-4), 20.6 (CH;, C-12) (additional
resonances in the NMR spectra are caused by a slight excess of 1a-H).
HRMS (ESI) caled m/z for [C,)H350,S"] [M — HT™] 447.2352,
found 447.2360.

2,6-Di-tert-butyl-4-(p-tolyl(p-tolylthio)methyl)phenol (4b).?*°
According to the General Procedure, the thiophenol 1b-H (5.1 mg,
0.041 mmol) and the pQM 2d (12.0 mg, 0.0389 mmol) were mixed.
The reaction mixture (in 1.2 mL DMSO-d;) was analyzed by NMR
spectroscopy and HRMS. 'H NMR (600 MHz, DMSO-d;) & 7.35 (d,
J=8.1Hz,2H,9-H),7.16 (d, ] = 8.1 Hz, 2 H, 14-H), 7.14 (s, 2 H, 5-
H), 7.08 (d, ] = 7.9 Hz, 2 H, 10-H), 7.00 (d, ] = 8.8 Hz, 2 H, 15-H),
6.89 (s, 1 H, 1-OH), 5.66 (s, 1 H, 7-H), 2.22 (s, 3 H, 12-H), 2.19 (5, 3
H, 17-H), 1.31 (s, 18 H, 4-H). C{'"H} NMR (151 MHz, DMSO-d;)
6 152.7 (C,, C-1), 139.0 (C,, C-2), 138.9 (C,, C-8), 135.90 (C,, C-
11), 135.86 (C,, C-16), 1322 (C, C-13), 132.1 (C,, C-6), 130.5
(CH, C-14), 129.4 (CH, C-15), 128.9 (CH, C-10), 127.8 (CH, C-9),
1242 (CH, C-5), 55.6 (CH, C-7), 34.5 (C,, C-3), 30.3 (CH;, C-4),
20.6 (CH,, C-12), 20.5 (CH;, C-17). HRMS (ESI) caled m/z for
[CyoH;508"] [M — H™] 431.2403, found 431.2411.

2,6-Di-tert-butyl-4-((phenylthio)(p-tolyl)methyl)phenol (4c).?*"
According to the General Procedure, the thiophenol 1c-H (4.5 mg,
0.041 mmol) and the pQM 2d (12.0 mg, 0.0389 mmol) were mixed.
The reaction mixture (in 1.2 mL DMSO-d,) was analyzed by NMR
spectroscopy and HRMS. 'H NMR (600 MHz, DMSO-d;) & 7.38 (d,
J=8.1Hz, 2 H,9-H),7.26 (dd, ] = 8.4, 1.2 Hz, 2 H, 14-H), 7.19 (t, ]
=7.6 Hz, 2 H, 15-H), 7.16 (s, 2 H, 5-H), 7.11 (dt, ] = 8.0, 1.6 Hz, 1
H, 16-H), 7.09 (d, ] = 7.9 Hz, 2 H, 10-H), 6.90 (s, 1 H, 1-OH), 5.75
(s, 1 H, 7-H), 2.23 (s, 3 H, 12-H), 1.32 (s, 18 H, 4-H). *C{'H}
NMR (151 MHz, DMSO-dg) 6 152.8 (C,, C-1), 139.1 (C,, C-2),
138.8 (C,, C-8), 136.03 (C,, C-13), 135.99 (C,, C-11), 131.9 (C,, C-

https://doi.org/10.1021/acs.joc.1c00025
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6), 129.6 (CH, C-14), 129.0 (CH, C-10), 128.7 (CH, C-15), 127.8
(CH, C-9), 126.1 (CH, C-16), 1242 (CH, C-5), 549 (CH, C-7),
34.5 (C, C-3), 30.3 (CH,, C-4), 20.6 (CH,, C-12). HRMS (ESI)
caled m/z for [CogH;308'] [M — H™] 417.2247, found 417.2251.
4-(((4-Bromophenyl)thio)(p-tolyl)methyl)-2,6-di-tert-butylphenol
(4d). According to the General Procedure, the thiophenol 1d-H (7.7
mg, 0.041 mmol) and the pQM 2d (12.0 mg, 0.0389 mmol) were
mixed. The reaction mixture (in 1.2 mL DMSO-dy) was analyzed by
NMR spectroscopy and HRMS. 'H NMR (600 MHz, DMSO-d;) &
7.37 (d, ] = 8.6 Hz, 4 H, 9-H and 14/15-H), 7.21 (d, ] = 8.6 Hz, 2 H,
14/15-H), 7.14 (s, 2 H, 5-H), 7.10 (d, ] = 7.9 Hz, 2 H, 10-H), 6.92 (s,
1H, 1-OH), 5.79 (s, 1 H, 7-H), 2.23 (s, 3 H, 12-H), 1.31 (s, 18 H, 4-
H). “C{'H} NMR (151 MHz, DMSO-ds) & 152.9 (C,, C-1), 139.1
(C C-2), 1383 (C C-8), 136.2 (C C-11), 135.6 (C C-13), 131.6
(CH C-14 or C- 15), 131.54 (C,, C- 6), 131.48 (CH, C 14 or C- 15),
129.0 (CH, C-10), 127.8 (CH, C-9), 124.3 (CH, C-5), 119.2 (CyC
16), 54.9 (CH, C-7), 34.5 (C, C-3), 30.3 (CH,, C-4), 20.6 (CHs, C-
12). HRMS (ESI) caled m/z for [C28H3279Br05*] M — HT]
495.1352, found 495.1357; caled m/z for [CysH,* ' BrOS*] [M — H]
497.1331, found 497.1337.
2,6-Di-tert-butyl-4-(((3-chlorophenyl)thio)(p-tolyl)methyl)phenol
(4€). According to the General Procedure, the thiophenol le-H (5.9
mg, 0.041 mmol) and the pQM 2d (12.0 mg, 0.0389 mmol) were
mixed. The reaction mixture (in 1.2 mL DMSO-dy) was analyzed by
NMR spectroscopy and HRMS. 'H NMR (600 MHz, DMSO-d;) &
7.40 (d, J = 8.1 Hz, 2 H, 9-H), 7.30 (s, 1 H, 18-H), 7.24—7.19 (m, 2
H, 14-H and 15-H), 7.18 (s, 2 H, 5-H), 7.16—7.14 (m, 1 H, 16-H),
7.12 (d, ] = 8.0 Hz, 2 H, 10-H), 6.92 (s, 1 H, 1-OH), 5.88 (s, 1 H, 7-
H), 2.24 (s, 3 H, 12-H), 1.32 (s, 18 H, 4-H). *C{'H} NMR (151
MHz, DMSO-d,) § 1529 (C,, C-1), 139.1 (C,, C-2), 1386 (C,, C
13), 138.3 (C,, C-8), 136.2 (C C-11), 133.2 (C,, C-17), 1315 (C
C-6), 1302 (CH, C-15), 1291 (CH, C-10), 128.5 (CH, C-18),
127.82 (CH, C-14), 127.78 (CH, C-9), 125.9 (CH, C-16), 124.4
(CH, C5), 544 (CH, C7), 346 (C,, C-3), 303 (CH,, C4), 206
(CH3, C-12). HRMS (ESI) caled m/z for [CysHy CIOS*] [M —
H™] 451.1857, found 451.1861; calcd m/z for [CypsH3,>’CIOS*] [M —
H~] 453.1827, found 453.1831.
2,6-Di-tert-butyl-4-(p-tolyl((3-(trifluoromethyl)phenyl)thio)-
methyl)phenol (4f). According to the General Procedure, the
thiophenol 1f-H (7.3 mg, 0.041 mmol) and the pQM 2d (12.0 mg,
0.0389 mmol) were mixed. The reaction mixture (in 1.2 mL DMSO-
dg) was analyzed by NMR spectroscopy and HRMS. '"H NMR (600
MHz, DMSO-dg) 6 7.56 (d, ] = 7.5 Hz, 1 H, 14-H), 7.51 (s, 1 H, 18-
H), 7.44—7.41 (m, 2 H, 15-H, 16-H), 7.40 (d, ] = 8.2 Hz, 2 H, 9-H),
7.20 (s, 2 H, 5-H), 7.12 (d, ] = 7.9 Hz, 2 H, 10-H), 691 (s, 1 H, 1-
OH), 594 (s, 1 H, 7-H), 223 (s, 3 H, 12-H), 1.31 (s, 18 H, 4-H).
BC{'H} NMR (151 MHz, DMSO-dg) 6 152.9 (C,, C-1), 139.1 (C,,
C-2), 138.1 (C,, C-8), 137.9 (C,, C-13), 136.3 (C,, C-11), 133.3 (br,
CH, C-14), 1312 (Cy C6), 129.5 (CH, C-15), 1294 (q, Jer = 38
Hz, C,, C-17), 129.1 (CH, C-10), 127.8 (CH, C-9), 125.6 (g, Jer =
3.9 Hz, CH, C-18), 124.4 (CH, C-5), 123.8 (q, Joz = 273 Hz, CF,, C-
19), 122.6 (q, Jc¢ = 3.7 Hz, CH, C-16), 54.5 (CH C-7),34.5 (C, C-
3), 30.2 (CH;, C-4), 20.6 (CH;, C-12). HRMS (ESI) calcd m/z for
[CyoH,,F;08*] [M — H™] 485.2120, found 485.2125.
2,6-Di-tert-butyl-4-(p-tolyl((4-(trifluoromethyl)phenyl)thio)-
methyl)phenol (4g). According to the General Procedure, the
thiophenol 1g-H (7.3 mg, 0.041 mmol) and the pQM 2d (12.0 mg,
0.0389 mmol) were mixed. The reaction mixture (in 1.2 mL DMSO-
dg) was analyzed by NMR spectroscopy and HRMS. 'H NMR (600
MHz, DMSO-d) 6 7.53 (d, ] = 8.3 Hz, 2 H, 15-H), 7.44—7.41 (m, 4
H, 9-H and 14-H), 7.17 (s, 2 H, 5-H), 7.12 (d, ] = 7.9 Hz, 2 H, 10-
H), 6.95 (s, 1 H, 1-OH), 5.97 (s, 1 H, 7-H), 2.23 (s, 3 H, 12-H), 1.31
(s, 18 H, 4-H). “C{'H} NMR (151 MHz, DMSO-ds) & 153.0 (C,,
C-1), 1424 (C,, C-13), 1392 (C,, C-2), 138.1 (C,, C-8), 136.3 (C,,
C-11), 131.3 (c C-6), 129.1 (CH, C-10), 128.4 (CH, C-14), 127.7
(CH, C9), 125.8 (g Jog = 32.0 Hz, C,, C-16), 1254 (q, Jo = 3.7
Hz, CH, C-15), 124.3 (CH, C-S), 124.2 (q, Jo = 272 Hz, C,, C-17),
53.7 (CH, C-7), 34.6 (C,, C-3), 30.3 (CHj, C-4), 20.6 (CH;, C-12).
HRMS (ESI) calcd m/z for [C,yH;,F50S*] [M — H™] 485.2120,
found 485.2124.
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4-(((3,5-Bis(trifluoromethyl)phenyl)thio)(p-tolyl)methyl)-2,6-di-
tert-butylphenol (4h). According to the General Procedure, the
thiophenol 1h-H (10.0 mg, 0.0408 mmol) and the pQM 2d (12.0 mg,
0.0389 mmol) were mixed. The reaction mixture (in 1.2 mL DMSO-
dg) was analyzed by NMR spectroscopy and HRMS. 'H NMR (400
MHz, DMSO-d,) 8 7.86 (s, 2 H, 14-H), 7.76 (br s, 1 H, 16-H), 7.43—
741 (m, 2 H, 9-H), 7.22 (s, 2 H, 5-H), 7.14 (d, ] = 7.9 Hz, 2 H, 10-
H), 691 (s, 1 H, 1-OH), 6.14 (s, 1 H, 7-H), 2.24 (s, 18 H, 4-H), 1.30
(s, 3 H, 12-H). "C{'H} NMR (101 MHz, DMSO-dy) & 153.0 (C,,
C-1), 140.4 (C,, C-13), 1392 (C,, C-2), 137.4 (C,, C-8), 1366(C
C-11), 130.5 (C C-6),130.3 (q,jCF =329 Hz, C,, C-15), 129.5 (br,
CH, C-14), 129.2 (CH, C-10), 127.8 (CH, C- 9), 124.5 (CH, C-5),
123.0 (q, Jo = 273 Hz, C,, C-17), 119.1 (br, CH, C-16), 54.2 (CH,
C-7), 34.5 (C C-3), 301 (CH;, C-4), 20.6 (CHj, C-12). HRMS
(ESI) caled m/z for [CyH; FsOS*] [M — H™] §53.1994, found
553.2000.

2,6-Di-tert-butyl-4-(((4-nitrophenyl)thio)(p-tolyl)methyl)phenol
(4i). According to the General Procedure, the thiophenol 1i-H (6.3
mg, 0.041 mmol) and the pQM 2d (12.0 mg, 0.0389 mmol) were
mixed. The reaction mixture (in 1.2 mL DMSO-d,) was analyzed by
NMR spectroscopy and HRMS. '"H NMR (400 MHz, DMSO-d;) &
8.03 (d, J = 9.0 Hz, 2 H, 15-H), 7.47-7.42 (m, 4 H, 9-H and 14-H),
720 (s, 2 H, 5-H), 7.13 (d, ] = 7.9 Hz, 2 H, 10-H), 697 (s, 1 H, 1-
OH), 6.09 (s, 1 H, 7-H), 2.24 (s, 3 H, 12-H), 1.32 (s, 18 H, 4-H).
BC{'H} NMR (101 MHz, DMSO-dg) & 153.1 (C,, C-1), 147.0 (C,,
C-13), 144.6 (C,, C-16), 139.3 (C,, C-2), 1377(c -8), 1364(C
C-11), 130.9 (c C-6), 1292 (CH, C-10), 127.7 (CH C-9), 127.4
(CH, C-14), 1243 (CH, C-5), 123.6 (CH, C-15), 533 (CH, C-7),
345 (C, C-3), 302 (CH; C-4), 20.6 (CH; C-12) (additional
resonances are caused by a slight excess of the pQM 2d). HRMS
(ESI) caled m/z for [CosH3,NO5S'] [M — H™] 462.2097, found
462.2101.

2,6-Di-tert-butyl-4-((naphthalen-2-ylthio)(p-tolyl)methyl)phenol
(4j). According to the General Procedure, the thiophenol 1j-H (6.5
mg, 0.041 mmol) and the pQM 2d (12.0 mg, 0.0389 mmol) were
mixed. The reaction mixture (in 1.2 mL DMSO-d,) was analyzed by
NMR spectroscopy and HRMS. '"H NMR (600 MHz, DMSO-d;) &
7.80 (d, J = 8.0 Hz, 1 H, 17-H), 7.79=7.78 (m, 1 H, 22-H), 7.74 (d, ]
=87 Hz, 1 H, 15-H), 7.69 (d, ] = 8.2, 1 H, 20-H), 7.47—7.40 (m, $
H, 9-H, 14-H, 18-H, 19-H), 7.22 (s, 2 H, $-H), 7.09 (d, ] = 8.0 Hz, 2
H, 10-H), 6.90 (s, 1 H, 1-OH), 5.93 (s, 1 H, 7-H), 2.21 (s, 3 H, 12-
H), 1.31 (s, 18 H, 4-H). “*C{'H} NMR (151 MHz, DMSO-dy) &
152.8 (C,, C-1), 139.1 (C,, C-2), 1387 (C,, C-8), 136.1 (C,, C-11),
133.6 (C C-13), 133.1 (C C-21), 131.9 (C C-6), 131. 3 (C C-
16), 1290 (CH, C-10), 128.0 (CH, C-15), 1279 (CH, C-9), 1278
(C, C-22), 127.7 (CH, C-18), 127.5 (CH, C-17), 126.9 (CH, C-20),
1265 (CH, C-19), 125.8 (CH, C-14), 124.3 (CH, C-), 54.8 (CH,
C-7), 34.5 (C, C-3), 30.3 (CHj, C-4), 20.6 (CH;, C-12). HRMS
(BSD) caled m/z for [CyHyOS'] [M — H-] 467.2403, found
467.2409.

2,6-Di-tert-butyl-4-((julolidin-9-yl) (p-tolylthio)methyl)phenol
(4k). According to the General Procedure, the thiophenol 1b-H (6.3
mg, 0.041 mmol) and the pQM 2a (15.2 mg, 0.0389 mmol) were
mixed. The reaction mixture (in 1.2 mL DMSO-d,) was analyzed by
NMR spectroscopy and HRMS. '"H NMR (400 MHz, DMSO-d;) &
7.14=7.11 (m, 4 H, 5-H and 16-H), 7.00 (d, ] = 8.0 Hz, 2 H, 17-H),
6.82 (s, 1 H, 1-OH), 6.79 (s, 2 H, 9-H), 5.38 (s, 1 H, 7-H), 3.05—3.03
(m, 4 H, 14-H), 2.61 (t, ] = 6.4 Hz, 4 H, 12-H), 2.20 (s, 3 H, 19-H),
1.82 (pent, ] = 6.4 Hz, 4 H, 13-H), 1.31 (s, 18 H, 4-H). “C{'H}
NMR (101 MHz, DMSO-d¢) & 152.4 (C,, C-1), 141.6 (C,, C-11),
138.8 (C,, C-2),135.6 (C,, C-18), 132.8 (c C-15), 132.7 (C C-6),
130.5 (CH, C-16), 129.3 (CH, C-17), 1282 (G, C8), 1262 (CH,
C9), 1242 (CH, C-5), 1206 (C,, C-10), $60 (CH, C-7), 492
(CH,, C-14), 34.5 (C,, C-3), 30.3 “(CH,, C-4), 272 (CH,, C-12),
216 (CH,, C-13), 20.5 (CH, C-19). HRMS (ESI) caled m/z for
[C3HuNOS'] [M + H'] 514.3138, found 514.3139.

2,6-Di-tert-butyl-4-((4-(dimethylamino)phenyl)(p-tolylthio)-
methyl)phenol (4l). According to the General Procedure, the
thiophenol 1b-H (6.3 mg, 0.041 mmol) and the pQM 2b (13.1 mg,
0.0389 mmol) were mixed. The reaction mixture (in 1.2 mL DMSO-

https://doi.org/10.1021/acs.joc.1c00025
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dg) was analyzed by NMR spectroscopy and HRMS. '"H NMR (400
MHz, DMSO-dy) 6 7.26 (d, ] = 8.7 Hz, 2 H, 9-H), 7.16—7.14 (m, 4
H, 5-H, 14-H), 7.00 (d, J = 8.0 Hz, 2 H, 15-H), 6.87 (s, 1 H, 1-OH),
6.62 (d, ] = 8.8 Hz, 2 H, 10-H), 5.57 (s, 1 H, 7-H), 2.83 (s, 6 H, 12-
H), 2.19 (s, 3 H, 17-H), 1.32 (s, 18 H, 4-H). *C{'"H} NMR (101
MHz, DMSO-dg) & 152.5 (C,, C-1), 1492 (C,, C-11), 138.9 (C,, C-
2), 1356 (C,, C-16), 132.7 (C C6), 132.6 (C C-13), 130.4 (CH,
C-14), 1293 (CH, C-15), 129.1 (Cy C-8), 128'5 (CH, C-9), 124.1
(CH, C-s), 112.1 (CH, C-10), $5.6 (CH, C-7), 40.1 (CH, C-12),
345 (C, C-3), 303 (CH,, C-4), 20.5 (CH,, C-17). HRMS (ESI)
caled m/z for [C3,H,NOS*'] [M + H'] 462.28285, found 462.2827.

2,6-Di- tert butyl -4-((4-methoxyphenyl)(p-tolylthio)methyl)-
phenol (4m).”>® A solution of the thiol 1b-H (128 mg, 1.03 mmo{
acetonitrile (1 mL) was mixed with a suspension of sodium hydride in
DMSO (0.72 mg, 0.03 mmol in 1 mL). After gas formation had
ceased, a DMSO solution of the pQM 2c (324.5 mg, 1.00 mmol in 23
mL) was added to the reaction mixture. The color of the solution
changed from yellow to green within a few seconds. After another §
min of stirring, the solution was acidified by addition of two drops of
aq HCI (2 M) to produce a solution of yellow color. Evaporation of
the volatiles (in the vacuum) furnished a crude material, which was
purified by column chromatography (silica gel, eluent: ethyl acetate/
n-pentane = 5/95) to yield 4m (393 mg, 88%) as a yellow solid. Ry
0.55 (ethyl acetate/n-pentane = 5/95). mp 112—114 °C. '"H NMR
(400 MHz, CDCly) 6 7.37 (d, ] = 8.7 Hz, 2 H, 9-H), 7.13-7.11 (m, 4
H, 5-H and 14-H), 6.98 (d, ] = 8.3 Hz, 2 H, 15-H), 6.84 (d, ] = 8.6
Hz, 2 H, 10-H), 5.36 (s, 1 H, 7-H), 5.11 (s, 1 H, 1-OH), 3.79 (s, 3 H,
12-H), 2.27 (s, 3 H, 17-H), 1.39 (s, 18 H, 4-H). *C{'"H} NMR (101
MHz, CDCl,;) 6 158.6 (C,, C-11), 152.9 (C,, C-1), 136.8 (C,, C-16),
1357 (C,, C-2), 134.0 (C C-8), 132.8 (C C-13), 1321 (CH, C.
14), 132.0 (C, C-6), 1296 (CH, C-9), 129.5 (CH, C-15), 1252
(CH, C-5), 1138 (CH, C-10), 58.0 (CH, C-7), 55.4 (CH,, C-12),
345 (C,, C-3), 304 (CH,, C-4), 21.2 (CH,, C-17). IR (ATR probe,
neat) v3592 2952, 1721, 1609, 1512, 14885, 1431, 1234, 1207, 1175,
1132, 1118, 1111, 1026, 891, 841, 809, 792, 778, 739 cm™~'. HRMS
(ESI) caled m/z for [C19H3SOZS*] [M — H7] 447.2352, found
4472357. Anal. Caled for CpoH,60,8: C, 77.63; H, 8.09; S, 7.15.
Found: C, 77.67; H, 8.15; S, 6.97.

2,6-Di-tert-butyl-4-((3-fluorophenyl)(p-tolylthio)methyl)phenol
(4n). According to the General Procedure, the thiophenol 1b-H (6.3
mg, 0.041 mmol) and the pQM 2e (12.2 mg, 0.0389 mmol) were
mixed. The reaction mixture (in 1.2 mL DMSO-dg) was analyzed by
NMR spectroscopy and HRMS. '"H NMR (600 MHz, DMSO-d;) &
7.33—7.31 (m, 2 H, 12-H and 13-H), 7.28—7.27 (m, 1 H, 9-H), 7.19
(d, ] = 8.1 Hz, 2 H, 15-H), 7.16 (s, 2 H, 5-H), 7.02 (d, ] = 8.0 Hz, 2
H, 16-H), 7.01-6.99 (m, 1 H, 11-H), 6.96 (s, 1 H, 1-OH), 5.7 (s, 1
H, 7-H), 2.19 (s, 3 H, 18-H), 1.33 (s, 18 H, 4-H). *C{'H} NMR
(151 MHz, DMSO-d;) & 162.0 (d, Joy = 244 Hz, C,, C-10), 153.0
(Cy C-1), 1449 (4, Jop = 69 Hz, C,, C-8), 139.2 (C C-2), 1362
(C C-17), 1316 (C,, C-14), 1312 (C C-6), 1307 (CH, C-15),
130.3 (d, Jcr=83 Hz, CH, C-12), 129.4 (CH C-16), 124.3 (CH, C-
5), 124.1 (CH, C-13), 114.6 (d, Jo; = 21.9 Hz, CH, C-9), 113.7 (d,
Jer = 209 Hz, CH, C-11), $5.2 (CH, C-7), 34.6 (C,, C-3), 30.3
(CH3, C-4), 20.5 (CH; C-18). HRMS (ESI) calcd m/z for
[C,sH3,FOS'] [M — H™] 435.2152, found 435.2154; caled m/z for
[CyHy,FOS™] [M — H*] 435.2163, found 435.2163.

2, 6 D/ -tert-butyl-4-((4-nitrophenyl)(p-tolylthio)methyl)phenol
(40).”*" According to the General Procedure, the thiophenol 1b-H
(6.3 mg, 0.041 mmol) and the pQM 2f (13.2 mg, 0.0389 mmol) were
mixed. The reaction mixture (in 1.2 mL DMSO-d,) was analyzed by
NMR spectroscopy and HRMS. '"H NMR (400 MHz, DMSO-dg) &
8.14 (d, J = 8.6 Hz, 2 H, 10-H), 7.75 (d, ] = 8.6 Hz, 2 H, 9-H), 7.22
(d, ] = 7.9 Hz, 2 H, 13-H), 7.19 (s, 2 H, 5-H), 7.02 (d, J = 8.2 Hz, 2
H, 14-H), 5.95 (s, 1 H, 7-H), 2.19 (s, 3 H, 16-H), 1.33 (s, 18 H, 4-H).
BC{'H} NMR (151 MHz, DMSO-dg) & 153.2 (C,, C-1), 149.9 (C,,
C-8), 1462 (C,, C-11), 139.4 (C,, C-2), 136.5 (C, C-15), 131.1 (C
C-12), 130.9 (CH C-13), 130.6 (C C-6), 129.6 (CH C-14), 1292
(CH, C-9), 124.3 (CH, C-5), 123.6 (CH, C-10), 55.0 (CH, C-7),
346 (C,, C-3), 302 (CH,, C-4), 20.5 (CH,, C-16). HRMS (ESI)
caled m/z for [C,3H3,NO,S™] [M — H'] 462.2108, found 462.2110.
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(E)-2-(4-(Dimethylamino)-4-oxo-3-(phenylthio)butan-2-ylidene)-
N-phenylhydrazine-1-carboxamide (5). In analogy to the General
Procedure, the thiophenol 1c-H (7.6 mg, 0.069 mmol) and the
electrophile E1 (17.0 mg, 0.0653 mmol) were mixed. The reaction
mixture (in 0.6 mL DMSO-dy) was analyzed by NMR spectroscopy
and HRMS. 'H NMR (400 MHz, DMSO-d,, + 20 °C) 6 9.73 (brs, 1
H, 8-H), 8.55 (s, 1 H, 10-H), 7.50-7.48 (m, 4 H, 12-H and 16-H),
7.31=727 (m, 4 H, 13-H and 17-H), 7.19 (t, ] = 7.4 Hz, 1 H, 14-H),
7.01 (t, ] = 7.3 Hz, 1 H, 18-H), 5.35 (s, 1 H, 4-H), 3.11 and 2.87 (2 s,
2 X 3 H, 1-H and 2-H), 192 (s, 3 H, 6-H). *C{'H} NMR (101
MHz, DMSO-d,, at +80 °C) & 166.3 (C C-3), 152.6 (C C-9),
1449 (C,, C-5), 138 (C,, C-15), 133.3 (C C-11), 131.3 (CH, C-
12), 128.4 (CH, C-13), 128.2 (CH, C-17), 1269 (CH, C-14), 122.1
(CH, C-18), 118.9 (CH, C-16), 57.2 (CH, C-4), 36.9 and 35.3 (2 X
CH,, C-1 or C-2), 12.5 (CH;, C-6). HRMS (EI) caled m/z for
[C1oH,,N,0,5°"] [M**] 370.1458, found 370.1452.

Kinetics. Kinetic measurements were performed on Applied
Photophysics SX.20 stopped-flow UV—vis photometric systems. The
temperature (20.0 + 0.2 °C) was maintained constant by using
circulating bath cryostats. All solutions were freshly prepared under an
atmosphere of dry argon by using dry DMSO (over molecular sieves,
Acros Organics).

To achieve pseudo-first-order kinetics, the ArS™ concentrations
were kept constant through thiophenolate regeneration from
thiophenols or chosen at least ten times higher than the electrophile
concentrations. The rates of the consumption of the pQMs (4, =
354—520 nm)** were followed photometrically at or close to their
absorption maxima. Due to an overlap of the absorption bands with
the thiophenolates,” the absorbances did not reach zero in all
reactions investigated. Rate constants were obtained from the kinetics
by least-squares fitting of the absorbance A with the equation A, = A,
eknt 4 C.

The kinetics of the reactions of K-1g with E2 gave rise to formation
of a colored product whose increasing absorption was followed at 440
nm. The rates of product formation were also detected in the kinetics
of reactions of K-la and K-1c with E3 (at 4 = 320—326 nm),
respectively, which were performed with excess concentrations of E3
(>10 equiv). Least-squares fitting of the function A, = Ay(1 — e~
+ C to the increasing absorptions of the solutions furnished k.

Plots of kg, versus [ArS™] (or [E3]) gave k, as the slopes of the

linear correlations.
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2.2 Supporting Information

2.2.1 Additional Table

Table S1. Kinetic and Thermodynamic Data for the Reactions of Thiophenolates 1

ArS™ N/sn log k2" Hammett pKan (log k2)/sn Phenolate lons log k2
(1+2c)® oy orom? (DMSO)*  (1+nBuCl)? ArO- (ArO™ + 2c)¢

1a 24.97/0.68 5.88 -0.26 11.19 -1.00 p-MeO-CsH4sO~  3.18

1b 24.35/0.69 5.70 -0.17 10.82 p-Me-CeHsO™ 2.58

1c 23.36/0.74 5.35 0 10.28 -1.37 CeHsO~ 2.66

1j 22.55/0.83 5.29 0.12 9.53 -1.60

id 22.80/0.78 5.17 0.25 8.98 -1.88

le 22.50/0.78 4.96 0.37 8.57

1f 21.75/0.86 4.75 0.43 8.09 =2.24

1g 21.30/0.86 4.44 0.65 p-F3C-CeH4O™ 1.81

1h 19.71/0.86 3.07 0.86

1i 18.92/0.87 2.40 1.27 5.5 -3.55 p-02N-CeH4O™ -1.38

@ Data from Table 1 (this work). > Hammett substituent constants 6,” or o, from ref S1. ¢ Acidity
constants for thiophenols in DMSO; from ref S2. ¢ Calculated with second-order rate constants k; for
the reactions of ArS™ (1) with n-butyl chloride in DMSO at 25 °C from ref S2. ¢ Calculated from second-
order rate constants k, in DMSO at 20 °C; ref S3.
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2.2.2 UV-Vis Spectra of Thiophenolates 1 and Quinone Methides 2 in DMSO

UV-Vis Spectra of

Thiophenolates 1

A DMSO solution of the thiophenol 1-H was deprotonated (by NaH or KOtBu) and added in multiple
steps to a flask filled with DMSO. The increasing absorptions of the DMSO solutions were followed by
utilizing a diode array photometer (J&M TIDAS). In accord with the Lambert-Beer law, molar absorption
coefficients emax (at Amax) Were determined from the slope of the linear relationship of the absorbance
(at Amax) with [1]. The depicted UV-vis spectra were then normalized relative to the extinction

coefficient at Amax.
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Figure S1. UV-vis spectrum of Na-1a in DMSO.
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Figure S2. UV-vis spectrum of Na-1b in DMSO.
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Figure S4. UV-vis spectrum of Na-1d in DMSO.
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Figure S5. UV-vis spectrum of Na-1e in DMSO.
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Figure S7. UV-vis spectrum of Na-1g in DMSO.
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Figure $9. UV-vis spectrum of K-1i in DMSO.
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Figure S6. UV-vis spectrum of Na-1f in DMSO.
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Figure $10. UV-vis spectrum of Na-1j in DMSO.
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UV-Vis Spectra of Quinone Methides 2

A DMSO solution of the quinone methide 2 was added in multiple steps to a flask filled with DMSO.
The increasing absorptions of the DMSO solutions were followed by utilizing a diode array photometer
(J&M TIDAS). In accord with the Lambert-Beer law, extinction coefficients at Amax Were determined
from the slope of the linear relationship of the absorbance (at Amax) With [2]. The depicted UV-vis

spectra were then normalized relative to the extinction coefficient at Amax.

Amax = 520 nm Amax = 485 nm

40000 E€max = 37700 M~ cm™? 45000 E€max = 42300 ML ecm™?
35000 40000
30000 35000
T 25000 T 30000
§ § 25000

< 20000 -
s S 20000
— 15000 = 15000
10000 10000
5000 5000
0 0
250 350 450 550 250 350 450 550
A (nm) A (nm)

Figure S11. UV-vis spectrum of 2a in DMSO.

Figure S12. UV-vis spectrum of 2b in DMSO.
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Figure S13. UV-vis spectrum of 2c in DMSO.

A (nm)

Figure S14. UV-vis spectrum of 2d in DMSO.

UV-vis spectral data for pQMs 2e and 2f (in DMSO) were reported in ref S4:

For 2e: Amax = 354 NnM, €max = 31600 Mt cm™
For 2f: Amax = 374 NnM, €max = 30100 M~ cm™
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2.2.3 Kinetics

Kinetics at variable thiophenol concentrations

Table S2. Quinone methide 2¢ and potassium 4-methoxythiophenolate (K-1a) in DMSO (detection at 393 nm)
with variable 1a-H concentration

1000
# [2c]o (M) [1a]o (M) [1a-Hlo (M)  kobs (s) 7 e P P ST °
soo | ©
1 5.00x10° 1.00x103 250x103 858+7 .
T 600 f
2 5.00x10° 1.00x10% 500x103 911+5 =z
£ 400 |
3 5.00x10° 1.00x103 1.00x102 909+6 ~
200 |
4 5.00x10° 1.00x103 2.00x102 876+6
O L J
0.000 0.010 0.020

[1a-H] (M)
The dashed line shows the average kobs of entries #2, #3, and #4, that is, kobs = (899 * 16) s7%.

Table S3. Quinone methide 2¢ and sodium thiophenolate (Na-1c) in DMSO (detection at 393 nm) with variable
1c-H concentration

300 ¢
# [2c]o (M) [1clo (M) [1c-H]o (M) kobs (s72)
........................................................ PY
1 500x10° 1.00x10° 250x10% 128+1 ¢
—~ 200 | o
|
2 500x10° 1.00x10° 5.00x10% 194+1 b
2 °
3 500x10° 1.00x10° 1.00x103 225+1 <100 }
4  500x10° 1.00x10° 1.50x10° 224+1
5  500x10° 1.00x10° 2.00x103 236+1 0 —
0.000 0.001 0.002 0.003 0.004 0.005
6 500x10° 1.00x10° 500x103 243+1
[1c-H] (M)

The dashed line shows the average kobs of entries #5 and #6, that is, kobs = (240 + 4) s71.
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Kinetics of reactions of 4-methoxythiophenolate (1a) with quinone methides 2

Table S4. Quinone methide 2a and sodium 4-methoxythiophenolate (Na-1a) in DMSO (detection at 521 nm)

[2alo(M)  [lalo(M)  [1a-Hlo(M)  kows(s) 120
500x10° 5.00x10%  5.00x 107 30.9 — 128
500x10° 7.50x10%  5.00x 1073 47.4 %g 60
500x10° 1.00x10°3  5.00x 1073 63.4 ~ 40
500x10° 1.25x103  5.00x 107 82.1 22
500x10° 1.50x103  5.00x 107 96.0

k2 =6.60 x 10° Mt 57!

|y =6.60E+04x - 2.01E+00
R?=0.9986

0.0000 0.0005 0.0010 0.0015

[1a] (M)

Table S5. Quinone methide 2b and sodium 4-methoxythiophenolate (Na-1a) in DMSO (detection at 486 nm)

[2blo (M)  [1a]o (M) [1a-HJo (M)  kabs (s 200
500x10° 5.00x10*  5.00x1073 64.2 —~ 150
5.00x10° 7.50x10%  5.00x10° 97.5 35 100
5.00x10° 1.00x10°  5.00x107 130 ol 50
5.00x10° 1.25x10°  5.00x10° 169 0
5.00x10° 1.50x10°  5.00x10° 199

k2=1.36x10°M*s?

[y = 1.36E+05x - 4.25E+00
R*=0.9988

0.0000 0.0005 0.0010 0.0015

[1a] (M)

Table S6. Quinone methide 2¢ and sodium 4-methoxythiophenolate (Na-1a) in DMSO (detection at 393 nm)

[2clo (M) [1alo (M) [1a-Ho (M)  Kobs (s7) 1'500
500x10° 5.00x10%  5.00x103 480 ~ 1.(23(5)8
500x10° 7.50x10%  5.00x10° 693 = 750
500x10° 1.00x103  5.00x10° 895 ~& 500
5.00x 10> 1.25x1073 5.00x 103 1.07 x 103 252
500x10° 1.50x10°  5.00x 107 1.24 x 10°

k2=7.59 x 10° M1 st

50

[y =7.59E+05x + 1.17E+02
R?=0.9974

0.0000 0.0005 0.0010 0.0015

[1a] (M)
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Table S7. Quinone methide 2d and potassium 4-methoxythiophenolate (K-1a) in DMSO (detection at 371 nm)

2dlo(M)  (alo(M)  [daHlo(M) koos () 1:22 T e oo

500x10° 1.16x10*  5.00x10° 164 Z 600 |

5.00x10° 2.32x10*  5.00x103 371 é 400 -

5.00x10° 3.48x10™* 5.00x 103 603 200 k

500x10> 4.64x10*  500x107° 807 0 . . ,
0.0000 0.0002 0.0004 0.0006

(1a] (M)

k2 =1.86x10° M5!

Table S8. Determination of N and sn parameters for 4-methoxythiophenolate (1a) in DMSO.

6.5 r
Quinone E k2 (Ms?)  logk:
methide 6.0 |
2a -17.90 6.60x10°  4.82 <35 T
o L
2b -17.29 1.36 x 10° 5.13 =50 y =0.6752x + 16.8574
45 F R?=0.9813
2 -16.11 7.59x10°  5.88 a0 . .
2d -15.83 1.86x10°  6.27 -19 17 -15
E
N =24.97
sn=0.68
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Kinetics of reactions of 4-methylthiophenolate (1b) with quinone methides 2

Table S$9. Quinone methide 2a and sodium 4-methylthiophenolate (Na-1b) in DMSO (detection at 521 nm)

[2a]o (M) [1b]o (M) [1b-H]o (M)  kobs (s7)
5.00x 10 5.00x 107 5.00x1073 17.1
5.00x 10 1.00x 107 5.00x 1073 315
5.00x 10 1.50x 107 5.00x 1073 50.5
5.00x 10 2.00x 107 5.00x 1073 65.9

k2=3.31x10*M1s?t

80

y = 3.31E+04x - 1.15E-01
R?=0.9974
0 0.001 0.002
(1b] (M)

Table $10. Quinone methide 2b and sodium 4-methylthiophenolate (Na-1b) in DMSO (detection at 486 nm)

[2b]o (M) [1b]o (M) [1b-H]o (M)  kobs (s73)
500x10° 5.00x10™*  5.00x1073 34.2
5.00x10° 1.00x 1073 5.00x 1073 64.9
500x10° 1.50x103  500x1073 102
500x10° 2.00x103  500x103 133

k2=6.67x10*M*s?

160

120

y = 6.67E+04x + 1.50E-01
_ R?=0.9986

0 0.001 0.002
(1b] (M)

Table S11. Quinone methide 2c¢ and sodium 4-methylthiophenolate (Na-1b) in DMSO (detection at 393 nm)

[2c]o (M) [1b]o (M) [1b-H]o (M)  kobs (s7%)
5.00x10° 5.00x 107 5.00x 1073 262
5.00x 10 1.00x 107 5.00x 1073 519
5.00x 10 1.50x 107 5.00x 1073 801
5.00x 10 2.00x 107 5.00x 1073 994

ka=4.96 x10° M st

52

kobs (5_1)

1200
1000
800
600
400
200
0

0 0.001

y = 4.96E+05x + 2.42E+01
R?=0.9946

0.002
[1b] (M)
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Table S12. Quinone methide 2d and potassium 4-methylthiophenolate (K-1b) in DMSO (detection at 371 nm)
500

[2d]o (M) [1b]o (M) [1b-H]o (M)  kobs (s7%)
5.00 x 10°° 1.34x 107 5.00x 1073 110
5.00 x 10°° 2.67x107™ 5.00x 1073 230
5.00 x 10°° 4.01x10™ 5.00x 1073 345
5.00 x 10°° 5.35x 107 5.00x 1073 457

k2 =8.65x10° M5!

400

kobs (5_1)

300
200

100

y = 8.65E+05x -

3.05E+00

R?=0.9997

0

0.0002 0.0004 0.0006
[1b] (M)

Table S$13. Determination of N and sn parameters for 4-methylthiophenolate (1b) in DMSO.

Quinone E k2 (Mts1)  log k2
methide
2a -17.90 3.31x10% 4.52
2b -17.29 6.67 x 10* 4.82
2c -16.11 4.96 x 10° 5.70
2d -15.83 8.65 x 10° 5.94
N =24.35
sn=0.69

53

6.5
6.0
&55

log

5.0
4.5
4.0

y =0.693x + 16.874

R?=0.9939

-19

-17
E

-15
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Kinetics of reactions of thiophenolate (1c) with quinone methides 2

Table S14. Quinone methide 2a and sodium thiophenolate (Na-1c) in DMSO (detection at 521 nm)

[2a]o (M) [1clo (M) [1c-H]o (M) kobs (s72) ;Z
500x10°  500x10* 500x10° 9.83 2
500x10°  1.00x107° 5.00x10% 16.2 3’% ig
500x105  150x10% 500x10° 22.6 ~ 10
500x10°  2.00x10° 500x10° 29.8 (5)

k2=1.33x10*M1s?

[ y=1.33E+04x + 3.01E+00
R?2=0.9991

0 0.001

0.002
[1c] (M)

Table S15. Quinone methide 2b and sodium thiophenolate (Na-1c) in DMSO (detection at 486 nm)

[2b]o (M) [1clo (M)  [1c-Hlo (M)  Kobs (s72) Eg
500x10°  5.00x10* 5.00x10° 17.0 — 40
500x10°  1.00x10° 5.00x107 30.3 % 30
500x10°  1.50x10° 5.00x107° 44.1 <20
5.00x10°  2.00x103 500x103 583 12

k2=2.75%x10*M71s?

[y =2.75E+04x + 3.03E+00
R?=0.9998

0 0.001

0.002
[1c] (M)

Table S16. Quinone methide 2c¢ and sodium thiophenolate (Na-1c) in DMSO (detection at 393 nm)

Rco(M)  [lco(M)  [cHlo(M) Ko (s7) o
500x10°  5.00x10% 5.00x10% 147 — 400
500x10°  1.00x103 500x103 256 < 300
500x10°  150x10% 500x10% 375 =200
500x10°  2.00x10° 5.00x10% 483 103

k2=2.25%x10°M1s?t

54

y = 2.25E+05x + 3.35E+01
R?=0.9996

0 0.001

0.002
[1c] (M)
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Table S17. Quinone methide 2d and potassium thiophenolate (K-1c) in DMSO (detection at 371 nm)

[2d]o (M) [1c]o (M) [1c-Hlo (M) kobs (s7%)
5.00 x 10°° 1.58 x 107 5.00x 103 78.7
5.00 x 10°° 3.16 x10™ 5.00x 103 152
5.00 x 10°° 4.75 x 107 5.00x 1073 221
5.00 x 107 6.33x10™ 5.00x 102 299

ko=4.61x10°M7*s™?

3

20

240

y =4.61E+05x + 5.43
R?=0.9994

0 0.0004 0.0008

[1c] (M)

Table S18. Determination of N and sn parameters for thiophenolate (1c) in DMSO.

Quinone E k2 (M7s?)  logk
methide
2a -17.90 1.33x 10* 4.12
2b -17.29 2.75 x 10* 4.44
2c -16.11 2.25x10° 5.35
2d -15.83 4.61 x 10° 5.66
N =23.36
sn=0.74

55

6.0
5.5
&5.0

log

4.5
4.0
3.5

y=0.7442x + 17.384
R%=0.9905

-19

-18 -17 -16 -15
E
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Kinetics of reactions of 4-bromo-thiophenolate (1d) with quinone methides 2

Table $19. Quinone methide 2a and potassium 4-bromo-thiophenolate (K-1d) in DMSO (detection at 521 nm)

[2a]o (M) [1dlo (M)  [1d-H]o (M) kobs (s2) 1:
500x10°  3.70x10% 5.00x10° 2.91 10
500x10°  7.40x10* 5.00x10°% 5.70 f i
500x10°  111x10°% 500x10° 8.87 = 4
500x10°  1.48x10° 500x10° 118 (2)

k2=8.06 x 103 M5!

|y =8.06E+03x - 1.40E-01

X R?=0.9995

0 0.0005  0.001  0.0015
[1d] (M)

Table S20. Quinone methide 2b and potassium 4-bromo-thiophenolate (K-1d) in DMSO (detection at 490 nm)

[2b]o (M) [1d]o (M)  [1d-H]o (M) kobs (s%) z:
500x 10  3.70x10* 5.00x10° 6.46 — 20
500x10°  7.40x10* 5.00x107° 13.0 &B 15
500x10°  1.11x10° 5.00x10° 20.7 <10
500x10"°  1.48x10° 5.00x10° 26.6 (5)

k2=1.84%x10*M71s?

y = 1.84E+04x - 3.40E-01
R?=0.9977
0 0.0005  0.001  0.0015
(1d] (M)

Table S21. Quinone methide 2¢ and potassium 4-bromo-thiophenolate (K-1d) in DMSO (detection at 390 nm)

250
[2c]o (M) [1dlo (M) [1d-H]o (M) kabs (s79) 200
500x10°  3.70x10* 5.00x10° 553 =~ 150
5.00x10°  7.40x10* 5.00x10° 113 =

B 100

500x10°  111x10° 5.00x10° 170
50

5.00x10°  148x10° 5.00x10° 220
0

k2=1.49x10° M5t

56

y = 1.49E+05x + 1.80E+00
i R?=0.9989
0 0.0005 0.001  0.0015
(1d] (M)
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Table $22. Quinone methide 2d and potassium 4-bromo-thiophenolate (K-1d) in DMSO (detection at 371 nm)

500
[2dlo(M)  [1dlo(M)  [2d-H]o (M) kobs (s) 400
500x10° 370x10* 500x10° 92.6 = 300
500x10° 7.40x10* 500x10° 191 =

2200

500x10° 1.11x10° 500x103 304
100

500x10° 148x102 500x103 404
0

k2=2.83 x10° M5!

y = 2.83E+05x - 1.39E+01
i R?=0.9993
0 0.0005  0.001  0.0015
[1d] (M)

Table $23. Quinone methide 2e and potassium 4-bromo-thiophenolate (K-1d) in DMSO (detection at 350 nm)

1600 - _
[2e]o (M) [1d]o (M)  [1d-H]o(M) kobs (s7%) y=1.395+06x - 3.41E+0%
1200 R? = 0.9984
500x10°  185x10% 500x10° 225 —
500x10°  2.78x10% 500x103 323 = 800 |
«O

—5 —4 —3
500x10°  3.70x10% 500x10 505 00 L
500x10°  7.40x10% 500x10° 1.01x103

O 1 1 J

-5 -3 -3 3

500x10°  1.11x10° 500x10° 1.50x10 0 00004 00008 0.0012
(1d] (M)

k2=1.39x10° M st

Table S24. Determination of N and sn parameters for 4-bromo-thiophenolate (K-1d) in DMSO.

6.5
Quinone E k2 (Mts1)  log k2
methide 6.0
2a -17.90 8.06x103 3.91 L0
x
2b -17.29 1.84 x 10* 4.26 §D 2.0
4.5
2c -16.11 1.49 x 10° 5.17
4.0
2d -15.83 2.83x10° 5.45 35
2e -15.03 1.39 x 10° 6.14
N =22.80
sn=0.78

57

- y=0.7828x + 17.850
R? = 0.9954
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Kinetics of reactions of 3-chloro-thiophenolate (1e) with quinone methides 2

Table $25. Quinone methide 2a and potassium 3-chloro-thiophenolate (K-1e) in DMSO (detection at 520 nm)

[2a]o (M) [1e]o (M) [1e-H]o (M)  kobs (s7%) 4
500x10°  2.04x10* 5.00x103 1.03 3
500x10°  4.08x10* 5.00x103 1.83 fﬂw 2
500x10°  6.12x10* 5.00x103 2.69 N 1
500x10°  8.16x10* 5.00x103 3.72 o

k2=4.38x10°M1s?

-y =4.38E+03x + 8.50E-02
R? =0.9965

0 0.0005

0.001
[1e] (M)

Table $26. Quinone methide 2b and potassium 3-chloro-thiophenolate (K-1e) in DMSO (detection at 490 nm)

10
[2b]o (M) [1e]o (M) [1e-H]o (M) Kkobs (s72) g
5.00 x 107 2.04x10™* 5.00x1073 2.06 —
5.00 x 107 4.08x10™* 5.00x103 3.82 l;
N
5.00 x 107> 6.12x10™* 5.00x103 5.84
2
5.00 x 107> 8.16 x10™ 5.00x1073 8.21
0

k2=1.00x10* M st

0 0.0005

y = 1.00E+04x - 1.33E-01
R? = 0.9956

0.001
[1e] (M)

Table S27. Quinone methide 2¢ and potassium 3-chloro-thiophenolate (K-1e) in DMSO (detection at 393 nm)

[2¢]o (M) [1e]o (M) [le-H]o(M)  kobs (s™) %
5.00x10°  2.04x10™* 500x107° 189 — o0
5.00x10°  4.08x10* 5.00x10° 35.4 ‘m; 40
500x10°  6.12x10™* 500x107° 52.1 < 20
5.00x10°  816x10* 5.00x10° 75.8 0

k2=9.19 x 10* M1 s1

58

0 0.0005

- y = 9.19E+04x - 1.32E+00
R?=0.9914

0.001

[1e] (M)
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Table $28. Quinone methide 2d and sodium 3-chloro-thiophenolate (Na-1e) in DMSO (detection at 371 nm)

(2d]o (M) [1le]o(M)

[1e-H]o (M) kobs (s72)

5.00x10° 5.00x 107

5.00x 10> 1.00x 1073

5.00x10° 1.50x 107

5.00x10° 2.00x 107

5.00x10° 68.1

5.00x 107 124
5.00x 107 187
5.00x107% 237

k2=1.14x10° M5!

300 r
y = 1.14E+05x + 1.16E+01
250 B 2 _
R?=0.9982
— 200
0
— 150
S
= 100
50
O 1 J
0 0.001 0.002
[1e] (M)

Table $29. Quinone methide 2e and potassium 3-chloro-thiophenolate (K-1e) in DMSO (detection at 350 nm)

[2e]o (M) [1e]o (M)

[1e—H]0 (M) Kobs (S_l)

5.00 x 107 2.04x10™*

5.00 x 107 4.08 x 107

5.00 x 107 6.12x10™

5.00 x 107 8.16x10™

5.00x 1073 156
5.00x 1073 298
5.00x 1073 466
5.00x 1073 640

k2=7.94%x10°M1s?t

700

[ y=7.94E+05x - 1.50E+01
R?=0.9979

0 0.0005 0.001
[1e] (M)

Table $30. Determination of N and sn parameters for 3-chloro-thiophenolate (1e) in DMSO.

Quinone E k2 (Mts1)  log k2
methide
2a -17.90 4.38 x 10° 3.64
2b -17.29 1.00 x 10* 4.00
2c -16.11 9.19 x 10* 4.96
2d —-15.83 1.14 x 10° 5.06
2e —-15.03 7.94 x 10° 5.90
N=22.50
sn=0.78

59

6.5
6.0

y=0.777x + 17.481
R?=0.9902
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Kinetics of reactions of 3-(trifluoromethyl)thiophenolate (1f) with quinone methides 2

Table $31. Quinone methide 2a and potassium 3-(trifluoromethyl)thiophenolate (K-1f) in DMSO (detection at

520 nm)
[2a]o (M) [1f]o (M) [1f-H]o (M) Kobs (s77)
5.00 x 107> 401x10% 5.00x103 1.23
5.00 x 107> 8.02x10™* 5.00x103 2.09
5.00 x 107> 1.20x10° 5.00x10° 3.04
5.00 x 107> 1.60x 10 5.00x10° 4.02

k2=2.33x10°M1s?

kobs (5_1)

y = 2.33E+03x + 2.60E-01
R2=0.9991

0 0.001 0.002

[1f] (M)

Table $32. Quinone methide 2b and potassium 3-(trifluoromethyl)thiophenolate (K-1f) in DMSO (detection at

490 nm)
[2b]o (M) [1f]o (M) [1f-H]o (M) kobs (s7%)
5.00 x 107> 401x10% 5.00x103 236
5.00 x 10 8.02x10* 500x10° 4.45
5.00 x 10 1.20x 103 5.00x 103 6.81
5.00 x 10 1.60x 103 5.00x 103 9.10

k2=5.65x10°M1s?

kobs (5_1)

o N B~ O

10

y = 5.65E+03x + 2.39E-02
R?=0.9993

0 0.001 0.002

(1f] (M)

Table S33. Quinone methide 2c and potassium 3-(trifluoromethyl)thiophenolate (K-1f) in DMSO (detection at

393 nm)
[2c]o (M) [1f]o (M) [1f-H]o (M) kobs (s7)
5.00 x 10 4.01x10* 500x103 22.7
5.00 x 10 8.02x10* 500x103 43.8
5.00 x 10 1.20x 103 5.00x 103 68.0
5.00 x 10 1.60x 103 5.00x103 89.6

k»=5.63 x10* M st

60

kobs (s_l)

100
80
60
40
20

0

- y=5.63E+04x - 3.11E-01
R?=0.9993

0 0.001 0.002

(1f] (M)



Chapter 2. Nucleophilic Reactivities of Thiophenolates

Table S34. Quinone methide 2e and potassium 3-(trifluoromethyl)thiophenolate (K-1f) in DMSO (detection at

350 nm)

800
[2elo(M)  [1flo(M)  [1f-H]o (M)  Kobs (s)

600
500%x10°  2.01x10% 500x10° 104 —
500x10°  401x10* 500x10° 198 =, 400

[}
500x10°  8.02x10° 500x10° 447 =

200
500%x10°  120x10° 500x10° 740

0

k2=6.41x10° M1t

-y =6.41E+05x - 4.48E+01
R%=0.9945

0 0.0005  0.001  0.0015
(1f] (M)

Table S35. Determination of N and sn parameters for 3-(trifluoromethyl)thiophenolate (1f) in DMSO.

6.0
Quinone E ko (M1s1)  log k.
methide 5.5
; 5.0
2a -17.90 2.33x10 3.37 -~
a0 4.5
2b -17.29 5.65 x 103 3.75 L 4.0
2 -16.11 5.63x10*  4.75 35
2e -15.03 6.41 x 10° 5.80 3.0
N=21.75
sn=0.86

61

y =0.8560x + 18.614
R?=0.9949

-18 -17 -16 -15
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Kinetics of reactions of 4-(trifluoromethyl)thiophenolate (1g) with quinone methides 2

Table $S36. Quinone methide 2a and potassium or sodium 4-(trifluoromethyl)thiophenolate (K/Na-1g) in DMSO
(detection at 520 nm)

[2a]o (M) [1g]o (M) [1g-H]o (M)  Kobs (s7%)
5.00x 10> 4.91x10™ 5.00x 103 0.912
5.00x 10> 9.82x 107 5.00x 103 1.42
5.00x 10> 1.03x1073° 5.00x 103 1.41
5.00x 10> 1.47x107 5.00x 103 1.79
5.00x 10> 1.96x 1073 5.00x 103 2.15
5.00x 10 2.05x 1073¢ 5.00x 103 2.21

?The counterion Na* was used instead of K*.

k2=8.16 x10° M5!

2.5

=
= »

kobs (SJ)

o

¥~ y=8.16E+02x + 5.63E-01
R?=0.9940

0.003

0 0.001  0.002
[1g] (M)

Table S37. Quinone methide 2b and potassium or sodium 4-(trifluoromethyl)thiophenolate (K/Na-1g) in DMSO
(detection at 490 nm)

[2b]o (M) [1g-Klo (M)  [1g-H]o(M)  Kobs (s™*)
5.00 x 10~ 491 x10™* 5.00x103 1.51
5.00 x 10~ 9.82 x 1074 5.00x 103 3.01
5.00 x 10~ 1.03 x 1073¢ 5.00x 103 3.01
5.00 x 10~ 1.47 x 1073 5.00x 103 4.22
5.00 x 10~ 1.96 x 1073 5.00x 103 5.39

% The counterion Na* was used instead of K*.

k2=2.63x103Ms?t

y = 2.63E+03x + 3.11E-01
R? =0.9965

0 0.001 0.002
[1g] (M)

Table $38. Quinone methide 2¢ and potassium 4-(trifluoromethyl)thiophenolate (K-1g) in DMSO (detection at

393 nm)
[2¢]o (M) [1glo (M) [1g-H]o (M) kobs (s7%)
5.00 x 10 491x10% 5.00x10°3 15.2
5.00 x 10 9.82x10* 5.00x103 30.8
5.00 x 10 1.47x103 5.00x 103 43.6
5.00 x 10 1.96 x 10 5.00x 103 57.5

k2=2.85%x10*M1s?t

62

70
60
50

£30
x

y = 2.85E+04x + 1.79E+00
i R?=0.9986

0 0.001
[1g] (M)

0.002
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Table $39. Quinone methide 2c and sodium 4-(trifluoromethyl)thiophenolate (Na-1g) in DMSO (detection at

393 nm)
[2¢c]o (M) (1glo (M) [1g-H]o (M)  kobs (s7)
5.00x 10 5.00x 107 5.00x107% 15.8
5.00x 10 1.00x 107 5.00x107 28.8
5.00x10° 1.50x107 5.00x107° 40.8
5.00x 10 2.00x 107 5.00x107% 57.7

k2=2.75%x10*M1st

60

y = 2.75E+04x + 1.38E+00
R2=0.9942

0 0.001
[1g] (M)

0.002

Table $40. Quinone methide 2d and sodium 4-(trifluoromethyl)thiophenolate (Na-1g) in DMSO (detection at 371

nm)
[2d]o (M) [1g]o (M) [1g-Hlo (M)  Kkobs (s7%)
5.00x10° 5.00x 107 5.00x10° 26.6
5.00x10° 1.00x 107 5.00x103 529
5.00x10° 1.50x 1073 5.00x 1073 78.7
5.00x10° 2.00x 107 5.00x 103 109

k2=5.46 x 10* M1 s1

120

- R%=0.9986

y = 5.46E+04x - 1.45E+00

0.001
[1g] (M)

0.002

Table S41. Quinone methide 2e and sodium 4-(trifluoromethyl)thiophenolate (Na-1g) in DMSO (detection at 350

nm)
[2e]o (M) [1g]o (M) [1g-H]o (M)  Kobs (s77)
5.00x 10> 5.00x 10 5.00x 1073 134
5.00x 10> 1.00x 1073 5.00x 103 270
5.00x 10> 1.50x 1073 5.00x 103 408
5.00x 10> 2.00x 1073 5.00x 103 551

k»=2.78 x10° M st

63

600

500

— 400
[7)

=, 300

=~ 200

100

0

y = 2.78E+05x - 6.46E+00
R?=0.9999

0 0.001
[1g] (M)

0.002
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Table S42. Quinone methide 2f and sodium 4-(trifluoromethyl)thiophenolate (Na-1g) in DMSO (detection at

374 nm)

[2f]o (M) (1g]o (M)

[1g-H]o (M)  kobs (s72)

5.00x10° 5.00x 107

5.00x10° 1.00x 107

5.00x10° 1.50x 107

5.00x10° 2.00x 107

5.00x 1073 627
5.00x 1073 1.07 x10°
5.00x 1073 1.40x10°

')

kobs (S

5.00x 103 1.81x10°

ka=7.76 x 10° Mt 5!

2000

1500

1000

500

y = 7.76E+05x + 2.57E+02
R2=0.9972

0 0.001 0.002

[1g] (M)

Table S$43. Determination of N and sn parameters for 4-(trifluoromethyl)thiophenolate (1g) in DMSO.

6.5
Quinone E k2 (Mts)  log k2
methide 6.0
2a -17.90 8.16 x10> 2091 5.5
2b -17.29 2.63x10°  3.42 - 5.0
2 -16.11 2.75x10*  4.45 & 4.5
4.0
2d -15.83 5.46 x 10*  4.74
3.5
2e -15.03 2.78x 105 5.44 20
2f -14.36 7.76 x10°  5.89 ”s
N=21.30
sn=0.86

64

y = 0.8583x + 18.281
R?=0.9983
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Kinetics of reactions of 3,5-bis(trifluoromethyl)thiophenolate (1h) with quinone methides 2

Table S44. Quinone methide 2c and potassium 3,5-bis(trifluoromethyl)thiophenolate (K-1h) in DMSO
(detection at 394 nm)

[2¢]o (M) [1hlo (M) [1h-H]o (M) Kobs (s7) 0
5.00x10°  1.27x10* 5.00x10° 0.208
5.00x10°  2.53x10* 5.00x10° 0.358
5.00x10°  5.06x10* 5.00x107° 0.661
5.00x10°  1.01x10% 5.00x10° 1.25 P

k2=1.18 x 103 M1 st

r y=1.18E+03x + 5.90E-02

0 0.0004

0.0008  0.0012
[1h] (M)

Table S45. Quinone methide 2d and potassium 3,5-bis(trifluoromethyl)thiophenolate (K-1h) in DMSO
(detection at 372 nm)

[2dlo (M)  [1hlo(M)  [Th-Hlo (M) kebs (s 2_2
500x10° 127x10* 500x103 0.432 — 2
500x10° 253x10* 5.00x103 0.724 f 15
500x10° 5.06x10% 5.00x103 1.32 <
500x10° 1.01x10° 500x103 2.50 O'Z

k2=2.34x103 M5t

[ y=2.34E+03x + 1.33E-01

R?=1.000

0.0004  0.0008  0.0012
(1h] (M)

Table S46. Quinone methide 2e and potassium 3,5-bis(trifluoromethyl)thiophenolate (K-1h) in DMSO
(detection at 386 nm)

[2e]o (M) [1hlo (M)  [1h-Hlo (M) Kobs (s7) e
350x10%  127x10% 500x10° 2.12 _ 12
350x10%  253x10% 500x103 3.82 Z g
350x10%  506x10* 500x10° 6.82 ol 4
350x10%  1.01x10° 5.00x10° 13.4 ,

k2=1.27x10*M1s?

65

y = 1.27E+04x + 5.10E-01
R2 =1.000
0 0.0004 0.0008 0.0012
[1h] (M)
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Table S47. Quinone methide 2f and potassium 3,5-bis(trifluoromethyl)thiophenolate (K-1h) in DMSO
(detection at 374 nm)

[2f]o (M) [1h]o (M) [1h-H]o (M)  kobs (s7™)
5.00 x 107> 1.27x10™" 5.00x103 6.43
5.00 x 107> 2.53x10™* 5.00x1073 11.2
5.00 x 107> 5.06x10™* 5.00x1073 21.0
5.00 x 107> 1.01x10° 5.00x102 40.0

k2=3.80x10*M1s?

- y=3.80E+04x + 1.63E+00
R? =1.000

0 0.0004 0.0008 0.0012

[1h] (M)

Table S48. Determination of N and sn parameters for 3,5-bis(trifluoromethyl)thiophenolate (1h) in DMSO.

5.0
Quinone E k2 (Mts)  log k2
methide 4.5
— 3
2c 16.11 1.18 x 10 3.07 o 4.0
2d -15.83 2.34 x 103 3.37 X 35
2e -15.03 1.27 x 10* 411
3.0
2f -14.36 3.80 x 104 4.58
2.5
N=19.71
sn=0.86

66

y =0.8631x + 17.015
R?=0.9949

-17

-16 -15 -14
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Kinetics of reactions of 4-nitro-thiophenolate (1i) with quinone methides

Table $49. Quinone methide 2c and sodium 4-nitro-thiophenolate (Na-1i) in DMSO (detection at 392 nm)

[2c]o (M) [Lilo (M) [1h-H]o (M)  Kkobs (s7%) 0'02.2
6.20x10°  1.59x10* 5.00x 107 9.54 x 1072 ~ 15
6.20x10°  3.13x10* 5.00x10° 1.39x10™ =

6.20x10°  4.61x10* 5.00x10° 1.74x107 ~» 01
6.20x10°  6.45x10" 5.00x107° 2.19x 107} 0.05

k2=2.52x10° M5!

y = 2.52E+02x + 5.72E-02
i R?=0.9985

0  0.00025 0.0005 0.00075
[1i] (M)

Table $50. Quinone methide 2d and sodium 4-nitro-thiophenolate (Na-1i) in DMSO (detection at 390 nm)

2dlo(M)  [Lilo(M)  [Th-Hlo(M) kebs () Zi
112x10* 1.59x10" 500x1073 1.91x107} —0a
1.12x10% 3.13x10* 5.00x107° 2.76x 107! =

1.12x10* 4.61x10* 500x10° 3.50x 107 £02
1.12x10™% 6.45x10* 5.00x103 4.42x10?! 0-(1)

k2=5.15%x 10> M1 st

y =5.15E+02x + 1.12E-01
R?=0.9994

0  0.00025 0.0005 0.00075
(1] (M)

Table S51. Quinone methide 2e and sodium 4-nitro-thiophenolate (Na-1i) in DMSO (detection at 390 nm)

[2e]o (M) [Lilo(M)  [Th-H]o(M) kobs (s 2'2
375x10%  1.59x10* 500x1073 0.930 _

375x10*  3.13x10* 500x1073 144 i”; -
3.75x10%  4.61x10* 500x10° 1.83 < 1
3.75x10%  6.45x10% 5.00x103 2.23 0'(5)

k2=2.66x 103 M1 st

67

y = 2.66E+03x + 5.58E-01
R? =0.9902

0  0.00025 0.0005 0.00075
(1] (M)
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Table S52. Quinone methide 2f and sodium 4-nitro-thiophenolate (Na-1i) in DMSO (detection at 390 nm)

[2f]o (M) [1io (M) [1h-H]o (M)  kobs (s7%)

1.12x 107 1.59x10* 5.00x103 3.22 —
1.12x10*  3.13x10™* 5.00x107° 4.95 ‘wfﬁ
1.12x10%  461x10* 500x10° 6.23 ~
1.12x 107 6.45x10* 5.00x1073 7.37

k2=8.50x 103 M1 s?

y = 8.50E+03x + 2.09E+00
R?=0.9812

0  0.00025 0.0005 0.00075
[1i] (M)

Table S53. Determination of N and sn parameters for 4-nitro-thiophenolate (1i) in DMSO.

4.5
Quinone E k2 (Mts)  log k2
methide 4.0
2 -16.11 251x102  2.40 N3G
o3
2d -15.83 5.15x 102 2.71 330
2e -15.03 2.66 x 103 3.42 25
— 3
2f 14.36 8.49 x 10 3.93 2.0
N=18.91
sn=0.87

68

y =0.8687x + 16.436
R*=0.9962

-17

-16 -15 -14
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Kinetics of the reactions of napthalene-2-thiolate (1j) with quinone methides

Table S54. Quinone methide 2b and potassium napthalene-2-thiolate (K-1j) in DMSO (at 490 nm)

[2b]o (M) [1jlo (M) [1j-H]lo (M) kobs (s72)
5.00x10°  9.92x10° 5.00x102 2.70
5.00 x 105 1.98x10™* 5.00x10° 5.23
5.00 x 10°° 2.97x10* 5.00x1073 8.30
5.00x10°  3.97x10™* 5.00x102 10.3

k2=2.61x10*M1s?t

12

kobs (5_1)

[y =2.61E+04x + 1.55E-01
- R? =0.9937
.0000 0.0002 0.0004
[1j] (M)

Table S55. Quinone methide 2c and potassium napthalene-2-thiolate (K-1j) in DMSO (detection at 393 nm)

[2c]o (M) [1jlo (M) [1j-H]o (M) Kobs (s72)
5.00 x 10~ 9.92x10> 5.00x1073 219
5.00 x 10~ 1.98x10™% 5.00x103 44.0
5.00 x 10~ 2.97x10™* 5.00x103 629
5.00 x 107> 3.97x10™* 5.00x103 80.8

k2=1.97x10°Ms?t

100
y = 1.97E+05x + 3.57E+00
80 R?=0.9973
g 60
S 40
20
O L J
0 0.0002 0.0004

(1] (M)

Table S$56. Quinone methide 2d and potassium napthalene-2-thiolate (K-1j) in DMSO (detection at 371 nm)

(2dlo (M) [1j]o (M) [1j-Hlo (M) Kobs (s7)
5.00x10° 9.92x10° 5.00x10° 353
5.00x10° 1.98x10% 500x10° 76.5
5.00x10° 2.97x10* 5.00x10° 111
5.00x10° 3.97x10% 500x10° 139

k2=3.48 x 10° M1 st

69

160

120

80

kobs (5_1)

40

[y = 3.48E+05x + 7.40E-01
R? = 0.9914

0.0004

0 0.0002
[1j] (M)
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Table S57. Quinone methide 2e and potassium napthalene-2-thiolate (K-1j) in DMSO (detection at 350 nm)

[2e]o (M) [1jlo (M)

[1j-H]o (M) kobs (s7)

5.00 x 10 9.92 x 107

5.00 x 10> 1.98 x 107

5.00 x 10> 2,97 x 107

5.00 x 10 3.97x 10

5.00x 102 182
5.00x 1073 431
5.00x 1073 628
5.00x 1073 795

k2 =2.05x10° Mt s?

1000
800

y = 2.05E+06x + 7.39E-01
i R?=0.9914
0 0.0002 0.0004
[1j] (M)

Table S58. Determination of N and sn parameters for napthalene-2-thiolate (1j) in DMSO.

6.5
Quinone E k2 (M7s?)  logk
methide 6.0
2b -17.29 2.61x10* 4.42
& 5.5
2c -16.11 1.97 x 10° 5.29 Qo
250
2d -15.83 3.48 x 10° 5.54
4.5
2e -15.03 2.05 x 10° 6.31
4.0
N =2255
sn=0.83

70

y =0.8316x + 18.750

R?=0.9938
-17 -16 -15 -14
E
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Kinetics of reactions of thiophenolates with further electrophiles E1-E3
- Kinetics of thiophenolate reactions with the 1,2-diaza-1,3-diene E1

/ﬂ\)\ H
-N N. *t oz
Me,N~ 7 N Y ph 7 K S@

g1 O K-1c
Table S59. 1,2-Diaza-1,3-diene E1 and potassium thiophenolate (K-1c) in DMSO (detection at 380 nm)

El]o (M 1clo (M 1c-H]o (M) Kobs (s _
[Ell(M)  [cb{M) [eHboM) k() 200 1y = 7.19E+05x - 9.09E+00
1.79 x 1073 6.25x10° 5.00x103 37.6 150 L R2=0.9981
-3 —4 -3 =
1.79 x 10 1.25 x 10 5.00 x 10 79.6 i 100 |
1.79 x 1073 1.88x10™% 5.00x103 123 < 50
1.79 x 1073 2.50x10™* 5.00x1073 173
0 L L J
0 0.0001 0.0002 0.0003

[1c] (M)

k2=7.19x10° M1 st

Q H
J\)\ “N_N K" S;QCF
Me,N™ 2 SN TP 4 3

0
E1 K-1g

Table S60. 1,2-Diaza-1,3-diene E1 and potassium 4-(trifluoromethyl)thiophenolate (K-1g) in DMSO (detection at
380 nm)

200
_ -1
[EL]o (M) [1glo(M)  [1gHlo(M) kos(s7) t60 | V= 878E+04x +9.09E01
1.79x10°  4.86x10* 5.00x10° 43.1 . R?=0.9994
i i} § 7,120 |
179x10°  971x10% 500x10° 859 L
£ 80 |
1.79x10%  146x10® 500x10° 131 ~
a0
1.79x10%  1.94x10® 500x10° 170
O 1 J
0 0.001 0.002
[1g] (M)

k»=8.78 x 10* M st

71
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- Kinetics of thiophenolate reactions with the isothiocyanate E2

O,N E2 K-1g
Table S61 Isothiocyanate E2 and potassium 4-(trifluoromethyl)thiophenolate (K-1g) in DMSO (detection of
increase at 440 nm)

1600
[E2]o (M) [1g]o (M) [18-H]o (M)  kobs (s7)
1200 |
5.39 x 10~ 486x10° 500x10° 314 =
< 800 |
5.39 x 10~ 9.71x10* 5.00x10° 602 &
5.39 x 10°* 146x103 500x10° 886 400 ¥ = 5.69E+05x + 4.41E+01
R2 = 0.9993
5.39x 10 1.94x10° 500x1073 1.14x 10° 0 ' ' ,
0 0.001 0002 0.003
[1g] (M)

k2=5.69 x 10° Mt s?

- Kinetics of thiophenolate reactions with the isothiocyanate E3

N _
Y v o
E3 K-1a

Table S$62. Ph-NCS (E3) and potassium 4-methoxy-thiophenolate (K-1a) in DMSO (detection of increase at 320
nm)

1500
[E3]0 (M) [13]0 (M) [1a-H]0 (M) Kobs (S—l) y= 4.75E+04x + 3.61E+01
R2 =0.9999

5.93 x 1073 6.00x10™* O 316 — 1000

"
1.19 x 1072 6.00x10™% 0 603 =

[=]

Y4
1.78x102  6.00x10% 0 886 500
2.37 x 1072 6.00x10™* 0 1.16 x 103 0 . . .

0 0.01 0.02 0.03
[E3] (M)

k2=4.75%x10* M1 st

E3 K-1c
Table S63. Ph-NCS (E3) and potassium thiophenolate (K-1c) in DMSO (detection of increase at 326 nm)

160 r
(E3]o (M) [1c]o (M) [1c-Hlo (M) kobs (s7)
5.93 x 1073 6.00x10™* O 55.3 = 120 ¢
1.19x102?  6.00x10% 0 83.2 ‘Vi 80 r
1.78 x 1072 6.00x10* 0 113 = 40 y =4.90E+03x + 2.58E+01
237x102  6.00x10* 0 142 0 , Rf=09998 .

0 0.01 0.02 0.03
[E3] (M)

k2=4.90x 103 M1 st

72
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4a
13C{*H} NMR (151

MHz),

1 (ppm)
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Chapter 3. Electrophilicities of Acceptor and Donor-Acceptor Cyclopropanes

3.1 Introduction

Owing to the relative weak carbon-carbon bonds in cyclopropanes, which can be further polarized by
electron-donating or -accepting groups, numerous examples exist for utilizing the attack of
nucleophiles at the carbocycle of suitably substituted cyclopropanes to generate a multitude of ring-
opened products.!

The reactivities of Lewis acid-activated 1,1-diester-substituted cyclopropanes in formal (3+2)-
cycloadditions with p-fluorobenzaldehyde have recently been investigated by °F NMR spectroscopy
in the group of Werz.2 Only few efforts have been undertaken to study the immanent reactivity of
acceptor-substituted cyclopropanes. Hanafusa investigated pyridine-attack at a two-fold dimedone
substituted cyclopropane, which does not allow general conclusions because of the unique structure
of the electrophilic substrates.? The kinetic studies by McKinney, on the other hand, are limited to the
reactions of pyridines with only two Meldrum’s acid substituted cyclopropanes in acetonitrile.*

In this chapter it will be described how nucleophiles with known Mayr reactivity parameters N and sy
can be employed to characterize the electrophilicity of bis-acceptor-activated cyclopropanes in DMSO

(Scheme 1).

o
TN Ace NACC
. >k - ®
m® FAce 20 °C R Ac M
R DMSO

Scheme 1. Ring-opening reaction of anionic nucleophiles with bis-acceptor-activated cyclopropanes in DMSO.

Given that the nucleophilic substitution can be expected to follow an Sy2 mechanism, the applicability
of the Mayr-Patz equation (1), which was constructed for Sy1-type reactions,” will be discussed in
comparison with the extended version of the Mayr-Patz equation (2), which was previously suggested
for Sn2-type reactions.® Equation (2) comprises an additional electrophile-dependent parameter s,
which reflects the enhanced influence of the electrophile in Sy2 reactions.

log k> = sn(N + E) (1)

log k; = snse(N + E) (2)
For reactions at sp?-centered electrophiles, typically se = 1 is found, which simplifies equation (2) into
equation (1). In the few previously investigated Sy2 reactions, se < 1 was observed.® It remains to be
tested whether this pattern will also be seen for ring-opening nucleophilic substitution reactions of
cyclopropanes.
Given that thiophenolates in DMSO were found to be potent nucleophiles that have been
characterized with their Mayr reactivity parameters in Chapter 2 of this thesis, they were used to

initiate the reactivity investigations of cyclopropanes. Thiophenolates absorb light in the UV-vis region
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of the electromagnetic spectrum and allowed monitoring the kinetics by photometric methods.
Substituents in the thiophenolates and cyclopropanes were varied systematically to gain
understanding of the electronic factors that control the immanent cyclopropane reactivities.

The investigations were then extended towards carbon-centered anionic nucleophiles in DMSO.
Finally, a series of cyclopropane reactions with pyridines in acetonitrile was used to link the kinetic

data in this work to previously determined rate constants by the McKinney group.

3.2 Results and Discussion

Preparation of Cyclopropanes.

The Meldrum’s acid derived spirocyclopropane 1a was purchased. Corey-Chaykovsky
cyclopropanations of active methylene compounds furnished 1c-e, 1g, and 1j in yields of 36-84%
according to procedures described in ref.” Further information and analytic data can be found in the

Experimental Section.

Investigated electrophilic cyclopropanes

\R 3R N\ _Ph
o%o o o X
oxo N Xy
1a (R =H) 1c (R =H) 1j
1b (R = Ph) 1d (R = 3-CI-CgH,)
1e (R = Ph)
Nucleophiles X
N
o X Z
S x ©
\©X | 5b (X = NO,)
N 5¢c (X = CN)
2a (X = 4-OMe) 4a (X = pyrrolidinyl) X
2b (X = 4-Me) 4b (X = NMe,) o)
2¢c (X =H) 4c (X = OMe)
2d (X = 4-Br) 4d (X = Me) S OFEt
2e (X = 3-Cl)
2f (X = 4-CF3) 5e (X = CN)
5f (X = H)
NG
3

Chart 1. Investigated electrophilic cyclopropanes in this work (top) and reference nucleophiles (bottom).
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Product Studies.

Products of 15 reactions of cyclopropanes 1 with thiophenolates 2 were investigated with or without
aqueous workup and characterized by NMR-spectroscopy or isolated with yields of 39-99% (Scheme
2) respectively. The electrophilic reaction center was observed exclusively to be at the more
substituted cyclopropane carbon. Regardless whether the phenyl, the group that this carbon was
substituted with, was carrying an electron withdrawing chloro substituent in the meta position or an
electron donating methoxy group in the para position. We noted the anions 7 of the ring-opening

reaction to be reasonably stable in DMSO.

Acc DMSO H,Ar Q Acc H,Ar\ia/\r Acc

H,Ar Acc - —_—

S}
\Jr/‘ rt. Acc M® aq Acc
X X

2 1 7 8

characterized by NMR spectroscopy without aqueous workup[a]

7b 7d Ar = 3-Cl-CgH,
7e, Ar = CgHs

isolated after aqueous workup
(o]

o
Ph Ar Ph cN
8a, X = Br (97%) Y
8b, X = H (45%) 8e, Ar = 3-Cl-CgH, (90%) CN
/©/ 0 8¢, X = CHj (96%) ©/ o 8f, Ar = 4-CH3-CgH, (67%) ©/
X

8d, X = OCH; (99%) 89, Ar = 4-CH;0-CgH, (80%) 8h (39%)

Scheme 2. Reactions of cyclopropanes 1 with sodium or potassium thiophenolates Na/K-2 furnished ring-opened products 8

via the initial adducts 7 (yields are given for isolated products). [a] Reactions in dg-DMSO.

Kinetics of Ring-Opening Reactions of Nucleophiles with Cyclopropanes

Thiophenolates can be monitored easily via UV-Vis photometry due to their absorption in the near UV
region. We exploited this fact to follow the decay of the absorption of the thiophenolates near their
Amax in their reaction with cyclopropanes 1 at 20 °C in DMSO. Reactions with nitrogen- or carbon-
centered nucleophiles (3-5) other than thiophenolates were also monitored photospectrometrically,
either by observing the nucleophiles or the emerging products. For fast reactions stopped-flow
photometry was used, while conventional photometry was employed for slower reactions.
Electrophilic cyclopropanes were used in an at least 10 times higher concentration relative to the
nucleophile to achieve pseudo first-order kinetics. In select cases, the nucleophiles were used in excess
instead. The mono-exponential decay or increase was fitted with the function A = Ag exp(—konst) + C or
A = Ao exp(kobst) + C, respectively, to give rate constants kobs (Figure 1a, 1b). The corresponding rate

constants ks Were measured for each nucleophile/electrophile pair at a minimum of four different

93



Chapter 3. Electrophilicities of Acceptor and Donor-Acceptor Cyclopropanes

concentrations of the excess reactants. Plotting kobs Versus the concentration of the excess compound
resulted in linear correlations whose slopes correspond to the second-order rate constants k; (Figure

1c). All k; values obtained in this work are compiled in Tables 1, 2, and 3.

(a)

) (0]
M so Ph ke
Ph” + Tone . Te
20°C
0 DMSO
2c 1e

Kops = 19.7-[1€] + 0.0127
R?=0.9956

0.15

T 0.12
E 0.09
o
- 0.06
s
e 0.03
2
0 , , ,
0 25 5.0 75
t(s) —> [1e] (mM) —

Figure 1. (a) Kinetics of the reaction of cyclopropane 1e with thiophenolate (2c). (b) Monoexponential decay of the
absorbance A at 310 nm in the reaction of 2¢ (0.247 mM, M* = K*) with 1e (2.47 mM). (c) Linear correlation of observed rate

constant kops Versus the concentration of cyclopropane 1e.

Correlation Analysis.
Figure 2b demonstrates the determination of the electrophilicity parameters E and sg of the extended
Mayr-Patz equation (1)® at the example of the electrophilic cyclopropanes 1e and 1g.

log k2(20 °C) = sesn(N + E) (equation 1)
The logarithm of the rate constants k, divided by sy correlate linearly with the known nucleophilicity
parameters N of the employed thiophenolates 2. The intercept of the resulting linear correlation
represents E x sg and the slope s. It should be noted, that se < 1 is typical for the Sn2 reactions. The
resulting E and sg parameters are compiled in Table 1 for reactions of cyclopropanes 1 with
thiophenolates 2 in DMSO. Plots like the one in Figure 1c have been depicted in the Experimental
Section for all employed electrophiles. The Mayr-Patz equation (se = 1 in equation 1) usually only holds
for addition reactions, in which only one new c-bond is formed. For Sy2 reactions, an additional
electrophile-dependent parameter se is necessary to semi quantitatively predict rate constants. Avalue
around 0.5 for s¢ has been reported before for Sy2 reactions.® The investigated cyclopropanes
displayed a se between 0.33 — 0.50 (Table 1).
Reported pK.n values in DMSO show that the Brgnsted basicity of thiophenolates 2 increases when

going from acceptor- to donor-substituted derivatives. Accordingly, the logarithmic second-order rate
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constants (log k) of the ring-opening reactions with the cyclopropanes 1 increase linearly with the
increase of pKau of 2 (Figure 2c) because substituents in 2 are varied in meta- and para-positions and,
thus, remote from the reacting sulfur atom. Brgnsted S values, that is, the slope of the correlations in
Figure 2c, do not show significant differences between the S values of 0.22 and 0.24 for the spiro-
activated cyclopropanes 1d and 1g, respectively, and the fvalue of 0.26 for the (1,1-dicyano)-activated
1j, which lacks the spiro motif.

The logarithm of the second-order rate constants k; also correlates linearly with Hammett G constants
(Figure 2d) of the employed thiophenolates and thus allows to predict rate constants for
thiophenolates that have not been investigated. Substitution of the D-A cyclopropane however did not
result in a linear correlation of log k> versus Hammett o constants (Figure 2e). Instead log k> goes
through a minimum for the unsubstituted cyclopropane 1g and electron donating as well as electron
withdrawing substituents in the cyclopropanes 1i, 1h and1f enhance the reaction rates.

Table 1. Second order rate constants k2 (20 °C) for the reactions of electrophilic cyclopropanes with
thiophenolates in DMSO.

k2 (M71s7)

Electrophile  E/se 2a 2b 2c 2d 2e 2f
N=24.97 N=24.35 N=23.36 N=22.80 N=22.50 N=21.30
sn=0.68 sn=0.69 sn=0.74 sn=0.78 sn=0.78 sn=0.86

1a —20.5/0.49 30.70 18.0( 11.36 n.d. n.d. n.d.

1b —-16.9/0.46 3320 2421 1704 n.d. n.d. n.d.

1c —20.5/0.35 11.20 8.89 5.520 n.d. n.d. n.d.

id —18.9/0.48 84.7 59.2 40.3 25.7 n.d. n.d.

le —18.1/0.33 30.9 28.2 19.7 16.6 14.3 7.74

1f —19.9/0.50 47.7 32.9 20.5 12.3 n.d. n.d.

1g —19.9/0.44 315 21.9 15.0 8.38 6.90 3.68

1h -18.8/0.37 33.7 26.1 20.3 134 n.d. n.d.

1i —18.4/0.45 93.9 65.3 449 33.6 n.d. n.d.

1j —-20.8/0.44 174 113 8.54 4.30 n.d. n.d.

[a] Sodium instead of potassium used as counterion for thiophenolate

The curved Hammett plot is the result of changes in the transition state. This particular effect has
already been reported for the reaction of thiophenolates with benzyl bromides® and investigated with
theoretical methods®. Aggarwal et al.® explained the rate enhancing effect of electron withdrawing
groups (EWG) with a change in the partial charge on the reaction center in the transition state. If the
carbon, where the nucleophilic substitution is occurring, is bearing a partial positive charge in the

transition state, then electron donating substituents (EDG) are rate enhancing.
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Figure 2 (a) Nucleophilic attack of thiophenolates 2 at spirocyclopropanes 1 (in DMSO at 20 °C). (b) Applying the Mayr-Patz
equation (eq 1) to reactions of 1 with 2 results in a linear increase of (log k;)/sn with the nucleophilicity descriptors N of the
thiophenolates 2 (with N, sy from refl9). (c) Brgnsted plots for the cyclopropanes 1d, 1g, and 1j show linear correlations of
the second-order rate constants (log k,) for the ring-opening reactions 1 + 2 with the basicities of the thiophenolates 2a-e
(pKan in DMSO, from ref1l). (d) Linear correlation of the second-order rate constants (log k) for reactions of 1f-i + 2 with the
Hammett substituent constants 6y~ or o, of the nucleophiles 2a-f. For clarity, data for reactions of 2 with 1h are not shown.
(e) Curved relationship of the second-order rate constant (log k;) for the reactions 1f-i + 2 with the Hammett substituent

constants ¢ of the electrophiles 1f-i.

Electron withdrawing substituents on the other hand do not slow the reaction down in this special
case, but instead they compensate the partial negative charge at the reaction center. The result are
enhanced rates with both electron donating and withdrawing substituents. This phenomenon is only
observed with strong, anionic nucleophiles, such as thiophenolates. Other nucleophiles apparently
cannot induce a partial negative charge on the reaction center in the transition state and consequently

such reactions are only slowed down by EWG on the electrophile.%*?
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A limit in the possible strength of electron donating substituents was encountered when para methyl
or methoxy substituents were added to to 1le, since the resulting compounds spontaneously

underwent a Syl type heterolytic cleavage, a Cloke-Wilson type rearrangement to dihydrofurans

EDG
EDG EDG Q
Y
—_— —_—
- U

Scheme 3. Spontaneous Cloke-Wilson rearrangement of donor substituted cyclopropanes. EDG = Me or OMe.

(Scheme 3).13

A comparison of the different acceptor groups on the

employed D-A cyclopropanes is only rudimentary 25[ Oy~O.

possible due to the paucity of data. Figure 3 shows a T 20} OKO. . o
Brgnsted plot of log k, of the reaction of thiophenolate - ST 07;?0. (: \
(2c) with the cyclopropanes 1b, 1d, 1g, and 1j against the g 19 h NC/.\CN
pK, values of the parent acceptor moieties in H,O in lieu Oj .

of pK, values in DMSO.* The behavior is not linear. ° ) oK, _° 12

Nonetheless it can still be demonstrated, that a more  Figure 3. Brgnsted plot of log k; of the reaction
acidic acceptor/leaving group accelerates the reaction of ~ of 1b, 1d, 1g, and 1j with thiophenolate (2c)
the corresponding cyclopropane with the thiophenolates ~ Versus Pk (H20) of the corresponding C-H acids.

(2c).
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Comparing the Reactivities of Cyclopropanes and Michael Acceptors.

How does the reactivity of electrophilic cyclopropanes compare to other electrophiles? One class of
electrophiles that lends itself particularly well for comparison are Michael acceptors. A nucleophilic
cyclopropane ring-opening reaction can be seen as a homologous Michael addition (Scheme 4).

S EWG

EWG
Nu + ><J EWG

N4 ®Nu EWG

® EW
Ny §/EWG - - Nu/\% G
EWG EWG

Scheme 4. Cyclopropane ring-opening reaction (top) and Michael addition (bottom).

However, while these two reactions look very similar on paper, they are very different in terms of
thermodynamics and kinetics. In reactions of cyclopropanes a ring strain of 115 kJ mol? is released,
which provides a strong thermodynamic driving force. Interestingly, this thermodynamic advantage
does not translate into more favorable kinetics for cyclopropanes. The opposite is the case, Michael
acceptors are much more reactive than cyclopropanes that carry identical acceptor groups (Figure 4

and 5).
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Figure 4. Comparison of log k; for the reaction of Michael acceptors with thiophenolate (2c) (left side, calculated with the
Mayr-Patz equation (equation 1 with sg = 1)) with the ring-opening reaction of cyclopropanes 1 with thiophenolate (2c) (Table

1).
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Comparison of only E parameters would be misleading here, as the significant effect of se would be
overlooked in this case. Therefore, Figure 4 shows a direct comparison of the rate constants log k, for
reactions of 2c with Michael acceptors®® (Figure 4, left side) and cyclopropanes 1 (Figure 4, right side).
Direct comparison of log k; is a better metric in this case, at the cost of only being valid for a single
nucleophile. Thiophenolate (2c) is as reactive towards the most electrophilic cyclopropane 1b
investigated in this work as towards the weak Michael acceptor tert-butyl acrylate (Figure 4). This fact
shows impressively how much Michael acceptors are more reactive when compared to cyclopropanes.
Also notable is the small range of reactivity of the cyclopropanes when compared to the Michael
acceptors (Figure 4). The quite diverse set of electrophilic cyclopropanes covers a reactivity range
slightly larger than the two very similar Michael acceptors tert-butyl acrylate and methyl acrylate. This
demonstrates the small influence of cyclopropane substitution in relation to its reactivity. The same
insight can be gained from the Brgnsted plot in Figure 3: a big change in pK, leads to only a minute
change in reactivity.

In Figure 5, cyclopropanes and Michael acceptor reactions with 2c with identical substitution are
directly compared, demonstrating a difference in k; of 6 to 9 orders of magnitude. The rate constants
for the Michael acceptors are purely hypothetical though, as they would actually be lower due to the
diffusion limit. The comparison is not perfect though, since a tertiary cyclopropane is compared to a
secondary Michael acceptor. Steric hindrance plays a huge role in these reactions and it was reported
before that the reactivities of Michael acceptors decrease by more than 7 orders of magnitude when
the secondary reaction center is substituted with a methyl to become tertiary.’® In cyclopropanes
phenyl substitution is leading to a roughly 15 fold rate enhancement (1a to 1b, table 1) in one case and
still 3 times rate enhancement (1c to 1e, Table 1) in the other. This is due to sterics being pitted against
electronics in this case, with electronics’ positive effect on rates barely outweighing the negative effect
of sterics. This effect is big enough, however, to only observe nucleophilic attack at the more
substituted cyclopropane 1 in our study. Here we also note one more profound difference in
cyclopropane and Michael acceptor reactivity: adding a phenyl moiety to the reaction center leads to
a small rate increase for cyclopropanes, but to a huge decrease in rates for Michael acceptors.”
Furthermore, the need to break a carbon-carbon ¢ bond instead of a weaker © bond causes higher
activation barriers. The degree of reorganization is also bigger for cyclopropanes, which causes an
increase in activation barriers relative to Michael acceptors according to the principle of least nuclear

motion.*®
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Figure 5. Comparison of relative rate constants k. for the ring-opening reaction of cyclopropanes 1 with thiophenolate (2c)
(top, Table 1) with the reaction of Michael acceptors with thiophenolate (2c) (bottom, calculated with the Mayr-Patz

equation).1?

While reactions with D-A cyclopropanes have much higher intrinsic barriers than comparable reactions
with Michael acceptors, in terms of the Gibbs reaction energy, the cyclopropanes have a clear
advantage. Thiophenolates 2 form stable products with cyclopropanes 1, but not with quinone
methides (Scheme 5).%° This still holds true, when the quinone methide is more reactive by 5 orders of
magnitude than a cyclopropane towards thiophenolates. We also investigated further D-A
cyclopropanes without spiro ring systems like 1j. The structurally related diketone and diester
analogues of dinitrile 1j failed to deliver well-behaved kinetics as well as the desired products in
acceptable yields. Apparently the electrophilicity of the carbonyl groups is exceeding the cyclopropane
electrophilicity at that point. Consequently, Lewis acid catalysis is a requirement for a clean ring-
opening reaction in this case. Therefore, the relative reactivity of these compounds cannot be

compared without Lewis acid catalysis and is thus beyond the scope of this work.
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Scheme 5. Reaction of quinone methides with thiophenolates (top) and reaction of cyclopropanes 1 with thiophenolates 2

(bottom).
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It should also be mentioned that the cyclopropanes derived from Meldrum’s acid (1a and 1b) are not
only more reactive than other cyclopropanes, but also offer more synthetic options, as the acceptor
ester groups can be easily saponificated, decarboxylated or otherwise transformed into functional
groups that are much weaker electron withdrawing groups and thus would not allow for a nucleophilic

cyclopropane ring-opening reaction.

C-Nucleophiles.

The reactions and the rate constants (Table 2) of D-A cyclopropane 1g with seven C-nucleophiles (5a-
g) (Figure 6a, 6b) and sodium azide (3) were investigated. All seven C-nucleophiles absorb light in the
UV-Vis spectrum and conventional photometry was used to follow their decay in reactions with
cyclopropanes 1 (Figure 6c). The carbanionic products 9 also absorb light in the visible spectrum (Figure

7), this was used to monitor the reaction with azide (3). Three products were isolated and characterized

(Figue 6d).
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s e | [Ton, T
o
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Figure 6. (a) Ring-opening reaction of D-A cyclopropane 1g with carbanions 5a-g to carbanions 9. (b) Employed C-nucleophiles.
(c) UV-Vis spectra over the course of the reaction of 5b (0.125 mM) with 1g (7.5 mM) in DMSO at 20 °C. The black spectrum
was acquired without the subsequently added electrophile 1g. (d) Isolated products after aqueous workup with respective

yield.

The reaction of cyclopropanes with sodium azide (3) proceeded analogously to the ring-opening

reactions with carbanions. The procedure to gain rate constants ko»s and k> was as described for the

analogous kinetic measurements with thiophenolates 2 (Figure 1). Again, the reaction was highly
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chemoselective, and nucleophilic attack was observed only at the higher substituted carbon. The rate

constants k; are gathered in Table 2.

Table 2. Second-order rate constants k2 (20 °C) for the reactions of electrophilic cyclopropane (1g) with
carbanions (5a-g) and sodium azide (3) and their Mayr nucleophilicity parameters N/sn in DMSO.

Nucleophile N/sn k2 [M~t 574 ka/kacalc!®!
5f-K 27.54/0.57 47.3 1/1.7
5e-K 23.64/0.65 4.60 1/2.6
5g-K 23.15/0.60 3.73 1/1.9
5¢-K 25.11/0.64 3.11 1/9.4
6-Na 20.50/0.59 8.24 x 1072 1/17
5a-K 19.46/0.58 2.62 x 1072 1/29
5b-K 19.67/0.68 2.04 x 1072 1/42
5d-K 20.24/0.60 1.76 x 1072 1/70

[a] Parameters from www.cup.lmu.de/oc/mayr/DBintro.html.

[b] k2caic was calculated with equation 1 (E=—19.9 ,se=0.44 ) for 1g.

Carbanions were employed as reference nucleophiles to check whether the electrophilicity parameters
E and st depend on the class of nucleophile used. Usually the electrophilicity parameters E and sg are
independent of the nucleophile class used, but here steric influence is becoming a significant factor for
the application of equation 1.2° Even though the difference in steric demand of the reactive centers of
the potassium thiophenolates 2 and the secondary potassium carbanions 5 are considerable, the

differences in reactivity are small (Table 2, Figure 7).

4 log kp / sy = 0.441 N - 8.79
3 R? =0.9885
L - >
> 1 .
I
L1
2t log ko / sy =0.723 N - 16.7
3t R? = 0.9298
_4 i Il i Il i
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N

Figure 7. Linear correlation of log k»/sn versus N for the reactions of the carbon nucleophiles 5a-g with cyclopropane 1g (black
dots and black correlation line). The red dots and red correlation line represent the reaction of 1g with the potassium
thiophenolates 2a-e. The green dot represents the reaction of 1g with sodium azide (3). Data taken from Tables 1 and 2. All

reactions were performed in DMSO at 20 °C.
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Steric hindrance is expected to cause the bulkier carbanions 5 to be less reactive than thiophenolates
towards tertiary D-A cyclopropane 1g. The increased scattering in the linear correlation of the C-
nucleophiles 5 compared to the thiophenolates 2 is also credited to steric effects. Sodium azide (3) was
excluded from the carbanion correlation line, while being accidentally a perfect fit. For the
investigated, practical reactivity range, the deviation of carbanion reactivity compared to
thiophenolate reactivity was less than a factor of 100, which is considered the expected accuracy of
the (extended) Mayr-Patz equation. So even with the steric differences, the electrophilicity parameters
E and sg gained from reactions with thiophenolates can be used to estimate rate constants with other
nucleophiles like carbanions 5 and azide (3). We expect a smaller error for the electrophilic

cyclopropanes 1a and 1c, as they are much less bulky and thus less susceptible to steric effects.

Pyridines as N-Nucleophiles in Acetonitrile.

Furthermore, we investigated the reaction of the D-A cyclopropane 1b with substituted pyridines 4 in
acetonitrile at 20 °C (Figure 8, Table 3). Zwitterions 10 absorb light in the visible spectrum, unlike
cyclopropanes 1 or substituted pyridines 4 and their appearance was followed with conventional

photometry to obtain rate constants kobs (Figure 8b) and subsequently k, as mentioned before.
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Figure 8. (a) Ring-opening reaction of D-A cyclopropane 1b with substituted pyridines 4a-d to yield zwitterions 10. (b) UV-Vis

spectra over the course of the reaction of 4d (0.8 M) with 1b (2 mM) in acetonitrile at 20 °C.

McKinney et al. had reported rate constants and activation parameters for the reaction of the
cyclopropanes 1a and 1b with pyridine in acetonitrile.* In this thesis this work was expanded upon to
not only gain insight into the ring-opening reaction of cyclopropanes in DMSO, but also in acetonitrile.
While both solvents are polar and aprotic, it is unknown whether se is solvent-dependent like sy or

solvent-independent like E.
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Table 3. Second order rate constants k2 (20 °C) for the reactions of D-A cyclopropane (1b) with substituted
pyridines (4a-d) and their Mayr nucleophilicity parameters N/sn in acetonitrile.

Nucleophile N/sn k2 [M~t 574 ka/kacalc!®!
4a 15.9/0.67 1.72 x 1072 1/29
4b 15.8/0.66 1.37 x 1072 1/34
4c 13.7/0.67 1.07 x 1073 1/96
4ad 13.7/0.67 1.06 x 1073 1/97

[a] Parameters from www.cup.lmu.de/oc/mayr/DBintro.html. Nucleophilicity parameters determined in CH2Cl,

have been used.

[b] k2calc was calculated with equation 1 (E=—16.9 ,5:=0.46 ).

The linear correlation of log k,/sn for the reaction of 1b with the substituted pyridines 4a-d versus N is
displayed in Figure 9 (see also Table 3). This plot was used to determine E and se for cyclopropane 1b
in acetonitrile, the most electrophilic cyclopropane employed in this work. Nucleophilicity parameters
N and sy for the substituted pyridines 4 in dichloromethane have been used in lieu of such parameters
in acetonitrile. However, the error should be systematic and small, as can be seen by the comparison
of nucleophilicity parameters for 4b, which were determined in both solvents (N/sy =15.51/0.62

(MeCN) and 15.80/0.66 (CH,Cl,)).*®
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Figure 9. Linear correlation of log k»/sy versus N for the reactions of the substituted pyridines 4a-d with cyclopropane 1b in
acetonitrile at 20 °C. Data taken from Table 3. Rate constant for the reaction with pyridine at 20 °C has been calculated from
activation parameters published by McKinney et al.* It should be noted, that there are 5 data points in this graph. £ =-19.5,

sg=0.75.

Does the electrophilicity of cyclopropane 1b depend on the nucleophile type and solvent used? Yes,
but only to a small degree, as can be seen by the comparison of parameters E and se for 1b in DMSO
(E=—16.9 s5:=0.46, Table 1) and acetonitrile (E=—19.5 s¢=0.75 Figure 6). The differences in E and s

compensate each other partially. In Table 3 the deviation of the experimentally determined k; values
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and kacaic is shown in the last column. Rate constants kacaic Were calculated with equation 1 and the E
and sg parameters for cyclopropane 1b determined in DMSO with thiophenolates 2 (Table 1). This small
change in reactivity, as expressed by the different E/se parameters for 1b, can be attributed to the
sterically more demanding substituted pyridines and solvent effects. Pyridines 4 are expected to be
less reactive towards cyclopropanes 1 than thiophenolates 2, resulting in slightly different E and s¢
parameters. The same effect can be seen in Figure 7 for thiophenolates 2 and C-nucleophiles 5, without
a change in solvent at the same time. Given that the relations between thiophenolates 2 versus C-
nucleophiles 5 reactivities (Table 2) and thiophenolates 2 versus substituted pyridine 4 reactivities
(Table 3) towards cyclopropanes 1 look quite similar, we would assume the solvent effect on E and s¢
to be small when changing the solvent from DMSO to acetonitrile. Instead we attribute the changes in
reactivity mostly to sterics. As a consequence, rate constants can also semi-quantitatively be estimated
for neutral nucleophiles in different (aprotic polar) solvents. The calculated rate constants in Table 3
would barely suffice the requirements of prediction accuracy within a factor of 100. But it has to be
mentioned, that this is almost a worst case scenario: Sterics play a huge role here, the solvent was
switched from DMSO to acetonitrile, the nucleophile switched from anionic sulfur to neutral nitrogen,
a Sn2 mechanism is at play and the error would only become smaller if stronger nucleophiles were
employed. The nucleophilicity (N) range of the employed substituted pyridines 4 has the error ka/kacaic
(Table 3) at its maximum, substantially weaker nucleophiles cannot be employed due to
thermodynamic and kinetic reasons. Furthermore, nucleophilicity parameters N and sy for substituted
pyridines 4 were determined in CH,Cl, instead of MeCN and contribute to an increase of the deviation.
This demonstrates the applicability of the extended Mayr-Patz equation even under adverse conditions
and how the electrophilicity parameters E and sg for cyclopropanes 1 presented in this work can be

used to predict rate constants on a semi-quantitative level.

3.3 Conclusion

The electrophilic reactivity of acceptor and donor-acceptor cyclopropanes 1 was systematically
surveyed for the first time and the acquired second-order rate constants for the reactions with
thiophenolates 2, C-nucleophiles 5 and sodium azide (3) were used to determine the electrophile
specific parameters E and s¢ of the extended Mayr-Patz equation (equation 1). It has now become
possible to semi-quantitatively predict rate constants for these cyclopropanes with over 1200
previously characterized nucleophiles.’® It was demonstrated that steric effects lead to a decrease in
prediction accuracy. Now the stage is set for systematic investigations on the effect of different Lewis

acids on the reactivity of (donor-)acceptor substituted cyclopropanes. Furthermore, electrophilic
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cyclopropanes were compared to Michael acceptors and the enormous differences in reactivity were
quantified. The small influence of cyclopropane substitution upon rate constants was reported.
Uncommon, U-shaped Hammett plots were observed for the reactions of cyclopropanes 1 with

differently substituted aryls with thiophenolates 2.
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3.5 Experimental Section

3.5.1 General

All compounds used for the synthesis of the cyclopropanes and of the thiophenolates excepting the
differently substituted styrenes were purchased from commercial suppliers and used without further
purification. Bromine (99.8%), acetylacetone (>99%), malonodinitrile (99%) and potassium
tert-butanolate (>98%) were purchased from Acros Organics. Dimethyl sulfide (>99%), sodium hydride
(95%), 1,3-indandione (97%), 1,5,7-triazobicyclo[4.4.0]dec-5-ene (98%), 4-methoxythiophenol (97%),
4-methylthiophenol (98%) and thiophenol (97%) were obtained from Sigma-Aldrich. Dimedone (98%)
and N-iodosuccinimide (97%) were purchased from abcr GmbH and diethyl malonate was obtained
from Jansen Chimica at 99% purity. Potassium carbonate was purchased from AppliChem at analytical
grade. Styrene (99.5%) was obtained from Acros Organics, 4-trifluoromethylthiophenolate (>95%),
4-methoxystyrene (>98%) and 4-methylstyrene (>96%) from TCl and 3-chlorostyrene (98%) from Alfa
Aesar. All styrenes were distilled in vacuo prior to use to remove the stabilizer. NaH, KOtBu and the
differently substituted thiophenols were stored in a glovebox under argon atmosphere. Cyclopropane
1a was acquired from TCI (>98%).

n-Pentane was distilled prior to use. DMSO and dichloromethane (DCM) over molecular sieves were
purchased from Acros Organics with a purity of 99.8%.

The used deuterated solvents were obtained from Eurlsotop. For thin layer chromatography silica gel
plates with F-254 fluorescence indicator from Merck were used. Flash column chromatography was
performed on silica gel 60 (0.040-0.063 mm) from Merck with mixtures of ethyl acetate (EtOAc) and
n-pentane.

'H and 3C spectra were acquired using a 400 MHz or a 600 MHz nuclear magnetic resonance (NMR)
spectrometer. For the *C-spectra proton decoupling was applied. The following abbreviations and
combinations of them were used when characterising the NMR spectra: s =singlet, d = doublet,
t = triplet, q = quartet, m = multiplet. Chemical shifts are given in parts per million (ppm) and the
internal reference was set to either d-chloroform (6 =7.26 ppm, 6c=77.0 ppm) or DMSO-ds
(61 =2.50 ppm, 6¢ = 39.5 ppm).

High-resolution mass spectrometry (HRMS) was performed with either a Thermo Finnigan LTQ FT Ultra
Fourier transform ion cyclotron resonance spectrometer, a Q-Exactive GC Orbitrap, a Finnigan MAT 95
or a Finnigan MAT 90 GC/MS. Samples were ionized either by electron spray ionisation (ESI) or electron

impact ionisation (EI).
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Infrared (IR) spectra were acquired on PerkinElmer SpectrumBX-59343 instrument with a Smiths
Detection DuraSamplIR Il Diamond ATR sensor for detection in the range of 4500-600 cm™.

Melting points were measured using a Blchi melting-point M-560 device and are not corrected.

3.5.2 Synthesis

General Procedure A (GP A): Synthesis of Cyclopropanes via Bromosulfonium Bromides

K,COg3
%
_ Br, Br |, 5 EWG” “EWG Ar
LN T Y X7,
Ar DCM DCM/H,0 EWG~ "EWG
OoC Ar r-t
45 min. 24 h 1

The synthesis route via bromosulfonium bromides was done according to a procedure by Tukhtaev et
alt

In a dry round-bottom flask under argon atmosphere a solution of dimethyl sulfide in DCM (5 M,
5 equiv.) was prepared under stirring prior to adding either unsubstituted or substituted styrene (1 M,
1 equiv.). The reaction mixture was cooled to 0 °C and a solution of bromine in DCM (5 M, 1 equiv.)
was added dropwise under stirring. Colorless precipitates formed within 2 minutes after bromine was
added. The reaction mixture was stirred at 0 °C for 45 min. After complete decoloration, the resulting
precipitate was filtrated in vacuo and washed with diethyl ether (2x).

The collected bromosulfonium bromide was directly used in the synthesis of the cyclopropanes 1.
Potassium carbonate (1.5 M, 3 equiv.) was first added to a stirred solution of bromosulfonium bromide
in a 50 v% DCM:H,0 mixture (0.5 M, 1 equiv.) under argon atmosphere. The methylene compound was
then quickly added (0.5M, 1equiv.) and the reaction mixture was stirred for 24 h at room
temperature. The reaction was followed by GC-MS. After reaction completion the organic layer was
separated, and the aqueous layer was washed with DCM (3x). The combined organic layers were dried
(MgS04) and DCM was removed in vacuo. The obtained crude product was purified by flash column

chromatography on silica gel with mixtures of n-pentane/ethyl acetate.
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General Procedure B (GP B): Synthesis of Cyclopropanes via a Radical Pathway

R
H H >
t 0 o DCM, Ar
NG o S o
R R R 3-5h R R

white LED 1

Into a dry, argon-flushed round-bottom flask the 1,3-dicarbonyl compound (0.1 M, 1 equiv.) was added
together with N-iodosuccinimide (NIS) (0.2 M, 2 equiv.) and 1,5,7-triazobicyclo[4.4.0]dec-5-ene (TBD)
(0.1 M, 1 equiv.) to dry DCM according to a modified procedure by Qian et al.? Unsubstituted or
substituted styrene (0.3 M, 3 equiv.) was then added while stirring. The white LED was turned on and
the reaction was stirred for 3 to 5 h. The reaction progress was followed by TLC.

After reaction completion, the brown mixture was extracted first with an equal amount of sodium
thiosulphate solution until decoloration to orange/yellow was observed. The organic phase was
separated from the aqueous phase and the aqueous phase was extracted three times with an equal
volume of DCM. The organic phase was washed three times with ag. NaOH (1 M) and subsequently
with brine. The combined organic layers were dried over MgSO4 and DCM was removed in vacuo. The

obtained crude product was purified by flash column chromatography with n-pentane/EtOAc mixtures.
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(2-bromo-1-phenylethyl)dimethylsulfonium bromide

Br I\é/lc% Br
~ Br Me” 1 ?
+ MeZS 4 5 5
DCM
0°C 7
45 min. 8

According to GP A: A solution of dimethyl sulfide (17.6 mL, 14.9 g, 0.24 mol) and styrene (5.50 mL,
5.00 g, 48.0 mmol) in DCM (48 mL) was cooled to 0 °C. Under stirring a solution of bromine (2.46 mL,
7.70 g, 48.0 mmol) in DCM (9.6 mL) was added and stirred at 0 °C for 45 minutes. Decoloration of the
reaction mixture was observed. The reaction mixture was worked up according to GP A. (2-bromo-1-

phenylethyl)dimethylsulfonium bromide precipitated as a colorless solid (11.5 g, 35.0 mmol, 73%).

'H NMR (400 MHz, DMSO-de): 6 =7.57—7.53 (m, 5H, 6-H, 7-H, 8-H), 5.37-5.33 (m, 1H, 1-H),
4.44 —4.34 (m, 2 H, 2-H), 2.94 (s, 3 H, 3-H), 2.67 (s, 3 H, 4-H).

13C{*H} NMR (101 MHz, DMSO-ds): 6 = 130.5 (Cq, C-5), 130.0 (CH, C-8), 129.6 (CH, C-6), 129.4 (CH, C-
7), 58.5 (CHS, C-1), 29.2 (CH,Br, C-2), 23.9 (CHsS, C-3), 22.7 (CHsS, C-4).

HRMS (ESI-positive): 244.9996 found for C1oH14BrS* (calculated: 244.9994).

NMR spectroscopic data agree with spectroscopic data in D,0.3
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6,6-dimethyl-1-phenyl-5,7-dioxaspiro[2.5]octane-4,8-dione (1b)

According to GP B: Meldrum’s acid (1.00 g, 6.94 mmol) was stirred with styrene (2.17 g, 20.8 mmol),
NIS (3.14 g, 13.9 mmol) and TBD (974 mg, 7.00 mmol) in 60 mL dry DCM for 2 h in the presence of a
white LED. Reaction progress was assessed by TLC. The organic phase was separated from the aqueous
phase and the aqueous phase was extracted three times with DCM. The organic phase was separated
from the aqueous phase and the aqueous phase was extracted three times with DCM. The organic
phase was washed with 3 x NaOH solution (1 M) and brine. The combined organic layers were dried
over MgSOs and DCM was removed in vacuo. Flash column chromatography

(n-pentane:EtOAc 90:10 - 70:30) yielded 1b (1011 mg, 4.11 mmol, 59%) as a colorless solid.

H NMR (400 MHz, CDCl3): & = 7.35 — 7.32 (m, 5 H, 9-H, 10-H, 11-H), 3.45 (t, J = 9.4 Hz, 1 H, 1-H), 2.70
(dd, J= 9.3, 4.8 Hz, 1 H, 2a-H), 2.55 (dd, J = 9.5, 4.8 Hz, 1 H, 2b-H), 1.73 (s, 3 H, 6-H), 1.73 (s, 3 H, 7-H).

HRMS (El): 246.0892 found for C14H140,4°* (calculated: 246.0887).

Melting point: 128 °C. Literature: 130 — 131 °C.?

Analytical data match the existing literature.?
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6,6-Dimethylspiro[2.5]octane-4,8-dione (1c)

o o ot 4
O 2 _0O
K,CO
+ B ®_ph 2--3
r\/\s/
. EtOAc s
Ph 100 min., rt. 5
6
1c

To a stirred suspension of dimedone (414 mg, 2.95 mmol) in ethyl acetate (30 mL) was added K,CO;
(1.27 g, 9.19 mmol) and (2-bromoethyl)diphenylsulfonium triflate (1.31 g, 2.96 mmol) simultaneously.
(2-bromoethyl)diphenylsulfonium triflate was obtained in a procedure described by Yakura et al.* After
100 minutes TLC and GCMS control indicated that the reaction was completed.

The reaction mixture was quenched with water (60 mL) and extracted with ethyl acetate (2 x 60 mL).
The organic layers were combined and washed with brine (60 mL), dried (MgSQ,) and concentrated in
vacuo.

The residue was purified by column chromatography (SiO,, n-pentane/EtOAc 95/5->80/20%).
6,6-Dimethylspiro[2.5]octane-4,8-dione 1c (412 mg, 2.48 mmol, 84 %) was obtained as a colorless

liquid.
'H NMR (400 MHz, CDCl3): = 2.55 (s, 4 H, 4-H), 1.76 (s, 4 H, 1-H), 1.12 (s, 6 H, 6-H).
13¢{'H} NMR (101 MHz, CDCls): & = 207.1 (CO, C-3), 53.4 (CHa, C-4), 39.8 (C,, C-2), 30.5 (Cq, C-5), 28.7

(C-1), 27.6 (C-6).

Analytical data match the existing literature®
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1-(3-chlorophenyl)-6,6-dimethylspiro[2.5]octane-4,8-dione (1d)

According to GP A: 3-chlorostyrene (0.90 mL, 1.00 g, 7.22 mmol) was mixed with dimethyl sulfide
(2.64 mL, 2.24 g, 36.1 mmol) in 7.2 mL DCM. Bromine (0.37 mL, 1.15 g, 7.22 mmol) in 1.5 mL DCM was
added at 0 °C while stirring. After reaction completion, the resulting light-yellow solid was directly
employed in the synthesis of the cyclopropane by reacting it with dimedone (513 mg, 3.66 mmol) and
K2COs5 (1.52 g, 11.0 mmol) in 7.30 mL 50 v% DCM:H,0. The crude product was isolated as a brown oil
and purified by flash column chromatography (n-pentane:EtOAc95:5 > 85:15). 1d (360 mg,

1.30 mmol, 36%) was isolated as a colorless solid.

'H NMR (400 MHz, CDCls): 6 =7.23 -7.18 (m, 3 H, 12-H, 13-H, 14-H), 7.10-7.08 (m, 1 H, 16-H), 3.20
(t, /=8.9Hz, 1 H, 1-H), 2.66 — 2.55 (m, 2 H, 5-H), 2.46 (dd, J = 8.9, 3.8 Hz, 1 H, 2a-H), 2.40—-2.24 (m,
3 H, 2b-H and 9-H), 1.14 (s, 3 H, 7-H), 1.05 (s, 3 H, 8-H).

3C{*H} NMR (101 MHz, CDCls): 6 = 205.7 (CO, C-4), 201.8 (CO, C-10), 135.6 (Cq, C-11), 134.1 (CCl, C-15),
129.9 (CH, C-14), 129.4 (CH, C-13), 128.3 (CH, C-12), 127.4 (CH, C-16), 54.2 (CH,, C-5), 53.4 (CH,, C-9),
48.2 (Cq, C-3), 47.0 (CH, C-1), 30.6 (Cq, C-6), 29.5 (CH3, C-7), 28.0 (CH3, C-8), 22.7 (CH,, C-2).

HRMS (El): 276.0913 found for C16H1,ClO,** (calculated: 276.0912).

IR (neat): 2955, 2869, 2837, 1625, 1514, 1463, 1417, 1400, 1367, 1351, 1305, 1247, 1217, 1176, 1167,
1141, 1101, 1031, 959, 914, 884, 830, 811, 769, 726 cm™.

Melting point: 89 °C.
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6,6-dimethyl-1-phenylspiro[2.5]octane-4,8-dione (1e)

According to GP A: (2-bromo-1-phenylethyl)dimethylsulfonium bromide (3.00 g, 9.20 mmol) was
reacted with dimedone (1.30 g, 9.27 mmol) and K,CO3 (3.81 g, 27.6 mmol) in 18.4 mL 50 v% DCM:H,0.
The reaction progress was followed by GC-MS. The crude product was obtained as a yellow oil and
purified by flash column chromatography (n-pentane:EtOAc 95:5 = 90:10). 1e (1.01 g, 4.20 mmol,

46%) was isolated as a colorless solid.

H NMR (400 MHz, CDCls): & = 7.28 —7.18 (m, 5 H, 12-H, 13-H, 14-H), 3.24 (t, J=9.0 Hz, 1 H, 1-H),
2.63 —2.49 (m, 3 H, 2a-H and 5-H), 2.35—-2.17 (m, 3 H, 2b-H and 9-H), 1.11 (s, 3 H, 7-H), 1.02 (s, 3 H,
8-H).

13C{'H} NMR (101 MHz, CDCls): 6 = 205.9 (CO, C-4), 201.8 (CO, C-10), 133.3 (Cq, C-11), 129.7 (CH, C-13),
128.2 (CH, C-12), 128.1 (CH, C-14), 54.2 (CH,, C-5), 53.4 (CH,, C-9), 48.8 (C,, C-3), 48.6 (CH, C-1), 30.6
(Cq, C-6), 29.5 (CHs, C-7), 28.0 (CHs, C-8), 22.3 (CH,, C-2).

HRMS (El): 242.1301 found for C1H150,°* (calculated: 242.1301).

IR (neat): 3063, 2951, 2891, 2871, 1699, 1672, 1645, 1601, 1501, 1456, 1425, 1415, 1380, 1369, 1335,
1318, 1295, 1274, 1218, 1179, 1156, 1146, 1122, 1111, 1078, 1031, 1008, 962, 945, 924, 861, 785, 775,
769, 722, 700, 679, 693 cm™™.

Melting point: 132 — 134 °C. Previously reported were 126 — 128 °C.°

Analytical data match the existing literature.®

115



Chapter 3. Electrophilicities of Acceptor and Donor-Acceptor Cyclopropanes

2-(3-chlorophenyl)spiro[cyclopropane-1,2'-indene]-1',3'-dione (1f)

1f

According to GP B: 1,3-Indandione (439 mg, 3.00 mmol) was stirred with 3-chlorostyrene (1.12 mL,
1.25 g, 9.00 mmol), NIS (1.35 g, 6.00 mmol) and TBD (418 mg, 3.00 mmol) in 30 mL dry DCM for 5 h in
the presence of a white LED. Reaction progress was assessed by TLC. After reaction completion, the
brown mixture was extracted first with sodium thiosulphate solution until decoloration to
orange/yellow was observed. The organic phase was separated from the aqueous phase and the
aqueous phase was extracted three times with DCM. The organic phase was washed with 3 x NaOH
solution (1 M) and brine. The combined organic layers were dried over MgSO4 and DCM was removed
in vacuo. Flash column chromatography (n-pentane:EtOAc95:5 > 85:15) vyielded 1f (776 mg,
2.74 mmol, 91%) as a light yellow solid.

H NMR (400 MHz, CDCls): & = 7.96 — 7.94 (m, 1 H, 6-H), 7.81 = 7.72 (m, 3 H, 7-H, 8-H, 9-H), 7.26 — 7.14
(m, 4 H, 13-H, 14-H, 15-H, 17-H), 3.36 (t, J = 8.9 Hz, 1 H, 1-H), 2.40 (dd, J = 8.7, 4.3 Hz, 1 H, 2a-H), 2.25
(dd, J = 9.0, 4.4 Hz, 1 H, 2b-H).

13C{1H} NMR (101 MHz, CDCls): § = 197.9 (CO, C-4), 195.7 (CO, C-11), 142.7 (C,, C-5), 141.7 (Cq, C-10),
135.8 (Cq, C-12), 135.1 (CH, C-7), 134.9 (CH, C-8), 134.1 (C,, C-16), 129.5 (CH, C-17), 129.4 (CH, C-14),
128.0 (CH, C-15), 127.4 (CH, C-13), 122.68 (CH, C-6), 122.67 (CH, C-9), 42.4 (C,, C-3), 39.9 (CH, C-1), 22.2
(CH,, C-2).

HRMS (El): 282.0448 found for C17H1:ClO,** (calculated: 282.0442).

IR (neat): 3073, 1738, 1701, 1597, 1571, 1478, 1466, 1443, 1375, 1350, 1332, 1313, 1289, 1222, 1193,
1171, 1156, 1114, 1093, 1079, 1041, 1010, 999, 947, 899, 820, 786, 759, 716, 701, 687, 674 cm™.

Melting point: 108 — 109 °C.
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2-phenylspiro[cyclopropane-1,2'-indene]-1',3'-dione (1g)

19

According to GP A: (2-bromo-1-phenylethyl)dimethylsulfonium bromide (5.22 g, 16.0 mmol) was
reacted with 1,3-indandione (2.34 g, 16.0 mmol) and K,COs; (6.63 g, 48.0 mmol) in 32 mL 50 v%
DCM:H;0. The reaction progress was followed by GC-MS. The crude product was obtained as a yellow
oil and purified by flash column chromatography (n-pentane:EtOAc95:5 - 90:10). 1g (2.70 g,

10.9 mmol, 68%) was isolated as a light orange solid, which crystallizes easily.

H NMR (400 MHz, CDCls): 6 = 7.95 — 7.93 (m, 1 H, 6-H), 7.78 — 7.69 (m, 3 H, 7-H, 8-H, 9-H), 7.27 - 7.22
(m, 5 H, 13-H, 14-H, 15-H), 3.42 (t, J = 8.9 Hz, 1 H, 1-H), 2.45 (dd, J = 8.5, 4.5 Hz, 1 H, 2a-H), 2.27 (dd, J
=9.4,3.9 Hz, 1 H, 2b-H).

13C{1H} NMR (101 MHz, CDCls): § = 198.4 (CO, C-4), 196.0 (CO, C-11), 142.8 (C,, C-5), 141.7 (Cq, C-10),
135.0 (CH, C-7), 134.8 (CH, C-8), 133.7 (Cy, C-12), 129.4 (CH, C-14), 128.3 (CH, C-13), 127.9 (CH, C-15),
122.6 (CH, C-6), 122.6 (CH, C-9), 42.8 (C,, C-3), 41.3 (CH, C-1), 22.4 (CH,, C-2).

HRMS (El): 248.0826 found for C;7H1,0,°* (calculated: 248.0832).
IR (neat): 3058, 1702, 1600, 1498, 1456, 1429, 1384, 1333, 1311, 1289, 1223, 1195, 1156, 1117, 1080,
1060, 1043, 1009, 1000, 947, 833, 771, 745, 703 cm™.

Melting point: 136 °C. Previously reported were 126 — 128 °C.2

Analytical data match the existing literature.?
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2-(p-tolyl)spiro[cyclopropane-1,2'-indene]-1',3'-dione (1h)

According to GP B: 1,3-Indandione (439 mg, 3.00 mmol.) was stirred with 4-methylstyrene (1.20 mL,
1.06 g, 9.00 mmol), NIS (1.35 g, 6.00 mmol) and TBD (418 mg, 3.00 mmol) in 30 mL dry DCM for 5 h in
the presence of a white LED. Reaction progress was assessed by TLC. After reaction completion, the
brown mixture was extracted first with sodium thiosulphate solution until decoloration to
orange/yellow was observed. The organic phase was separated from the agueous phase and the
aqueous phase was extracted three times with DCM. The organic phase was washed with 3 x NaOH
solution (1 M) and brine. The combined organic layers were dried over MgSO, and DCM was removed
in vacuo. Flash column chromatography (n-pentane:EtOAc95:5 - 92:8) yielded 1h (589 mg,

2.25 mmol, 75%) as a yellow solid.

H NMR (400 MHz, CDCls): 6 = 7.98 — 7.96 (m, 1 H, 6-H), 7.82 — 7.72 (m, 3 H, 7-H, 8-H, 9-H), 7.20 — 7.10
(m, 4 H, 13-H, 14-H), 3.43 (t,/=9.0 Hz, 1 H, 1-H), 2.47 (dd, / = 8.8, 4.2 Hz, 1 H, 2a-H), 2.32 (s, 3 H, 16-H),
2.30(dd, J=9.1,4.2 Hz, 1 H, 2b-H).

13C{*H} NMR (101 MHz, CDCls): 6 = 198.4 (CO, C-4), 196.1 (CO, C-11), 142.8 (Cq, C-5), 141.7 (Cq, C-10),
137.7 (Cq, C-15), 134.9 (CH, C-7), 134.7 (CH, C-8), 130.6 (Cq, C-12), 129.2 (CH, C-13), 129.0 (CH, C-14),
122.6 (CH, C-6), 122.5 (CH, C-9), 43.0 (Cq, C-3), 41.5 (CH, C-1), 22.4 (CH,, C-2), 21.3 (CH3, C-16).

HRMS (El): 262.0990 found for C1gH140,°* (calculated: 262.0988).

IR (neat): 3018, 2921, 1737, 1699, 1599, 1519, 1449, 1376, 1349, 1332, 1309, 1288, 1222, 1193, 1171,
1156, 1102, 1065, 1040, 1009, 947, 840, 815, 759, 723, 685 cm™.

Melting point: 123 — 126 °C. Literature: 126 — 128 °C.”

Analytical data match the existing literature.?
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2-(4-methoxyphenyl)spiro[cyclopropane-1,2'-indene]-1',3'-dione (1i)

According to GP B: 1,3-Indandione (439 mg, 3.00 mmol) was stirred with 4-methoxystyrene (1.21 mL,
1.21 g, 9.00 mmol), NIS (1.35 g, 6.00 mmol) and TBD (418 mg, 3.00 mmol) in 30 mL dry DCM for 5 h in
the presence of a white LED. Reaction progress was assessed by TLC. After reaction completion, the
brown mixture was extracted first with sodium thiosulphate solution until decoloration to
orange/yellow was observed. The organic phase was separated from the agueous phase and the
aqueous phase was extracted three times with DCM. The organic phase was washed with 3 x NaOH
solution (1 M) and brine. The combined organic layers were dried over MgS0O4 and DCM was removed
in vacuo. Flash column chromatography (n-pentane:EtOAc 95:5 - 85:15) yielded 1i (508 mg,
1.83 mmol, 61%) as a light pink solid.

H NMR (400 MHz, CDCl3): & = 7.97 —7.95 (m, 1 H, 6-H), 7.81 - 7.72 (m, 3 H, 7-H, 8-H, 9-H), 7.22 (d,
J=8.2Hz,2 H,13-H), 6.83 (d,J = 8.8 Hz, 2 H, 14-H), 3.78 (s, 3 H, 16-H), 3.42 (t, J = 8.9 Hz, 1 H, 1-H), 2.45
(dd, J = 8.9, 4.3 Hz, 1 H, 2-Ha), 2.30 (dd, J = 9.1, 4.3 Hz, 1 H, 2-Hb).

13C{'H} NMR (101 MHz, CDCls): & = 198.4 (CO, C-4), 196.1 (CO, C-11), 159.3 (C,, C-15), 142.8 (Cq, C-5),
141.8 (Cq, C-10), 134.9 (CH, C-7), 134.7 (CH, C-8), 130.4 (CH, C-13), 125.6 (Cq, C-12), 122.5 (CH, C-6),
122.5 (CH, C-9), 113.7 (CH, C-114), 55.3 (CHs, C-16), 43.2 (Cq, C-3), 41.5 (CH, C-1), 22.5 (CH,, C-2).

HRMS (El): 278.0938 found for C1gH1405°* (calculated: 278.0937).

IR (neat): 2934, 2835, 1701, 1610, 1558, 1517, 1456, 1376, 1333, 1308, 1290, 1250, 1224, 1179, 1157,
1066, 1043, 1009, 841, 825, 813, 759, 729, 685, 668 cm™.

Melting point: 143 — 145 °C. Literature: 148 — 150 °C.2

Analytical data match the existing literature.?
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2-Phenylcyclopropane-1,1-dicarbonitrile (1j)

1j
According to GP A: (2-bromo-1-phenylethyl)dimethylsulfonium bromide (465 mg, 1.43 mmol) was
reacted with malonodinitrile (97.8 mg, 1.48 mmol) and K>CO3 (593 mg, 4.30 mmol) in 3.00 mL 50 v%
DCM:H;0. The reaction progress was followed by GC-MS. The crude product was obtained as a brown
oil and purified by flash column chromatography (n-pentane:EtOAc 95:5 - 85:15). 1j (141.1 mg,

0.84 mmol, 59%) was obtained as a yellow oil.

'H NMR (400 MHz, CDCl3): 6 = 7.46 — 7.41 (m, 3 H, Ar-H), 7.31-7.29 (m, 2 H, Ar-H), 3.31 (t, /= 9.0 Hz,
1H, 1-H), 2.29-2.23 (m, 2 H, 2-H).

13C{*H} NMR (101 MHz, CDCl3): 6§ = 130.7 (C,, C-6), 129.7 (CH, C-9), 129.3 (CH, C-7), 128.5 (CH, C-8),
115.4 (CN, C-4), 113.1 (CN, C-5), 35.3 (CH, C-1), 22.5 (CH,, C-2), 7.4 (C,, C-3).

HRMS (El): 168.0687 found for C11HsN,** (calculated: 168.0682).

IR (film): 3105, 3032, 2248, 1605, 1501, 1458, 1438, 1375, 1278, 1198, 1087, 1032, 982, 956, 777, 736,
696 cm™.

Analytical data match the existing literature.?
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Product Studies

For selected successfully measured kinetics, product studies were performed by mixing equimolar
guantities of the cyclopropane and the nucleophile in 1 mL dry DMSO under argon atmosphere. After
the reaction was completed, the resulting product was poured in 10 mL 0.01 M HCI solution and
extracted 3 times with DCM. The combined organic phases were washed 3 times with 0.01 M

hydrochloric brine. DCM was evaporated in vacuo.

Sodium 2,2-dimethyl-4-oxo-5-(2-(p-tolylthio)ethyl)-4H-1,3-dioxin-6-olate (7a)

9
. 10 Me
11
7/©/
S

Na@

7a
4-Methylthiophenol (144.1 mg, 1.16 mmol, 1.0 equiv.) and NaH (27.8 mg, 1.16 mmol, 1.0 equiv.) were
dissolved in dry DMSO-ds (10 mL) to generate the nucleophile stock solution (0.116 M). 1.0 mL of this

solution were added to 1a (20.0 mg, 0.116 mmol, 1.0 equiv.) in an NMR-tube and mixed well.

H NMR (400 MHz, DMSO-ds): 5 = 7.23 (d, J = 8.7 Hz, 2 H, 9-H), 7.08 (d, J = 8.1 Hz, 2 H, 8-H), 2.83 —2.79
(m, 2 H, 1-H), 2.32 = 2.28 (m, 2 H, 2-H), 2.25 (s, 3 H, 11-H), 1.43 (s, 6 H, 6-H).

13C{1H} NMR (101 MHz, DMSO-de): 5 = 165.1 (CO, C-4), 134.2 (Cq, C-10), 134.0 (Cq, C-7), 129.5 (CH, C-8),
127.4 (CH, C-9), 99.0 (Cqg, C-5), 71.0 (Cq, C-3), 31.9 (CH,, C-1), 26.0 (CHs, C-6), 25.2 (CHa, C-2), 20.5 (CHs,
c-11).
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Sodium 2,2-dimethyl-4-oxo0-5-(2-phenyl-2-(p-tolylthio)ethyl)-4H-1,3-dioxin-6-olate (7b)

9
10
Me 8
1"
7
g 1314

12
15

4-Methylthiophenol (144.1 mg, 1.16 mmol, 1.0 equiv.) and NaH (27.8 mg, 1.16 mmol, 1.0 equiv.) were
dissolved in dry DMSO-ds (10 mL) to generate the nucleophile stock solution (0.116 M). 0.7 mL of this

solution were added to 1b (20.0 mg, 0.081 mmol, 1.0 equiv.) in an NMR-tube and mixed well.

H NMR (400 MHz, DMSO-de): & = 7.22 — 7.00 (m, 9 H, Ar-H), 4.72 (dd, J = 9.2, 6.9 Hz, 1 H, 1-H), 2.71
(dd,J=13.8,6.9 Hz 1 H, 2-Ha), 2.61 (dd, J = 13.8, 6.9 Hz 1 H, 2-Hb), 2.21 (s, 3 H, 11-H), 1.21 (s, 6 H, 6-H).
13C{1H} NMR (101 MHz, DMSO-ds): & = 165.2 (Cy, C-4), 143.0 (C,, C-12), 135.2 (C,, C-10), 132.9 (Cq, C-
7), 130.4 (CH, C-8), 129.3 (CH, C-9), 128.1 (CH, C-14), 127.6.0 (CH, C-13), 126.2 (CH, C-15), 98.9 (Cq, C-
5), 70.2 (Cq, C-3), 51.1 (CH, C-1), 31.2 (CH,, C-2), 25.7 (CHs, C-6), 20.6 (CHs, C-11).
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Sodium 5,5-dimethyl-3-ox0-2-(2-(p-tolylthio)ethyl)cyclohex-1-en-1-olate (7c)

o 11 Me
12
L0
S

®

2 Na

(o) 3
5 g

7

1
@O

7c
4-Methylthiophenol (144.1 mg, 1.20 mmol, 1.0 equiv.) and NaH (27.8 mg, 1.16 mmol, 1.0 equiv.) were

dissolved in dry DMSO-ds (10 mL) to generate the nucleophile stock solution (0.116 M). 1.0 mL of this

solution were added to 1b (20.0 mg, 0.116 mmol, 1.0 equiv.) in an NMR-tube and mixed well.

1H NMR (400 MHz, DMSO-ds): 6 = 7.27 (d, J = 8.2 Hz, 2 H, 10-H), 7.07 (d, J = 8.1 Hz, 2 H, 9-H), 2.73 —
2.69 (m, 2 H, 1-H), 2.42 — 2.38 (m, 2 H, 2-H), 2.24 (s, 3 H, 12-H), 1.88 (s, 4 H, 5-H), 0.91 (s, 6 H, 7-H).
13C{1H} NMR (101 MHz, DMSO-ds): 5 = 187.6 (CO, C-4), 134.9 (Cq, C-11), 133.4 (Cq, C-8), 129.4 (CH, C-9),
126.9 (CH, C-10), 106.7 (Cq, C-3), 50.7 (CHa, C-8), 31.4 (Cq, C-6), 31.2 (Cq, C-1), 29.1 (CH3, C-7), 23.6 (CH,,
C-2), 20.5 (CHs, C-12).
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Sodium 1-(2-(3-chlorophenyl)-2-(phenylthio)ethyl)-4,4-dimethyl-2,6-dioxocyclohexan-1-ide
(7d)

Thiophenol (14.7 mg, 0.13 mmol, 1.0 eq.) and NaH (3.1 mg, 0.13 mmol) were dissolved in dry ds-DMSO
(1 mL) to generate a solution of potassium thiophenolate. After addition of the cyclopropane 1d
(37.8 mg, 0.13 mmol), the mixture was shaken and transferred into an NMR tube. The ring-opened

product 7d, quantitatively generated in this way, was characterized by NMR spectroscopy and HRMS.

H NMR (400 MHz, DMSO-ds): 5 = 7.29 — 7.08 (m, 9 H, Har), 5.00 (dd, J = 9.5, 6.5 Hz, 1 H, 1-H), 2.88 (dd,
J=12.9,9.5 Hz, 1 H, 2-Ha), 2.64 (dd, J = 13.0, 6.5 Hz, 1 H, 2-Hb), 1.84 — 1.75 (m, 4 H, 5-H), 0.74 (s, 6 H,
7-H).

13C{1H} NMR (101 MHz, DMSO-ds): & = 187.8 (CO, C-4), 145.8 (C,, C-8), 137.0 (C,, C-14), 132.0 (Cq,
C-12), 129.1 (CH, C.r), 128.6 (CH, Car), 127.9 (CH, Ca), 126.8 (CH, Car), 125.9 (CH, Car), 125.3 (CH, Car),
104.9 (C, C-3), 50.5 (CHa, C-5), 49.4 (CH, C-1), 31.0 (Cq, C-6), 29.6 (CH,, C-2), 28.8 (CHs, C-7).

HRMS (ESI positive): 387.1182 found for C;;H24ClO,S* (calculated: 387.1180).
HRMS (ESI negative): 385.1037 found for C;;H,>ClO,S™ (calculated: 385.1035).
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Potassium 4,4-dimethyl-2,6-dioxo-1-(2-phenyl-2-(phenylthio)ethyl)cyclohexan-1-ide (7e)

Thiophenol (9.8 mg, 0.089 mmol, 1.0 eq.) and KOtBu (10.0 mg, 0.089 mmol) were dissolved in dry de-
DMSO (1 mL) to generate a solution of potassium thiophenolate. After addition of the cyclopropane
1le (21.6 mg, 0.089 mmol), the mixture was shaken and transferred into an NMR tube. The ring-opened

product 7e, quantitatively generated in this way, was characterized by NMR spectroscopy and HRMS.

H NMR (400 MHz, DMSO-de): & = 7.32 — 7.27 (m, 4 H, 13-H and 14-H), 7.19 — 7.02 (m, 6 H, 9-H, 10-H,
11-H, 15-H), 5.05 (dd, J = 9.1, 6.7 Hz, 1 H, 1-H), 2.88 (dd, J = 12.9, 9.1 Hz, 1 H, 2a-H), 2.66 (dd, J = 13.0,
6.7 Hz, 1 H, 2b-H), 1.80 — 1.72 (m, 4 H, 5-H), 0.74 (s, 6 H, 7-H).

13C{1H} NMR (101 MHz, DMSO-de): & = 187.5 (CO, C-4), 143.4 (C,, C-8), 138.2 (C,, C-12), 128.5 (CH,
C-13), 128.4 (CH, C-14), 128.1 (CH, C-9), 127.3 (CH, C-10), 125.8 (CH, C-11), 124.7 (CH, C-15), 104.7 (C,
C-3), 50.8 (CH,, C-5), 49.7 (CH, C-1), 31.0 (Cq, C-6), 29.8 (CH,, C-2), 29.0 (CHs, C-7).

HRMS (ESI positive): 353.1572 found for C3;H,50,S* (calculated: 353.1570).
HRMS (ESI negative): 351.1426 found for Cx;H»30,S™ (calculated: 351.1424).
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Sodium 2-(2-((4-bromophenyl)thio)-2-phenylethyl)-1-oxo-1H-inden-3-olate (7f)

10

7f

4-Bromothiophenol (98.5 mg, 0.52 mmol, 1.0 equiv.) and NaH (12.5 mg, 0.52 mmol, 1.0 equiv.) were
dissolved in dry DMSO-ds (5 mL) to generate the nucleophile stock solution (0.104 M). 0.35 mL of this
solution were added to 0.35 mL of a solution of 1g (0.104 M, 1.0 equiv.) in dry DMSO-ds in an NMR-

tube and mixed well. The solution turned dark brown instantaneously.

H NMR (400 MHz, DMSO-de): 6 = 7.41 — 7.38 (m, 2 H, 10-H), 7.30 (d, J = 7.3 Hz, 2 H, 13-H), 7.28 (d, J =
8.6 Hz, 2 H, 9-H), 7.18 (t, J = 7.4 Hz, 2 H, 14-H), 7.12 = 7.09 (m, 1 H, 15-H), 7.08 (dd, J = 5.0, 3.0 Hz, 2 H,
7-H), 6.91 - 6.87 (m, 2 H, 6-H), 4.98 (dd, J = 8.6, 6.8 Hz, 1 H, 1-H), 2.71 (dd, J = 13.9, 8.8 Hz, 1 H, 2-Ha),
2.64 (dd, J = 14.0, 6.6 Hz, 1 H, 2-Hb).

13C{1H} NMR (101 MHz, DMSO-ds): 5 = 188.7 (CO, C-4), 142.1 (C,, C-3), 141.1 (C,, C-5), 136.4 (C,, C-8),
131.40 (CH, C-10), 131.36 (CH, C-9), 128.3 (CH, C-7), 127.9 (CH, C-13), 127.8 (CH, C-14), 126.5 (CH,
C-15), 118.5 (C-Br, C-11), 115.9 (CH, C-6), 101.3 (C,, C-12), 49.7 (CH, C-1), 28.8 (CHs, C-2).

HRMS (ESI): 435.0060 found for C,3H160,7°BrS™ (calculated: 435.0060).
437.0040 found for C3H160,8'BrS™ (calculated: 437.0039).
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2-(2-((4-bromophenyl)thio)-2-phenylethyl)-1H-indene-1,3(2H)-dione (8a)

To 25.3 mg (0.13 mmol, 1.0 equiv.) 4-bromothiophenol 0.5 mL KOtBu stock solution in dry DMSO
(0.27 M, 15.0 mg, 0.13 mmol, 1.0 equiv.) were added. 0.5 mL 1g stock solution in dry DMSO (0.27 M,
33.2 mg, 0.13 mmol, 1.0 equiv.) were then added. The reaction mixture was mixed well and the
work-up was done according to the procedure above.

8a (57.1 mg, 0.13 mmol, 97%) was obtained as a yellow oil.

H NMR (400 MHz, CDCls): & = 7.95 — 7.89 (m, 2 H, 6-H and 9-H), 7.82 — 7.80 (m, 2 H, 7-H and 8-H),
7.33-7.28 (m, 4 H, 14-H, 17-H), 7.29 — 7.17 (m, 3 H, 13-H, 15-H), 7.13 — 7.09 (m, 2 H, 18-H), 4.82 (dd,
1=9.1,7.2 Hz, 1 H, 1-H), 3.11 (dd, J = 8.0, 5.7 Hz, 1 H, 3-H), 2.54-2.38 (m, 2 H, 2-H).

13C{1H} NMR (101 MHz, CDCls): § = 200.2 (CO, C-4), 200.0 (CO, C-11), 142.2 (C,, C-5), 142.1 (Cq, C-10),
140.3 (C,, C-12), 135.82 (CH, C-7), 135.78 (CH, C-8), 134.2 (CH, C-18), 133.4 (Cq, C-16), 132.0 (CH, C-17),
128.8 (CH, C-14), 128.3 (CH, C-13), 127.9 (CH, C-15), 123.31 (CH, C-6), 123.29 (CH, C-9), 121.7 (Cq, C-19),
51.3 (CH, C-3), 50.4 (CH, C-1), 33.1 (CH,, C-2).

HRMS (El): 436.0126 found for C3H17Br0,3%S** (calculated: 436.0127).

IR (film): 3060, 3028, 2922, 2854, 1742, 1704, 1599, 1492, 1472, 1453, 1385, 1345, 1266, 1244, 1224,
1158, 1090, 1067, 1009, 922, 812, 767, 749, 719, 699 cm™.
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2-(2-phenyl-2-(phenylthio)ethyl)-1H-indene-1,3(2H)-dione (8b)

9.80 mg (0.089 mmol, 1.0 equiv.) thiophenol was mixed with 1 mL DMSO and added to 10.0 mg
(0.089 mmol, 1.0 equiv.) KOtBu. The mixture was transferred to a vial containing 22.1 mg (0.089 mmol,
1.0 equiv.) 1g and mixed well. The work-up was done according to the procedure above.

8b (14.4 mg, 0.04 mmol, 45%) was obtained as a yellow oil.

H NMR (400 MHz, CDCl): & = 7.94 — 7.92 (m, 1 H, 6-H), 7.90 — 7.88 (m, 1 H, 9-H), 7.81—7.79 (m, 2 H,
7-H and 8-H), 7.33 - 7.17 (m, 10 H, 13-H, 14-H, 15-H, 17-H, 18-H, 19-H), 4.84 (dd, J=9.2, 7.1 Hz, 1 H,
1-H), 3.13 (dd, J = 8.0, 5.7 Hz, 1 H, 3-H), 2.55 — 2.50 (m, 1 H, 2-Ha), 2.47 — 2.43 (m, 1 H, 2-Hb).

13C{1H} NMR (101 MHz, CDCls): & = 200.3 (CO, C-4), 200.1 (CO, C-11), 142.2 (C,, C-5), 142.1 (Cq, C-10),
140.7 (Cq, C-12), 135.74 (CH, C-7), 135.70 (CH, C-8), 134.3 (Cq, C-16), 132.6 (CH, C-18), 128.9 (CH, C-17),
128.7 (CH, C-14), 128.4 (CH, C-13), 127.7 (CH, C-15), 127.4 (CH, C-19), 123.28 (CH, C-6), 123.25 (CH,
C-9), 51.4 (CH, C-3), 50.2 (CH, C-1), 33.3 (CH,, C-2).

HRMS (El): 358.1024 found for C3H150,%2S** (calculated: 358.1022).

IR (film): 2923, 2167, 2161, 2122, 2008, 1917, 1742, 1707, 1600, 2438, 1346, 1246, 750, 695 cm™.
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2-(2-phenyl-2-(p-tolylthio)ethyl)-1H-indene-1,3(2H)-dione (8c)

To 16.6 mg (0.13 mmol, 1.0 equiv.) 4-methylthiophenol 0.5 mL KOtBu stock solution in dry DMSO
(0.27 M, 15.0 mg, 0.13 mmol, 1.0 equiv.) were added. 0.5 mL 1g stock solution in dry DMSO (0.27 M,
33.2 mg, 0.13 mmol, 1.0 equiv.) were then added and the reaction mixture was mixed well. The
work-up was done according to the procedure above.

8¢ (47.7 mg, 0.13 mmol, 96%) was obtained as a yellow oil.

1H NMR (400 MHz, CDCls): & = 7.93 — 7.88 (m, 2 H, 6-H and 9-H), 7.81—7.78 (m, 2 H, 7-H and 8-H),
7.30-7.17 (m, 5 H, 13-H, 14-H, 15-H), 7.17 = 7.14 (m, 2 H, 17-H), 7.02 = 7.00 (m, 2 H, 18-H), 4.76 (dd,
J=9.1,7.2 Hz, 1 H, 1-H), 3.13 (dd, J = 7.9, 5.7 Hz, 1 H, 3-H), 2.54 — 2.39 (m, 2 H, 2-H), 2.27 (s, 3 H, 20-H).
13C{1H} NMR (101 MHz, CDCls): § = 200.3 (CO, C-4), 200.1 (CO, C-11), 142.2 (C,, C-5), 142.1 (Cq, C-10),
140.8 (Cq, C-12), 137.7 (Cq, C-19), 135.71 (CH, C-7), 135.67 (CH, C-8), 133.3 (CH, C-17), 130.4 (Cq, C-16),
129.7 (CH, C-18), 128.6 (CH, C-14), 128.4 (CH, C-13), 127.6 (CH, C-15), 123.3 (CH, C-6), 123.2 (CH, C-9),
51.4 (CH, C-3), 50.6 (CH, C-1), 33.1 (CHa, C-2), 21.3 (CHs, C-20).

HRMS (EI): 372.1174 found for Cy4H200,32S**(calculated: 372.1179).

IR (film): 3027, 2120, 2861, 1742, 1705, 1599, 1491, 1453, 1345, 1323, 1301, 1265, 1244, 1179, 1159,
1089, 1077, 1017, 1001, 921, 808, 767, 749, 719, 699 cm™.
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2-(2-((4-methoxyphenyl)thio)-2-phenylethyl)-1H-indene-1,3(2H)-dione (8d)

To 18.7 mg (0.13 mmol, 1.0 equiv.) 4-methoxythiophenol 0.5 mL KOtBu stock solution in dry DMSO
(0.27 M, 15.0 mg, 0.13 mmol, 1.0 equiv.) were added. 0.5 mL 1g stock solution in dry DMSO (0.27 M,
33.2 mg, 0.13 mmol, 1.0 equiv.) were then added. The reaction mixture was mixed well and the
work-up was done according to the procedure above.

8d (51.4 mg, 0.13 mmol, 99%) was obtained as a yellow oil.

1H NMR (400 MHz, CDCls): & = 7.94 — 7.88 (m, 2 H, 6-H and 9-H), 7.81—7.79 (m, 2 H, 7-H and 8-H),
7.23-7.18 (m, 5 H, 13-H, 14-H, 15-H), 7.16 (d, J = 7.9 Hz, 2 H, 17-H), 6.74 (d, J = 7.9 Hz, 2 H, 18-H), 4.66
(dd, J = 8.8, 7.5 Hz, 1 H, 1-H), 3.76 (s, 3 H, 20-H), 3.17 (dd, J = 7.7, 6.0 Hz, 1 H, 3-H), 2.52 - 2.38 (m, 2 H,
2-H).

13C{1H} NMR (101 MHz, CDCls): § = 200.4 (CO, C-4), 200.2 (CO, C-11), 159.8 (C,, C-19), 142.21 (Cq, C-5),
142.15 (Cq, C-10), 140.9 (Cq, C-12), 136.2 (CH, C-17), 135.72 (CH, C-7), 135.68 (CH, C-8), 128.5 (CH, C-14),
128.4 (CH, C-13), 127.5 (CH, C-15), 124.1 (C,, C-16), 123.3 (CH, C-6), 123.2 (CH, C-9), 114.4 (CH, C-18),
55.4 (CHs, C-20), 51.4 (CH, C-3), 51.4 (CH, C-1), 32.8 (CH, C-2).

HRMS (EI): 388.1128 found for Cy4H»005%2S** (calculated: 388.1128).

IR (film): 3027, 2938, 2835, 1742, 1705, 1590, 1569, 1492, 1463, 1453, 1440, 1345, 1323, 1298, 1285,
1265, 1244, 1172, 1104, 1029, 1003, 921, 829, 798, 767, 749, 720, 699 cm™.
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2-(2-(3-chlorophenyl)-2-(phenylthio)ethyl)-1H-indene-1,3(2H)-dione (8e)

0.5 mL thiophenol stock solution in dry DMSO (0.27 M, 14.7 mg, 0.13 mmol, 1.0 equiv.) and 0.5 mL
KOtBu stock solution in dry DMSO (0.27 M, 15.0 mg, 1.0 equiv.) were mixed to generate the
nucleophile. To the resulting mixture 37.8 mg (0.13 mmol, 1.0 equiv.) 1f were added and mixed well.
The work-up was done according to the procedure above.

8e (47.3 mg, 0.12 mmol, 90%) was obtained as a yellow oil.

H NMR (400 MHz, CDCl3): & = 7.95—7.90 (m, 2 H, 6-H and 9-H), 7.83—7.81 (m, 2 H, 7-H and 8-H),
7.26-7.15 (m, 9 H, 13-H, 14-H, 15-H, 17-H, 19-H, 20-H, 21-H), 4.78 (t, J= 8.1 Hz, 1 H, 1-H), 3.16 (t,
J=6.9Hz, 1 H,3-H), 2.45 (dd, J = 8.2, 6.8 Hz, 2 H, 2-H).

13C{1H} NMR (101 MHz, CDCls): & = 200.1 (CO, C-4), 199.9 (CO, C-11), 143.1 (C,, C-12), 142.2 (C,, C-5),
142.08 (C,, C-10), 135.9 (CH, C-7), 135.8 (CH, C-8), 134.4 (C,, C-16), 133.6 (Cq, C-18), 132.9 (CH, Ca),
129.9 (CH, Car), 129.0 (CH, Ca), 128.5 (CH, Car), 127.9 (CH, Ca), 127.8 (CH, Ca), 126.4 (CH, Car), 123.4 (CH,
C-6), 123.3 (CH, C-9), 51.2 (CH, C-3), 50.0 (CH, C-1), 33.1 (CH,, C-2).

HRMS (El): 392.0628 found for C,3H17Cl0,325** (calculated: 392.0632).

IR (film): 3057, 2920, 1743, 1730, 1706, 1595, 1573, 1475, 1437, 1345, 1319, 1265, 1243, 1160, 1080,
1025, 998, 924, 884, 787, 747, 715, 692 cm™.
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2-(2-(phenylthio)-2-(p-tolyl)ethyl)-1H-indene-1,3(2H)-dione (8f)

8f

0.5 mL thiophenol stock solution in dry DMSO (0.27 M, 14.7 mg, 0.13 mmol, 1.0 equiv.) and 0.5 mL
KOtBu stock solution in dry DMSO (0.27 M, 15.0 mg, 1.0 equiv.) were mixed to generate the
nucleophile. To the resulting mixture 35.1 mg (0.13 mmol, 1.0 equiv.) 1h were added and mixed well.
The work-up was done according to the procedure above.

8f (33.4 mg, 0.09 mmol, 67%) was obtained as a yellow oil.

H NMR (400 MHz, CDCls): 6 =7.93 — 7.88 (m, 2 H, 6-H and 9-H), 7.80—7.78 (m, 2 H, 7-H and 8-H),
7.29-7.27 (m, 2 H, 13-H), 7.23 - 7.16 (m, 5 H, 18-H, 19-H, 20-H), 7.04 (d, J = 7.7 Hz, 2 H, 14-H), 4.82
(dd, J=9.4,7.0 Hz, 1 H, 1-H), 3.10 (dd, J = 8.2, 5.4 Hz, 1 H, 3-H), 2.55 —2.38 (m, 2 H, 2-H), 2.27 (s, 3 H,
16-H).

13C{'H} NMR (101 MHz, CDCl5): & = 200.4 (CO, C-4), 200.1 (CO, C-11), 142.2 (Cq, C-5), 142.1 (C,, C-10),
137.44 (Cy, C-12), 137.41 (C,, C-15), 135.7 (CH, C-7), 135.6 (CH, C-8), 134.6 (Cq, C-17), 132.3 (CH, C-14),
129.4 (CH, C-13), 128.9 (CH, C-19), 128.3 (CH, C-18), 127.2 (CH, C-20), 123.24 (CH, C-6), 123.22 (CH,
C-9), 51.4 (CH, C-3), 49.8 (CH, C-1), 33.4 (CHa, C-2), 21.2 (CHs, C-16).

HRMS (El): 372.1178 found for Ca4H200,%25** (calculated: 372.1179).

IR (film): 3054, 3020, 2919, 2858, 1742, 1705, 1599, 1583, 1512, 1480, 1438, 1345, 1321, 1296, 1266,
1243, 1183, 1159, 1112, 1088, 1067, 1024, 999, 920, 818, 793, 747, 721, 691 cm™.
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2-(2-(4-methoxyphenyl)-2-(phenylthio)ethyl)-1H-indene-1,3(2H)-dione (8g)

0.5 mL thiophenol stock solution in dry DMSO (0.27 M, 14.7 mg, 0.13 mmol, 1.0 equiv.) and 0.5 mL
KOtBu stock solution in dry DMSO (0.27 M, 15.0 mg, 1.0 equiv.) were mixed to generate the
nucleophile. To the resulting mixture 37.2 mg (0.13 mmol, 1.0 equiv.) 1i were added and mixed well.
The work-up was done according to the procedure above. The crude reaction mixture was
subsequently purified with preparative TLC (60% Et,0 in pentane, R=0.75).

8g (39.0 mg, 0.10 mmol, 75%) was obtained as a colorless oil.

H NMR (600 MHz, CDCls): & = 7.92 (dd, J = 5.6, 2.9 Hz, 1 H, 9-H), 7.88 (dd, J = 5.1, 3.0 Hz, 1 H, 6-H),
7.81-7.77 (m, 2 H, 7-H and 8-H), 7.28 (d, J = 6.9 Hz, 2 H, 13-H), 7.23 — 7.15 (m, 5 H, 18-H, 19-H, 20-H),
6.76 (d, J = 8.7 Hz, 2 H, 14-H), 4.81 (dd, J = 9.5, 6.8 Hz, 1 H, 1-H), 3.75 (s, 3 H, 16-H), 3.09 (dd, J = 8.3,
5.2 Hz, 1 H, 3-H), 2.53 — 2.40 (m, 2 H, 2-H).

13C{1H} NMR (151 MHz, CDCls): § = 200.3 (CO, C-4), 200.1 (CO, C-11), 159.1 (Cq, C-15), 142.2 (C,, C-5),
142.1 (C,, C-10), 135.7 (CH, C-7), 135.6 (CH, C-8), 134.5 (Cq, C-12), 132.5 (CH, C-13), 132.4 (C,, C-17),
129.5 (CH, C-19), 128.9 (CH, C-18), 127.3 (CH, C-20), 123.22 (CH, C-6), 123.20 (CH, C-9), 114.0 (CH,
C-14), 55.4 (CHs, C-16), 51.4 (CH, C-3), 49.5 (CH, C-1), 33.4 (CH,, C-2).

HRMS (El): 388.1127 found for Co4H2003%25** (calculated: 388.1128).

IR (film): 3058, 2933, 2835, 1742, 1705, 1609, 1583, 1511, 1480, 1438, 1345, 1322, 1303, 1249, 1176,
1109, 1089, 1032, 1000, 920, 832, 794, 747, 691 cm™.
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Sodium  1,1-dicyano-3-phenyl-3-(phenylthio)propan-1-ide (7g) + 2-(2-phenyl-2-
(phenylthio)ethyl)malononitrile (8h)

12

6.2 mg (0.056 mmol, 1.0 equiv.) thiophenol was mixed with 1 mL dry DMSO-ds and added to 1.4 mg
(0.058 mmol, 1.0 equiv.) sodium hydride. After gas development ceased, the nucleophile was
transferred to a vial containing 9.7 mg (0.058 mmol, 1.0 equiv.) 1j and mixed vigorously. NMR and
mass spectra of 7g were acquired. The work-up was done according to the procedure above. The crude
reaction mixture was subsequently purified with preparative TLC (R«=0.6 in 30% Et,0 in pentane).

8h (6.5 mg, 0.0234 mmol, 42%) was obtained as a colorless oil.

Sodium 1,1-dicyano-3-phenyl-3-(phenylthio)propan-1-ide (7g)

'H NMR (600 MHz, DMSO-dg): 6 = 7.27 — 7.20 (m, 8 H, 6-H, 7-H, 10-H, 11-H), 7.17 — 7.12 (m, 2 H, 8-H
and 12-H), 4.16 (dd, J=8.8, 6.1 Hz, 1 H, 1-H), 2.35 (dd, J = 14.6, 6.1 Hz, 1 H, 2a-H), 2.25 (dd, J = 14.6,
8.9 Hz, 1 H, 2b-H).

BC{*H} NMR (151 MHz, DMSO-d¢): 6 = 141.9 (C,, C-5), 135.9 (C,, C-9), 132.0 (CN, C-4), 130.2 (CH, C-7),
128.8 (CH, C-6), 128.04 (CH, C-11), 127.97 (CH, C-10), 126.7 (CH, C-12), 126.1 (CH, C-8), 53.7 (CH, C-1),
35.9 (CH,, C-2), 9.6 (C, C-3).

HRMS (ESI negative): 277.0805 found for C17H13N»3%S™ (calculated: 277.0805).

2-(2-phenyl-2-(phenylthio)ethyl)malononitrile (8h)

'H NMR (400 MHz, CDCl3): 6 = 7.38 = 7.23 (m, 10 H, Ar-H), 4.29 (dd, J = 8.7, 7.2 Hz, 1 H, 1-H), 3.77 (dd,
J=8.6,7.1Hz, 1 H, 3-H), 2.66 —2.52 (m, 2 H, 2-Ha, 2-Ha).

13¢{*H} NMR (101 MHz, CDCls): 6 = 138.1 (Cq, C-5), 133.7 (CH, C-Ar), 132.2 (Cq, C-9), 129.44 (CH, C-Ar),
129.43 (CH, C-Ar), 128.9 (CH, C-Ar), 128.8 (CH, C-Ar), 127.8 (CH, C-Ar), 112.2 (CN, C-4a), 112.0 (CN, C-
4b), 50.5 (CH, C-1), 36.9 (CH,, C-2), 21.2 (CH, C-3).

HRMS (El): 278.0875 found for C17H1aN»32S** (calculated: 278.0872).
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4-(1-cyano-3-(1,3-dioxo-2,3-dihydro-1H-inden-2-yl)-2-phenylpropyl)benzonitrile (10a)

10a

To 19.0 mg (0.13 mmol, 1.0 equiv.) 4-(cyanomethyl)benzonitrile 0.5 mL KOtBu stock solution in dry
DMSO (0.27 M, 15.0 mg, 0.13 mmol, 1.0 equiv.) were added. 0.5 mL 1g stock solution in dry DMSO
(0.27 M, 33.2 mg, 0.13 mmol, 1.0 equiv.) were then added. The reaction mixture was mixed well and
the work-up was done according to the procedure above.

10a (51.7 mg, 0.13 mmol, 99%) was obtained as a yellow solid. NMR analysis showed the presence of

two diastereomers (1% diastereomer:2" diastereomer = 1:1.4).

1** diastereomer

'H NMR (400 MHz, CDCl3): 6§ =7.92—-7.78 (m, 4 H, 6-H, 7-H, 8-H, 9-H), 7.60—7.13 (m, 9 H, 13-H to
19-H), 4.04 (d, J=8.4Hz, 1H, 21-H), 3.91-3.81 (m, 1 H, 1-H), 2.74 (dd, /=11.2, 3.1 Hz, 1 H, 3-H),
2.67-2.63 (m, 1 H, 2a-H), 2.33 (ddd, /= 13.8, 11.2, 3.8 Hz, 1 H, 2b-H).

13C{'H} NMR (101 MHz, CDCls): & = 200.2 (CO, C-4), 200.1 (CO, C-11), 141.94 (Cq, C-5), 141.93 (C,, C-10),
139.5 (Cq, C-20), 137.1 (Cq, C-12), 135.91 (CH, C-7), 135.89 (CH, C-8), 132.6 (CH, Car), 129.2 (CH, Ca),
129.0 (CH, Car), 128.9 (CH, Car), 128.5 (CH, Car), 123.31 (CH, C-6), 123.29 (CH, C-9), 118.8 (CN, C-22),
118.2 (CN, C-16), 112.5 (Cq, C-17), 50.3 (CH, C-3), 47.6 (CH, C-1), 44.8 (CH, C-21), 29.8 (CH,, C-2).

2" diastereomer

1H NMR (400 MHz, CDCls): & = 7.92 — 7.78 (m, 4 H, 6-H, 7-H, 8-H, 9-H), 7.60—7.13 (m, 9 H, 13-H to
19-H), 4.22 (d, J=6.8 Hz, 1 H, 21-H), 3.91-3.81 (m, 1 H, 1-H), 2.82 (dd, /=10.5, 3.9 Hz, 1 H, 3-H),
2.67-2.63 (m, 1 H, 2a-H), 2.09 (ddd, J = 14.0, 10.5, 4.7 Hz, 1 H, 2b-H).

13C{*H} NMR (101 MHz, CDCls): 6 = 199.5 (CO, C-4 and C-11), 141.9 (C,, C-5), 141.9 (Cq, C-10), 139.4 (C,,
C-20), 136.5 (Cq, C-12), 136.0 (CH, C-7), 135.9 (CH, C-8), 132.7 (CH, Car), 129.1 (CH, Car), 129.0 (CH, Ca/),
128.7 (CH, C.), 128.6 (CH, C4), 123.3 (CH, C-6), 123.3 (CH, C-9), 118.4 (CN; C-22), 118.2 (CN, C-16),
112.6 (Cq, C-17), 50.5 (CH, C-3), 47.3 (CH, C-1), 44.4 (CH, C-21), 30.5 (CH,, C-2).

HRMS (El): 390.1359 found for Cy6H1sN,0,** (calculated: 390.1363).
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IR (neat): 3064, 2925, 2229, 1743, 1705, 1600, 1506, 1455, 1417, 1346, 1279, 1248, 1223, 1021, 925,

840, 760, 704 cm™.
Melting point: 84.0 °C.

Ethyl 4-(1,3-dioxo-2,3-dihydro-1H-inden-2-yl)-2,3-diphenylbutanoate (10b)

10b

To 21.9 mg (0.13 mmol, 1.0 equiv.) ethyl 2-phenylacetate 0.5 mL KOtBu stock solution in dry DMSO
(0.27 M, 15.0 mg, 0.13 mmol, 1.0 equiv.) were added. 0.5 mL 1g stock solution in dry DMSO (0.27 M,
33.2 mg, 0.13 mmol, 1.0 equiv.) were then added and the reaction mixture was mixed well. The
work-up was done according to the procedure above.

10b (50.9 mg, 0.12 mmol, 95%) was obtained as a yellow oil. NMR analysis showed the presence of

two diastereomers (1° diastereomer:2" diastereomer = 1:1.6).

1t diastereomer

14 NMR (400 MHz, CDCls): 6 = 7.89 — 7.71 (m, 4 H, 6-H, 7-H, 8-H, 9-H), 7.53 —6.96 (m, 10 H, 13-H to
18-H), 4.17 —4.02 (m, 1 H, 1-H), 3.87-3.70 (m, 3 H, 3-H and 22-H), 2.62 (d, J = 3.0 Hz, 1 H, 20-H),
2.22-2.09 (m, 1 H, 2a-H), 1.71 (ddd, J = 13.9, 11.1, 3.8 Hz, 1 H, 2b-H), 0.86 (t, J = 7.1 Hz, 3 H, 23-H).
13¢{*H} NMR (101 MHz, CDCls): & = 200.5 (CO, C-4), 200.2 (CO, C-11), 172.4 (CO; C-21), 142.1 (C,, C-5),
142.0 (C,, C-10), 139.7 (Car), 137.2 (Csr), 135.5 (CH, C-7), 135.4 (CH, C-8), 129.1 (Car), 128.8 (Car), 128.6
(Car), 128.2 (Cur), 127.4 (C4r), 126.9 (Car), 123.1 (CH, C-6), 123.0 (CH, C-9), 59.4 (CH,, C-22), 58.8 (CH, C-3),
50.7 (CH, C-20), 45.6 (CH, C-1), 31.0 (CH,, C-2), 13.9 (CH3, C-23).

2" diastereomer

H NMR (400 MHz, CDCls): & = 7.89 — 7.71 (m, 4 H, 6-H, 7-H, 8-H, 9-H), 7.53 —6.96 (m, 10 H, 13-H to
18-H), 4.17 — 4.02 (m, 3 H, 1-H and 22-H), 3.87 —3.70 (m, 1 H, 3-H), 2.72 (dd, J = 11.0, 3.2 Hz, 1 H, 20-H),
2.51—-2.44 (m, 1 H, 2a-H), 2.22 = 2.09 (m, 1 H, 2b-H), 1.20 (t, J = 7.1 Hz, 3 H, 23-H).
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13C{*H} NMR (101 MHz, CDCls): & = 200.6 (CO, C-4), 200.5 (CO, C-11), 173.2 (CO, C-21), 142.2 (Cq, C-5),
142.0 (C,, C-10), 140.6 (Car), 137.3 (Car), 135.6 (CH, C-7), 135.4 (CH, C-8), 129.1 (Car), 128.9 (Car), 128.7
(Car), 128.3 (Car), 127.8 (Car), 127.1 (Car), 123.2 (CH, C-6), 123.1 (CH, C-9), 61.0 (CH, C-3), 60.6 (CH,, C-22),
51.0 (CH, C-20), 46.3 (CH, C-1), 32.0 (CHy, C-2), 14.2 (CH3, C-23).

HRMS (El): 412.1677 found for C;7H2404°* (calculated: 412.1669).

IR (film): 3061, 3029, 2981, 1727, 1707, 1600, 1495, 1454, 1369, 1343, 1326, 1270, 1246, 1154, 1024,
952,925, 762, 743,699 cm™.

2-(4-ox0-2,3,4-triphenylbutyl)-1H-indene-1,3(2H)-dione (10c)

10c

To 26.2 mg (0.13 mmol, 1.0 equiv.) 1,2-diphenylethan-1-one 0.5 mL KOtBu stock solution in dry DMSO
(0.27 M, 15.0 mg, 1.0 equiv.) were added. 0.5 mL 1g stock solution in dry DMSO (0.27 M, 33.2 mg,
0.13 mmol, 1.0 equiv.) were then added and the reaction mixture was mixed well. The work-up was
done according to the procedure above.

10c (58.9 mg, 0.13 mmol, 99%) was obtained as a colorless solid. NMR analysis showed the presence

of two diastereomers (1° diastereomer:2™ diastereomer = 1:1.5).

1t diastereomer

4 NMR (400 MHz, CDCls): § = 8.02 — 6.87 (m, 13 H, Ha,), 4.81 (d, J = 10.8 Hz, 1 H, 21-H), 4.37 — 4.25 (m,
1H,1-H), 2.75-2.66 (m, 1 H, 3-H), 2.40 (td, J = 12.7, 11.6, 5.4 Hz, 1 H, 2a-H), 2.28 — 2.17 (m, 1 H, 2b-H).
13¢{iH} NMR (101 MHz, CDCl3): & = 200.8 (CO, C-4), 200.7 (CO, C-11), 199.3 (CO, C-20), 142.3 (Ca/),
142.2 (C4), 142.03 (Car), 141.96 (Car), 141.6 (Car), 140.3 (Car), 137.4 (Car), 137.34 (Car), 137.30 (Car), 137.2
(Car), 135.5 (Car), 135.3 (Car), 133.2 (Car), 132.7 (Car), 129.3 (Car), 129.23 (Car), 129.20 (Car), 129.15 (Car),
129.0 (Cur), 128.74 (C.r), 128.71 (Cyr), 128.6 (Car), 128.5 (Car), 128.4 (Car), 128.3 (Cur), 128.0 (Car), 127.8
(Car), 127.6 (Car), 127.0 (Car), 126.7 (Car), 123.3 (Car), 123.2 (Car), 123.1 (Car), 123.0 (Car), 122.9 (Cor), 122.8
(Car), 60.3 (CH, C-21), 51.1 (CH, C-3), 46.5 (CH, C-1), 32.1 (CH,, C-2).

137



Chapter 3. Electrophilicities of Acceptor and Donor-Acceptor Cyclopropanes

2" diastereomer

1H NMR (400 MHz, CDCls): 6 =8.02 —6.87 (m, 13 H, Ha), 4.95 (d, J=10.9 Hz, 1H), 4.37-4.25 (m, 1 H,
1-H), 2.75-2.66 (m, 1 H, 3-H), 2.28 —2.17 (m, 1 H, 2a-H), 1.75 (ddd, /= 14.3, 10.8, 3.9 Hz, 1 H, 2b-H).
13C{*H3 NMR (101 MHz, CDCls): § =200.4 (CO, C-4), 200.2 (CO, C-11), 198.8 (CO, C-20), 142.3 (Car),
142.2 (Cy), 142.03 (Car), 141.96 (Car), 141.6 (Car), 140.3 (Car), 137.4 (Car), 137.34 (Car), 137.30 (Car), 137.2
(Car), 135.5 (Car), 135.3 (Car), 133.2 (Car), 132.7 (Car), 129.3 (Car), 129.23 (Car), 129.20 (Car), 129.15 (Car),
129.0 (Car), 128.74 (Cyr), 128.71 (Car), 128.6 (Car), 128.5 (Car), 128.4 (Car), 128.3 (Car), 128.0 (Car), 127.8
(Car), 127.6 (Car), 127.0 (Car), 126.7 (Car), 123.3 (Car), 123.2 (Car), 123.1 (Car), 123.0 (Car), 122.9 (Car), 122.8
(Car), 60.3 (CH, C-21), 50.8 (CH, C-3), 45.1 (CH, C-1), 31.2 (CH,, C-2).

HRMS (El): 444.1717 found for C31H2403°* (calculated: 444.1720).

IR (neat): 3060, 3028, 1742, 1707, 1680, 1597, 1493, 1447, 1343, 1267, 1246, 1221, 1178, 1075, 1031,
1001, 972,927, 751, 698 cm™.

Melting point: 213.0 °C.
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3.5.3 Kinetics

The reactions in DMSO were followed spectrophotometrically with a stopped-flow spectrophotometer
(Applied Photophysics $X20). Slower reactions in acetonitrile were followed with a Hellma 661.502-QX
quartz Suprasil immersion probe (light path d =5 mm). Conventional photometric measurements were
obtained on a J&M TIDAS diode array. Spectrophotometer and probe were connected by fiber-optic
cables and standard SMA-connectors. The temperature was kept constant at 20 °C (0.1 °C) with a
circulating bath thermostat. Nucleophile concentrations were at least ten times higher than
electrophile concentrations to achieve pseudo-first order kinetics. Rate constants were obtained from
these kinetics by least squares fitting of the absorbance A with the equation A; = Ao e + C. Plots of
kows versus thiophenolate concentration gave k; as the slope of the linear correlation.

For stopped-flow kinetics two syringes were prepared for each experiment, one containing the
nucleophile in DMSO and the other one the cyclopropane in DMSO. For conventional
spectrophotometry the compounds were added as DMSO solutions via syringe into the reaction flask.

The flask was sealed by a septum and kept under a dry argon atmosphere.

Kinetics of reactions of 6,6-dimethyl-5,7-dioxaspiro[2.5]octane-4,8-dione (1a)

1a + sodium thiophenolate (2c) in DMSO (stopped flow, detection at 310 nm)

0.14
[2c]o (M) [1a]o (M) kabs (s7) 012 |
321x10%  3.28x10°  4.70x107 ~ 010
L 0.08 |
321x10*  4.18x10°  5.29x10? o006 |
2 0.

321x10*  518x10°  6.55x10? ~ 0.04

0.02 y = 1.13E+01x + 8.84E-03
321x10*  6.56x10°  8.82x10? : R? = 9.86E-01

0.00 -

-4 -3 -1
3.21x10 9.84 x 10 1.18 x 10 0.000 0.005 0.010
[1a] (M)

k2=1.13x10' M1 st
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1a + sodium 4-methylthiophenolate (2b) in DMSO (stopped flow, detection at 306 nm)

[2b]o (M) [1a]o (M) kobs (s7™)

3.21x10% 3.28x10% 7.64 x 1072
3.21x10% 4.18x10% 8.67 x 1072
3.21x10% 5.18x10% 1.07 x 10!
3.21x10* 6.56x103 1.45x 10!
3.21x10% 9.84x10% 1.90 x 10!

k2 =1.80x10' M st

0.25
0.20
@ 0.15
Joao
0.05
0.00

-~ y=1.80E+01x + 1.63E-02
R? =9.82E-01

0.000 0.005 0.010 0.015

[1a] (M)

1a + sodium 4-methoxythiophenolate (2a) in DMSO (stopped flow, detection at 302 nm)

[2a]o (M) [1a]o (M) kobs (s7)

3.21x10% 3.28x103 9.39 x 102
3.21x10% 4.18x103 1.20x 10*
3.21x10*% 5.18x103 1.50 x 10!
3.21x10*% 6.56x 103 2.06 x 101!
3.21x10% 9.84x103 2.92 x 101

k2=3.07x 10 M1 s?

0.40

B y =3.07E+01x - 5.75E-03
R? =9.94E-01

0.000 0.005 0.010 0.015

Determination of E and se parameters for 1a in DMSO.

[1a] (M)

250 r

Reference Nucleophilicity ka (M) log ka/sn 200 |
Nucleophile N (sn) i
2150 |
4-H (2c) 23.36 (0.74) 1.13 x 10! 1.42 o
L a0 1.00 y =0.4860x - 9.953
4-Me (2b) 24.35 (0.69) 1.80 x 10 1.82 2 !
050 | R? = 0.9819
4-MeO (2a) 24.97 (0.67) 3.07 x 101 2.22
0.00 L L d
23 24 25 26
N
E=-20.5
se=0.49
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Kinetics of reactions of 6,6-dimethyl-1-phenyl-5,7-dioxaspiro[2.5]octane-4,8-dione (1b)

1b + sodium thiophenolate (2c) in DMSO (stopped flow, detection at 310 nm)

1.0  y=1.70E+02x - 2.20E-02
[2c]o (M) [1bJo (M) kobs (s7%) 08 R2 = 1.00E+00
1.29x10* 1.29x10? 2.00x 10" ~
A 0.6 |
1.29x 10* 2.58 x 1073 4.13x 10 = 04
1.29x10% 3.87x10°  6.30x 107 <
02
1.29x10* 5.16x 103 8.57 x 10!
0.0 L L J
0.000 0.002 0.004 0.006

[1b] (M)

ka=1.70x 10> M s

1b + sodium 4-methylthiophenolate (2b) in DMSO (stopped flow, detection at 306 nm)

150  y=2.42E+02x - 2.60E-02
[2b]o (M) [1b]o (M) Kobs (s™%) 125 | R2 = 9.99E-01
1.29x10% 1.29x10%  2.95x 107 ~1.00 F
|
129x10% 258x103  5.88x 1071 3’; 0.75
1.29x10% 3.87x10%  9.05x 107 =050 r
25 F
1.29x10% 5.16x10%  1.23x10° 0.25
0.00 . . ;
0.000 0.002 0.004  0.006
[1b] (M)

k2=2.42x 10> M1 st

1b + sodium 4-methoxythiophenolate (2a) in DMSO (stopped flow, detection at 302 nm)

2.0  y=3.32E+02x - 3.75E-02
[2alo(M) [1b]o (M) kobs (s7%) L6 R2 = 1.00E+00
1.29x10* 1.29x1073 3.97 x 101 o~

A 1.2 F

1.29x10* 2.58x1073 8.11 x 10 = 08
1.29x10* 3.87x1073 1.25 x 10° <

04
1.29x10* 5.16x103 1.68 x 10°

0 0 1 1 J

0.000  0.002  0.004  0.006
[1b] (M)

k2=3.32x 10> M1s?
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Determination of E and sg parameters for 1b in DMSO.

Reference Nucleophilicity k2 (M5 log /
Nucleophile N (sn) ka/sn 30 |
=4
(72
4-H (2c) 23.36 (0.74) 5.52 x 10° 1.00 S0 |
x y = 0.4632x - 7.812
4-Me (2b) 24.35 (0.69) 8.89 x 10° 1.38 & 2
2.0l R2=0.9991
4-MeO (2a) 24.97 (0.67) 1.12 x 10t 1.57 '
0.0 L L L L J
23 235 24 245 25 255

E=

-16.9

se =0.46

N

Kinetics of reactions of 6,6-dimethylspiro[2.5]octane-4,8-dione (1c)

1c + sodium thiophenolate (2c) in DMSO (stopped flow, detection at 310 nm)

[2c]o (M) [1clo (M) kobs ()

1.61x10* 1.61x10°3 1.11 x 102
1.61x10* 3.22x10°3 1.96 x 102
1.61x10* 4.83x1073 2.87 x 1072
1.61x10* 6.44x10°3 3.77 x 102

k2=5.52x10° M1 s?

0.04

0.00
0.0

y = 5.52E+00x + 2.05E-03
R? = 1.00E+00

000 0.0025 0.0050 0.0075
[1c] (M)

1c + sodium 4-methylthiophenolate (2b) in DMSO (stopped flow, detection at 306 nm)

[2blo (M) [1clo (M) kobs (s7*)

1.61x10* 1.61x10°  1.69x 107
1.61x10* 3.22x10°  3.07x 107
1.61x10* 4.83x10%  4.52x 1072
1.61x10* 6.44x10°  5.98x107?

k2=8.89 x 10° M1 5!

0.07
0.06
005
T 0.04
50.03
= 0.02
0.01
0.00

0.0
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r y=28.89E+00x + 2.35E-03
R? = 1.00E+00

000 0.0025 0.0050 0.0075
[1c] (M)
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1c + sodium 4-methoxythiophenolate (2a) in DMSO (stopped flow, detection at 302 nm)

0.08 r
[2a]o (M) [1c]o (M) Kobs, st
" 3 > 0.06 f
161x10* 1.61x10 2.20x 10 —
|
161x10* 3.22x10°  3.92x 102 =004 |
1.61x10* 4.83x10%  5.80x 102 =
0.02 y = 1.12E+01x + 3.60E-03
1.61x10* 6.44x10°3 7.60 x 107 R? = 1.00E+00
0.00 L L d
0.0000 0.0025 0.0050 0.0075
[1c] (M)
k2=1.12x10'M1s?
Determination of E and sg parameters for 1¢ in DMSO.
2.00 r
Reference Nucleophilicity k2 (M s?) log k2/sn
Nucleophile N (sn) > 150 |
wvy
~
4-H (2¢) 23.36 (0.74) 5.52 x 10° 1.00 100 |
o & y =0.3524x - 7.222
4-MeO (2a) 24.97 (0.67) 1.12 x 10* 1.57
0'00 L L L L J
23 235 24 245 25 255
N
E=-20.5
se=0.35
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Kinetics of reactions of 1-(3-chlorophenyl)-6,6-dimethylspiro[2.5]octane-4,8-dione (1d)

1d + potassium 4-bromothiophenolate (2d) in DMSO (stopped flow, detection at 310 nm)

[2d]o (M) [1d]o (M) Kobs (s7%)

2.50x10* 2.50x10? 6.55 x 1072
2.50x10* 3.75x103 1.02 x 10!
2.50x10* 5.00x 103 1.31x10?
2.50x10* 6.25x103 1.63 x 10

k2=2.57 x 10! M1 s?

0.175
0.150
0.125

T, 0.100

Joors
0.050
0.025
0.000

_1)

y = 2.57E+01x + 2.85E-03
R? = 9.98E-01

0.000 0.002 0.004 0.006

(1d] (M)

1d + potassium thiophenolate (2c) in DMSO (stopped flow, detection at 310 nm)

[2c]o (M) [1d]o (M) kobs (s7)

2.50x10* 2.50x 103 1.02 x 10!
2.50x10* 3.75x103 1.56 x 10!
2.50x10* 5.00x 103 2.04 x 101
2.50x10* 6.25x103 2.54 x 101

k2=4.03 x 10* M1 st

0.30
0.25
. 0.20
i’"ﬁ 0.15
~<0.10
0.05

0.00

y = 4.03E+01x + 2.60E-03
R? =9.99E-01

0.000 0.002 0.004 0.006

(1d] (M)

1d + potassium 4-methylthiophenolate (2b) in DMSO (stopped flow, detection at 300 nm)

[2b]o (M) [1d]o (M) kobs (s7)

2.50x10% 2.50x 103 1.58 x 101
2.50x10% 3.75x103 2.41x 101
2.50x10* 5.00x 103 3.15x 101
2.50x10* 6.25x103 3.80x 10

k»=5.92 x10' M*s?

0.00

I y = 5.92E+01x + 1.45E-02
R?=9.97E-01

0.000 0.002 0.004 0.006
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1d + potassium 4-methoxythiophenolate (2a) in DMSO (stopped flow, detection at 300 nm)

0.60

[2alo(M)  [1d]o (M) kobs (™) 0.50 y = 8.47E+01x + 3.11E-02
2.50x10% 2.50x 103 2.47 x 101 .
- 0.40
2.50x10% 3.75x103 3.39x 101 '
< 030
-4 -3 -1 2
2.50x 10 5.00x 10 4.62 x10 N 0.20
-4 -3 -1
2.50x 10 6.25x 10 5.59x 10 0.10
0.00 L L L
0.000 0.002 0.004 0.006
k2=8.47 x 10 M1 s? [1d] (M)
Determination of E and se parameters for 1d in DMSO.
3.50 r
Reference Nucleophilicity k2 (M1 s?) log k2/sn 3.00 F
Nucleophile N (sn)
- 250
4-Br (2d) 22.81(0.78) 2.57 x 10 1.81 “ 500 |
x
4-H (2¢) 23.36 (0.74) 4.03 x 10! 2.17 w150
=100 F Y= 0.4786x - 9.0687
4-Me (2b) 24.35 (0.69) 5.92 x 10* 2.57 050 k R2=0.9919
4-MeO (2a) 24.97 (0.67) 8.47 x 10! 2.88 0.00 1 1 )
22 23 24 25

E=

-18.95

se=0.48
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Kinetics of reactions of 6,6-dimethyl-1-phenylspiro[2.5]octane-4,8-dione (1e)

1e + potassium 4-(trifluoromethyl)thiophenolate (2f) in DMSO (stopped flow, detection at 330 nm)

0.06 ry=7.74E+00x + 2.59E-03

[2flo(M)  [1e]o (M) kobs (s™*) 005 + R? = 9.99E-01
2.45x10%  2.47x 103 2.14 x 102 — 0.04
|
2.45x10% 3.70x10°  3.14x 107 — 0.03
2.45x10% 4.94x10%  4.14x 10?2 = 0.02
245x10* 6.17x103 4.99 x 10 0.01
0.00 L L L )
0.000 0.002 0.004 0.006 0.008
[1e] (M)

ka=7.74 x10° M s

1e + potassium 3-chlorothiophenolate (2e) in DMSO (stopped flow, detection at 330 nm)

0.10 r y=1.43E+01x - 1.99E-03
[2e]o (M) [1e]o (M) Kobs (s7*) 0.08 R? = 1.00E+00
2.45x10% 2.46x103 3.34x 102 —
% 006 |
2.45x10*% 3.70x 103 5.08 x 107 -
£004 |
2.45x10*% 4.93x103 6.81 x 107 ~
0.02 |
2.45x10* 6.16x103 8.64 x 107
O'OO 1 1 1 J
0.000 0.002 0.004 0.006 0.008

[1e] (M)

k2=1.43x10' M1s?

1e + potassium 4-bromothiophenolate (2d) in DMSO (stopped flow, detection at 318 nm)

0.12  y=1.66E+01x + 2.20E-03
[2d]o(M)  [1e]o (M) kobs (s7*) 010 R? = 9.98E-01
245x10% 247x10%  4.25x102 — 0.08

[}

245x10% 3.70x10%  6.39x 102 = 0.06
245x10% 4.94x10%  8.57x102 = 0.04

0.02
245x10% 6.17x10%  1.04x 107

0.00 L L L J

0.000 0.002 0.004 0.006 0.008
[1e] (M)

k2=1.66 x 10! M1 s?
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1e + potassium thiophenolate (2c) in DMSO (stopped flow, detection at 310 nm)
[2c]o (M)

- 0.15 [ y=1.97E+01x + 1.27E-02
lelo (M Kobs (s~
[telo(M)  kons (s7) o |
2.45x10*% 2.47x103 5.96 x 1072 —
T 0.09
2.45x10*% 3.70x103 8.67 x 102 =
;8 0.06
2.45x10* 4.94x103 1.12 x 10
0.03
245x10* 6.17x103 1.32x 101
0.00

ka=1.97 x 10' M s

0.000 0.002 0.004 0.006 0.008
[1e] (M)

1e + potassium 4-methylthiophenolate (2b) in DMSO (stopped flow, detection at 310 nm)
[2b]o (M)

el (W) o) 0.25 ry=2.82E+01x + 1.76E-02
el obs 1 020 k R? = 9.98E-01
2.45x10% 2.47x103 8.54 x 102 —
T, 015
2.45x10*% 3.70x 103 1.24 x 101 =
$010 |
2.45x10*% 4.94x103 1.58 x 10!
0.05 }
2.45x10*% 6.17x103 1.90 x 10!
0.00

k2=2.82x10' M1s?

0.25
[1le]o (M) kobs (s7) 0.20
2.45x10% 2.47x103 1.10 x 10t —
T 0.15
2.45 x 10 3.70 x 103 1.45 x 101 : 0.10
o .
2.45x10% 4.94x103 1.90 x 10!
0.05
245x10* 6.17x103 2.22 x10¢t

k»=3.09 x10' M s?
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0.000 0.002 0.004 0.006 0.008

[1e] (M)

1e + potassium 4-methoxythiophenolate (2a) in DMSO (stopped flow, detection at 310 nm)
[2a]o (M)

y = 3.09E+01x + 3.34E-02

0.00

0.000 0.002 0.004 0.006 0.008

[1e] (M)
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Determination of E and sg parameters for 1e in DMSO.

Reference Nucleophilicity k2 (M?s?) log |
Nucleophile N (sn) ka/sn 2.00 |
4-CF3 (2) 2130(0.86)  7.74 1.03 ii 150 |
3-Cl (2e) 22.50 (0.78) 1.43 x 10! 1.48 'c:» 1.00
4-Br (2d) 22.81(0.78)  1.66x10' 156 “oso |7 3.23275-8;%2._%3195+00
4-H (2c) 23.36 (0.74) 1.97 x 10* 1.75 0.00 . . ,
4-Me (2b) 24.35(0.69)  2.82x10'  2.10 20 22 24 26
4-MeO (2a) 24.97 (0.67) 3.09 x 10* 2.22 N

E=-18.07

se=0.33

Kinetics of reactions of 2-(3-chlorophenyl)spiro[cyclopropane-1,2'-indene]-1',3'-dione (1f)

1f + potassium 4-bromothiophenolate (2d) in DMSO (stopped flow, detection at 390 nm)

[2d]o (M) [1f]o (M) Kobs (s7%)

2.50x10% 2.50x 103 3.16 x 102
2.50x10* 3.75x103 4.67 x 102
2.50x10* 5.00x 1073 6.37 x 102
2.50x10* 6.25x10? 7.72 x 102

ka=1.23 x10'M*s?

148

0.10 r

008 L v=123E+01x +9.70E-04

—_

T 0.06

2

~

Foos |

0.02

0.00

R?=9.98E-01

0.000

0.002  0.004  0.006
(1f] (M)



Chapter 3. Electrophilicities of Acceptor and Donor-Acceptor Cyclopropanes

1f + potassium thiophenolate (2c) in DMSO (stopped flow, detection at 390 nm)

015
[2ck(M)  [1f]o (M) Kobs (s7%)
250x10*  250x10°  5.19x10? 0-12 T
250x10% 3.75x10°  7.45x 102 T, 009 f
250x10* 500x10°  1.03x 10" Foos |
250x10*  625x10°  1.28x10% 003 |
0.00
0.000

ka=2.05x10*M?*s?

y = 2.05E+01x - 5.30E-04
R?=9.98E-01

0.002  0.004  0.006
(1] (M)

1f + potassium 4-methylthiophenolate (2b) in DMSO (stopped flow, detection at 390 nm)

0.25
2bJo (M 1flo (M kobs (s
[2bJo (M) [1f]o (M) obs (S7) 020 L
2.50x10* 2.50x103 8.27 x 102 .

T 015
2.50x10* 3.75x103 1.23x10? %
2.50x10* 5.00x 103 1.67 x 101 £ 010 |
2.50x10* 6.25x103 2.05x 10! 0.05

0.00
0.000

k2=3.29x10*M*s?

y = 3.29E+01x + 6.10E-04
R?=9.99E-01

0.002  0.004  0.006
(1] (M)

1f + potassium 4-methoxythiophenolate (2a) in DMSO (stopped flow, detection at 390 nm)

0375
[2a]o(M) [1f]o (M) Kobs (s72)
0.300 |
2.50x10* 2.50x 10° 1.17 x 10
70225 F
2.50x10* 3.75x 103 1.79 x 10 )
250x10* 500x10°  2.41x 10" ~° 0150 F
2.50x10* 6.25x10°  2.95x 10! 0.075 |
0.000
0.000

k2=4.77 x 101 M1 s?

149

y =4.77E+01x - 6.00E-04
R? =9.99E-01

0.002  0.004  0.006
[1f] (M)
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Determination of E and sg parameters for 1f in DMSO.

3.00 r

Reference Nucleophilicity k2 (M1s?) log 250 |
Nucleophile N (sn) ka/sn ’

Z 2.00 F

R
4-Br (2d) 22.81(0.78) 1.23 x 101 1.40 <150 f

oo
4-H (2c) 23.36 (0.74) 2.05 x 10! 1.77 2 100 } y = 0.4976x - 9.9096

2 _
4-Me (2b) 2435(0.69)  3.29x10' 220 050 R"=0.9921
4-MeO (2a) 24.97 (0.67) 4.77 x 10 2.50 0.00
22 23 24 25

N

E=-19.91

se=0.50

Kinetics of reactions of 2-phenylspiro[cyclopropane-1,2'-indene]-1',3'-dione (1g)

Thiophenolates

1g + potassium 4-(trifluoromethyl)thiophenolate (2f) in DMSO (stopped flow, detection at 396 nm)

0.05 [y = 3.68E+00x + 6.07E-04
[2f]o (M) [1g]o (M) kobs (s7%) 0.04 RZ=9.99E-01
250x10* 2.50x103  9.68 x 103 _
7 0.03
250x10* 3.75x10%  1.42 x 102 =
£0.02
250x10* 500x10%  1.87 x 102
0.01
250x10* 6.25x103  2.45x 102
0.00 : : ;
250x10%  1.25 x 1072 64 %1072
20> 10 >x 10 4.64x10 0000 0005 0010  0.015

[1g] (M)

k»=3.68 x10°M*s?

150
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1g + potassium 3-chlorothiophenolate (2e) in DMSO (stopped flow, detection at 396 nm)

[2elo (M)  [1g]o (M) kobs (s72)

2.50x10% 2.50x10%  1.63 x 1072
2.50x10%  3.75x10%  2.49 x 10
2.50x10% 5.00x10%  3.29 x 102
2.50x10%  6.25x10%  4.24 x 1072

k2=6.90 x 10° M s

0.01

0.00

y = 6.90E+00x - 1.08E-03
R?=9.99E-01

0.000 0.002 0.004 0.006

[1g] (M)

1g + potassium 4-bromothiophenolate (2d) in DMSO (stopped flow, detection at 396 nm)

[2dlo(M)  [1g]o (M) kobs (s™*)

2.50x10% 250x103  2.13x10?
2.50x10% 3.75x103  3.03x 102
2.50x10% 5.00x103  4.23x10?
250x10%  6.25x103  5.22x10?

k=838 x 10° M1 st

0.06
0.05
— 0.04

|
wn

— 0.03
4
>~ 0.02
0.01
0.00

Ly =8.38E+00x - 1.20E-04
R?=9.97E-01

0.000 0.002 0.004 0.006

[1g] (M)

1g + potassium thiophenolate (2c) in DMSO (stopped flow, detection at 310 nm)

[2c]o (M) [1g]o (M) kobs (s7*)

2.50x10% 2.50x 103 3.55x 102
2.50x10% 3.75x103 5.63 x 102
2.50x10% 5.00x 103 7.20 x 1072
2.50x10* 6.25x103 9.28 x 102

k2=1.50x 10 M1 s?
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y = 1.50E+01x - 1.51E-03

0.000 0.002 0.004 0.006

[1g] (M)
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1g + potassium 4-methylthiophenolate (2b) in DMSO (stopped flow, detection at 310 nm)

[2b]o (M) [1g]o (M) kobs (s™*)

2.50x10* 2.50x10%  5.19x 10?2
2.50x10* 3.75x10%  8.17 x 10?2
2.50x10* 5.00x10%  1.06 x 10
2.50x10*  6.25x10%  1.35x 10"

k2=2.19x10' M st

0.16 r

0.14 F y = 2.19E+01x - 2.11E-03
R?=9.99E-01

012
=010 |

)

2008 }
£006
004 |
002

0.00

0.000 0.002

0.004 0.006
[1g] (M)

1g + potassium 4-methoxythiophenolate (2a) in DMSO (stopped flow, detection at 310 nm)

[2a]o (M) [1g]o (M) Kobs (s7*)

2.50x10% 2.50x 103 7.40 x 102
2.50x10* 3.75x103 1.13x 107
2.50x10* 5.00 x 10 1.44 x 10!
2.50x10* 6.25x 103 1.95 x 10!

k2=3.15x10' M1 s?

0.20 + y=3.15E+01x - 6.40E-03
R? = 9.90E-01

0.05

0.00

0.000 0.002

0.004  0.006
(1g] /M

Determination of E and se parameters for 1g in DMSO in reactions with thiophenolates.

250
Reference Nucleophilicity ka (M1s?) log ka2/sn
Nucleophile N (sn) 2.00
% 150
4-CFs (2f) 21.30 (0.86) 368x10°  0.66 =L
X
3-Cl (2e) 22.50 (0.78) 6.90x10°  1.08 5100
4-Br (2d) 22.81(0.78) 8.38 x 10° 1.18 0.50
4-H (2¢) 23.36 (0.74) 1.50 x 10 1.59 0.00
4-Me (2b) 24.35 (0.69) 2.19 x 10 1.94
4-MeO (2a)  24.97 (0.67) 3.15 x 10 2.46
E=-20.54
se=0.54
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y =0.4411x - 8.793
R? =0.9885

20

22 24

26
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C-Nucleophiles

1g + potassium 1-(4-nitrophenyl)-2-oxo-2-phenylethan-1-ide (7a) in DMSO (J&M, detection at 580

nm)
[5a]o (M) [1g]o (M) kobs (s7")
1.25x10*% 2.50x 1073 6.66 x 10°°
1.25x10% 5.00x 1073 1.02 x 10*
1.25x10*% 7.50x 1073 1.91 x 10*
1.25x10% 1.00 x 1072 2.55x 10*

k2=2.62x102M1st

0.00030

0.00025
. 0.00020
'ﬁs 0.00015
~ 000010

0.00005

0.00000

|y =2.62E-02x - 9.90E-06
R?=9.77E-01

0.000 0.005 0.010

[1g] (M)

1g + potassium cyano(4-nitrophenyl)methanide (5b) in DMSO (J&M, detection at 580 nm)

[5b]o (M) [1g]o (M) kobs (s

1.25x10* 2.50x 1073 1.87 x 10
1.25x10* 5.00x 1073 2.28 x 10
1.25x10* 7.50x 1073 2.84 x 10
1.25x10*  1.00 x 107 3.17 x 10*
1.25x10*% 1.25x 107 3.97 x 10*

k2=2.04x 10> M*s?

0.0005

0.0004

0.0003

(s

©
e}

© 0.0002

0.0001

0.0000

y = 2.04E-02x + 1.30E-04
- R?=9.82E-01

0.000 0.005 0.010 0.015
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(1g] (M)



1g + potassium cyano(4-cyanophenyl)methanide (5¢) in DMSO (stopped flow, detection at 340 nm)

Chapter 3. Electrophilicities of Acceptor and Donor-Acceptor Cyclopropanes

[S5clo(M)  [1g]0 (M) kobs (s™*)

2.50x10% 2.50x10%  9.34x103
250x10%  3.75x103  1.11x10?
2.50x10% 5.00x10%  1.34x10?
2.50x10%  6.25x102  1.57x 102

k2=1.71x10°M1s?

1g + potassium 2-oxo-1-(pyridin-1-ium-1-yl)propan-1-ide (5d) in DMSO (J&M, detection at 420 nm)

19
[5dlo (M) [1g]o (M) kobs (s7*)
2.50x10% 2.50x10°  8.28x10°
250x10* 3.75x10°  1.12x10*
2.50x10* 5.00x10°  1.41x10*
250x10* 6.25x10%  1.69x 10

k2=2.30x 102 M1 s?

0.018
0.015
. 0.012

|
2

— 0.009
o

< 0.006

0.003

0.000

5¢c

y = 1.71E+00x + 4.90E-03
R?=9.96E-01

0.000 0.002 0.004 0.006

[1g] (M)

o+ (S
'S

0.00018
0.00015
. 0.00012
'ﬁs 0.00009
~ 0.00006
0.00003

0.00000

5d

y = 2.30E-02x + 2.55E-05
R? = 1.00E+00

0.000 0.002 0.004 0.006
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1g + potassium 1-(4-cyanophenyl)-2-ethoxy-2-oxoethan-1-ide (5e) in DMSO (stopped flow, detection

Chapter 3. Electrophilicities of Acceptor and Donor-Acceptor Cyclopropanes

at 340 nm)
[5eo (M) [1g]o (M) kobs (s71)
2.50x10% 2.50x 103 9.05 x 103
2.50x10% 3.75x103 1.40 x 102
2.50x10% 5.00x 103 1.94 x 102
2.50x10% 6.25x 102 2.64 x 1072

ko =4.60x10° M st

0.030
0.025
— 0020 |

)

— 0.015
~ 0010
0.005 |

0.000

y = 4.60E+00x - 2.90E-03
R?=9.93E-01

0.000

0.002 0.004

[1g] (M)

0.006

1g + potassium 2-ethoxy-2-oxo-1-phenylethan-1-ide (5f) in DMSO (stopped flow, detection at 340

nm)
[5flo (M) [1g]o (M) kobs (s7*)
2.50x10*% 2.50x 103 1.19 x 10t
2.50x10% 3.75x103 1.77 x 101
2.50x10* 5.00x 103 2.34 x 10!
2.50x10% 6.25x103 2.97 x 10!

k2=4.73 x 10! M1 s?

035
030
025 |
1,020 |
Jois
010
0.05
0.00

y =4.73E+01x - 1.00E-04
R? = 1.00E+00

0.000
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1g + potassium 2-oxo-1,2-diphenylethan-1-ide (5g) in DMSO (stopped flow, detection at 412 nm)

[5elo (M) [1g]o (M) kobs (s™*)

2.50x10% 250x103  8.27x103
250x10%  3.75x103  1.29x 102
2.50x10% 5.00x103  1.83x102
2.50x10%  6.25x102  2.20x 102

k2=3.73 x 10° M1 s?

0.000
0.000 0.002 0.004 0.006

[1g] (M)

y = 3.73E+00x - 9.39E-04
R? =9.95E-01

Determination of E and s¢ parameters for 1g in DMSO in reactions with carbanions.

Reference Nucleophilicity k2 (Ms?) log ka/sn
Nucleophile N (sn)
5a 19.46 (0.58) 2.62 x 102 273
5b 19.67 (0.68) 2.04 x 10 -2.49 z
5d 20.24 (0.60) 2.30 x 102 -2.73 E:
5g 23.15 (0.60) 3.73 x 10° 0.95 2
Se 23.64 (0.65) 4.60 x 10° 1.02
5¢ 25.11 (0.64) 1.71 x 10° 0.36
5f 27.54 (0.57) 4.73 x 101 2.94

E=-23.23

se=0.71
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1g + sodium azide (3) in DMSO (stopped flow, detection at 396 nm)

+
[1g]o (M) [3]o (M) kobs (s7*) Zzzz
498x10% 580x10%  5.16x10%° = 0,003
596x10* 624x10°  5.41x10* i 0,002
5.96x10% 128x102  1.09x 10° <
596x10* 2.56x102  2.13x 103 0:00%
596x10% 3.90x102  3.30x 103 0000
596x10% 520x102  4.29x 10°

a measured with conventional UV-Vis photometry

k2=8.24x 102 M1s?
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NaN3

y = 8.24E-02x + 3.54E-05
R? = 1.00E+00

0.00

0.02 0.04
(3] (M)

0.06
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Kinetics of reactions of 2-(p-tolyl)spiro[cyclopropane-1,2'-indene]-1',3'-dione (1h)

1h + potassium 4-bromothiophenolate (2d) in DMSO (stopped flow, detection at 396 nm)

[2d]o(M)  [1h]o (M) kobs (™) y = 1.34E+01x + 3.75E-03
250x10% 2.50x10°  3.72x 102 0.08 R? = 9.92€-01

250x 104 3.75x103 524 x 10?2 T 0.06
250x10% 5.00x10%  7.33x 102 So.04
250x10% 6.25x103  8.59x 102 0.02
0.00 : : '
0.000 0.002 0.004  0.006
—_ 1 -1 -1
kz =134 %x10"M*s [lh] (M)

1h + potassium thiophenolate (2c) in DMSO (stopped flow, detection at 396 nm)

0.14
[2¢]o (M) [1hlo (M) Koos (s°) y = 2.03E+01x - 1.98E-03
0.12 } 2_
R2 = 9.98E-01
2.50x10* 2.50x 103 4.95 x 1072 0.10 |}

2.50x10* 3.75x103 7.37 x 102 T& 0.08 |

250x10* 5.00x10%  9.75x 102 F006

04 t
250x10% 6.25x10°  1.26x 107 0.0

0.02
0.00 L L L
0.000 0.002 0.004 0.006
k2=2.03x10*M1s? [1h] (M)

1h + potassium 4-methylthiophenolate (2b) in DMSO (stopped flow, detection at 396 nm)

[2blo (M) [1h]o (M) kobs (s7) y = 2.61E+01x + 9.35E-03
R? = 9.99E-01

2.50x10% 2.50x 103 7.35x 10

2.50x10* 3.75x 1073 1.09 x 10 i 0.12
2.50x10*  5.00x 103 1.40 x 10! ; 0.08
2.50x10*  6.25x 103 1.72 x 101 0.04
0.00 L L L
0.000  0.002 0.004  0.006

_ 1Al el
k»=2.61x10'M1s [1h] (M)
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1h + potassium 4-methoxythiophenolate (2a) in DMSO (stopped flow, detection at 396 nm)

[2a]o (M) [1h]o (M) kobs (s7™)

2.50x10% 2.50x 103 9.63 x 1072
2.50x10% 3.75x10% 1.35x 10
2.50x10* 5.00x 103 1.85x 10!
2.50x10* 6.25x10% 2.20x 101

ko=3.37x10' M st

Determination of E and sg parameters for 1h in DMSO.

Reference Nucleophilicity k2 (M s?) log

Nucleophile N (sn) ka/sn
4-Br (2d) 22.81(0.78) 1.34 x 10! 1.44
4-H (2c) 23.36 (0.74) 2.03 x 10! 1.77
4-Me (2b) 24.35 (0.69) 2.61 x 10! 2.05
4-MeO (2a) 24.97 (0.67) 3.37x 10! 2.28

E=

-18.77

se=0.37
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y =3.37E+01x + 1.17E-02

R? =9.96E-01

2.50
2.00
1.50

log k,/sy

1.00
0.50
0.00

0.002 0.004
(1h] (M)

0.006

y =0.3698x - 6.9415
R*=0.9810
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Kinetics of reactions of 2-(4-methoxyphenyl)spiro[cyclopropane-1,2'-indene]-1',3'-dione (1i)

1i + potassium 4-bromothiophenolate (2d) in DMSO (stopped flow, detection at 396 nm)

[2d]o (M) [1i]o (M) Kobs (s7%)

2.50x10% 2.50x 103 8.11 x 102
2.50x10* 3.75x103 1.23x 107
2.50x10* 5.00 x 10 1.65 x 10
2.50x10* 6.25x103 2.07 x 101

k2=3.36 x 101 M st

0.00

y = 3.36E+01x - 2.87E-03
R? = 1.00E+00

0.000 0.002 0.004 0.006

(1i] (M)

1i + potassium thiophenolate (2c) in DMSO (stopped flow, detection at 396 nm)

[2c]o (M) [1i]o (M) kobs (s71)

2.50x10% 2.50x 103 1.07 x 10!
2.50x10* 3.75x103 1.60 x 10!
2.50x10* 5.00x 103 2.17 x 10!
2.50x10* 6.25x 103 2.75x 101

k2=4.49x10* M*s?

0.30
0.25
. 0.20
'%? 0.15
~<0.10
0.05

0.00

|y =4.49E+01x - 6.60E-03
R? = 1.00E+00

0.000 0.002 0.004 0.006

(1i] (M)

1i + potassium 4-methylthiophenolate (2b) in DMSO (stopped flow, detection at 396 nm)

[2b]o (M) [1i]o (M) kobs (s7")

2.50x10*% 2.50x 103 1.51 x 10
2.50x10% 3.75x103 2.33x10?
2.50x10* 5.00x 103 3.23 x 10!
2.50x10* 6.25x103 3.93x 10!

k2=6.53 x 10! M1 s?
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0.00

y = 6.53E+01x - 1.06E-02
R?=9.98E-01

0.000 0.002 0.004 0.006
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1i + potassium 4-methoxythiophenolate (2a) in DMSO (stopped flow, detection at 396 nm)

[2a]o (M) [1i]o (M) kobs (s7™)

2.50x10% 2.50x 103 2.05x 101
2.50x10% 3.75x10% 3.11x10?
2.50x10* 5.00x 103 4.44 x 10!
2.50x10* 6.25x10% 5.52 x 10

k2=9.39 x10' M s

0.60
050 | v=9.39E+01x - 3.29E-02

040 [

1
)

— 0.30 }
4

>~ 0.20 }
0.10 |
0.00

Determination of E and sg parameters for 1i in DMSO.

R? =9.98E-01

0.000 0.002 0.004 0.006

4.00
Reference Nucleophilicity ka (M1s?) log ka2/sn
Nucleophile N (sn) 3.00
=z
%)
1 ~
4-Br (2d) 22.81(0.78) 3.36x 10 1.96 =900
oo
4-H (2c) 23.36 (0.74) 4.49 x 10° 2.23 o 1.00
4-Me (2b) 24.35 (0.69) 6.53 x 10! 2.63
. 0.00
4-MeO (2a) 24.97 (0.67) 9.39x10 2.94

E=

-18.42

se=0.45

161

(1i] (M)

y =0.4475x - 8.2428
R*=0.9978
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Kinetics of reactions of 2-phenylcyclopropane-1,1-dicarbonitrile (1j)

1j + potassium 4-bromothiophenolate (2d) in DMSO (stopped flow, detection at 320 nm)

[2d]o (M) [1j]o (M) kobs (s71)

2.50x10% 2.50x 103 1.28 x 102
2.50x10* 3.75x103 1.94 x 102
2.50x10* 5.00x 103 2.46 x 102
2.50x10* 6.25x103 2.90 x 1072

k2=4.30x10° M1 st

0.035
0.030
0.025

T, 0.020

£0.015

B3
0.010
0.005
0.000

_1)

- y = 4.30E+00x + 2.62E-03
R?=9.92E-01

0.000 0.002 0.004 0.006

(1j] (M)

1j + potassium thiophenolate (2c) in DMSO (stopped flow, detection at 310 nm)

[2clo (M) [1j]0 (M) kobs (s7*)

2.50x10% 2.50x103  2.56x 102
250x10% 3.75x103  3.72x10?
2.50x10* 5.00x10%  4.77x 1072
250x10* 6.25x10%  5.77x 107

k2=8.54x10°M1s?

0.07
0.06
0.05

7, 0.04

003
0.02
0.01
0.00

- y = 8.54E+00x + 4.67E-03
R? =9.99E-01

0.000 0.002 0.004 0.006

(1i] (M)

1j + potassium 4-methylthiophenolate (2b) in DMSO (stopped flow, detection at 300 nm)

[2blo(M)  [1j]o (M) kobs (s7*)

2.50x10* 2.50x10°  3.45x 102
250x10*  3.75x10°  4.92x102
2.50x10* 5.00x10°  6.25x102
250x10*  6.25x10°  7.72x102

k2=1.13x10' M1 s?

0.090
0.075
— 0.060

< 0.045
~ 0.030
0.015

0.000

5 y = 1.13E+01x + 6.36E-03
R? = 1.00E+00

0.000 0.002 0.004 0.006
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1j + potassium 4-methoxythiophenolate (2a) in DMSO (stopped flow, detection at 300 nm)

[2alo(M)  [1j]o (M) kobs (s™*)

2.50x10% 2.50x10%  4.99 x 102
250x10%  3.75x10%  7.33x10?
2.50x10% 5.00x103  9.54x 102
250x10%  6.25x10%  1.15x10?

ka=1.74x10*M*s?

0.14
0.12
0.10

7, 0.08

006
0.04
0.02
0.00

- y = 1.74E+01x + 7.31E-03
R? =9.98E-01

0.000 0.002 0.004 0.006

Determination of E and s parameters for 1j in DMSO.

Reference Nucleophilicity ka (M1s?) log k2/sn
Nucleophile N (sn)
4-Br (2d) 22.81(0.78) 4.30 x 10° 0.81
4-H (2c) 23.36 (0.74) 8.54 x 10° 1.26
4-Me (2b) 24.35 (0.69) 1.13 x 10* 1.53
4-MeO (2a) 24.97 (0.67) 1.74 x 10* 1.85
E=-20.80
se=0.44
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Kinetics of reactions of 6,6-dimethyl-5,7-dioxaspiro[2.5]octane-4,8-dione (1a) in acetonitrile

For the reactions with pyridines, the appearing absorption of the zwitterionic product was followed
with conventional UV-Vis spectrometry.

1a + 4-methylpyridine (4d) in acetonitrile (J&M, detection at 380 nm)

0.0010 r
” y = 1.06E-03x + 2.50E-06
[1a]o (M) [4d]o (M) kobs (s7%) 0.0008 L R? = 1 00E+00
2.00x103 2.00x 1071 2.14 x 10 —
T, 0.0006 [
2.00x 103 4.00x 101 4.27 x 10 ~
$0.0004 |
2.00x 103 6.00x 101 6.41 x 10
0.0002 |
2.00x 103 8.00x 10! 8.50 x 10
0.0000 L L L J
0.00 0.25 050 0.75 1.00
(4d] (M)

k2=1.06 x 103 M1t

1a + 4-methoxypyridine (4c) in acetonitrile (J&M, detection at 350 nm)

0.0006
[1a]e (M) [4c]o (M) Kobs (s7) y= 1.072E-O3x + 1.80E-05
R? = 9.91E-01
2.00x10° 1.00x10?  1.16x 10 — 00004 }
[}

2.00x10° 2.00x10%  2.37x10% =

o
2.00x10° 3.00x10%  3.55x10% = 0.0002
2.00x10° 4.00x10%  4.33x10%

0.0000 : ;
0 0.25 0.5
[4c] (M)

k2=1.07 x 103 M1 st

1a + 4-(dimethylamino)pyridine (4b) in acetonitrile (J&M, detection at 325 nm)

0.0012 ¢
” y = 1.37E-02x - 4.85E-05
[1alo (M)  [4blo (M) Kobs (s72) 0.0010 | - 6 .00E.01
2.00x10% 2.00x102  2.36x10% — 0.0008
[}

2.00x10°  4.00 x 102 4.81x10% 33 0.0006 |
2.00x10% 6.00x102  7.70x 10* = 0.0004

0.0002 }
2.00x10% 8.00x102  1.05x10?

0.0000 L L : )

0 0025 005 0.075 0.1
(4b] (M)
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k2=1.37x102M1s?

1a + 4-(pyrrolidin-1-yl)pyridine (4a) in acetonitrile (J&M, detection at 325 nm)

0.0016  y=1.72E-02x - 1.05E-05

[%/Ia]o, [4a]o (M) kobs (s7*) 0.0014 R? = 1.00E+00
M) 0.0012 F
2.00x10% 2.00x10%  3.30x10* T, 0.0010 F
< 0.0008 |
2.00x103 4.00x 102 6.79 x 10 £0.0006 |
i i i 0.0004 |
2.00x10° 6.00x102  1.03x 103
00x 103  6.00 x 10 03 x 10 00002 L
2.00x10° 8.00x102  1.36x10% 0.0000 - - - ,
0 0.025 005 0075 0.1

[4a] (M)

k2=1.72x102M?1s?

Determination of E and sg parameters for 1a in acetonitrile.

20 ¢
Reference Nucleophilicity k2 (M?'s?1) log 25 L v= 02'752)( -14.7
Nucleophile N (sn) @ ka/sn . R*=0.993
s-3.0 F
4-Hb 12.9(0.67) 5.57 x 10* -4.86 ~
b «N'3.5 B
A &40 t
4-Me (4d) 13.7 (0.67) 1.06 x 103  -4.44
45
4-OMe (4c) 13.7 (0.67) 1.07x 103  -4.43 0
4-NMe; (4b) 15.8 (0.66) 1.37x102% -2.82 12 13 14 15 16
4-pyrrolidinyl (4a) 15.9 (0.67) 1.72x10% -2.63 N

a N and sn parameters acquired in dichloromethane have been used, in lieu of parameters in acetonitrile.
b derived from the activation parameters published by McKinney et al.2
E=-19.5

se=0.75
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3.5.4 Copies of NMR Spectra
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Chapter 4. Kinetic Investigations of Concomitant Sy1 and Sy2 Mechanisms in Menschutkin Reactions

4.1 Introduction

Nucleophilic substitutions at sp*-hybridized electrophilic carbon centers belong to the most often
studied reactions in physical organic chemistry.! Owing to their importance for teaching organic
chemistry, each organic chemistry textbook contains a discussion on the various effects that influence
the rates of nucleophilic substitutions, consequences for the stereochemistry of the products, and,
thus, the mechanism of the reactions.?

In general, nucleophilic substitutions proceed via two mechanisms, the Sy1 mechanism and the Sy2
mechanism.? In the Sy1 mechanism, the electrophilic substrate first ionizes by the heterolytic bond
cleavage between a leaving groups and a carbon (Figure 1a). This heterolysis reaction generates in a
rate-determining step a carbocation along with a neutral or negatively charged leaving group. In
contrast, the Sy2 mechanism requires concerted bond formation and bond cleavage (Figure 1b).
Because the incoming nucleophile and the electrophilic substrate have to interact in the transition

state of the Sn2 reaction, concentrations of both reaction partners contribute to the rate law.

(a) o (b) ®
RR slow R LG fast LG R R Nu. R
@ RR +Nu ——  F
R7OLG R™ <R Ne o e R g M g/k TLe
R™ "Nu
d[A]
Syt v=- = k[A] Sn2: v=- = k[Al[B]

dt dt

Figure 1. (a) Sn1 reaction and first-order rate law. (b) Sn2 reaction and second-order rate law.

1a,1g,1h,3 4e,5 6

How temperature, solvent,’™* |eaving group,*®® or structural variations in the electrofuge®®
impact either the Sy1 or the Sy2 reactions has been studied to huge extent in previous work and led to
a good understanding of the individual reaction mechanisms. However, there is still no straightforward
answer to the question whether a good leaving group in Sy1 reactions is also a good leaving group in
Sn2 reactions. For example, whether bromide and tosylate are equally good leaving groups or tosylate
is the by a factor of 1000 better leaving group than bromide depends on the acting mechanism.”

In order to avoid a significant influence of steric environment at the electrophilic center, it was
therefore intended in this study to use electrophilic substrates that reacted concomitantly via Sy1 and
Sn2 mechanisms. In this way, it was possible to derive tendencies in the leaving groups abilities for Sn1
and Sn2 reactions without changing the electrofuge structure, which comprised secondary carbons as
the reaction centers.

Conductivity was used to monitor the kinetics of the reactions, in which ionic species are formed from

neutral reactants. Non-linearities of solution conductivity with increasing ion concentrations needed
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to be considered and were handled by separate calibration experiments, which finally allowed to
connect experimentally measured conductivity values to a certain salt concentration in solution.

Rate constants for Sy1 reactions were determined in acetonitrile or mixtures of acetonitrile with protic
solvents. The same solvents were utilized to determine rate constants for the Sy2 reactions, in which
variable concentrations of added amines acted as the nucleophiles. By using this experimental setup,
it was possible to investigate various effects on both types of nucleophilic substitutions, which allowed
us to identify the susceptibility of the individual reaction channels toward changes in temperature,
solvent, leaving group, electrofuge structure, or type of added nucleophile.

It will be shown, that the results in this thesis along with rate constants reported previously by others
make it possible to develop guidelines to predict which external changes can be made to direct the
reaction mechanism either toward an Sy1 or an Sy2 path. Analyzing the energy profiles of related
reactions, in which the electrofuge was kept constant and the leaving group was varied, revealed
intrinsic barriers as important factors to explain the variability of relative Br/OTs leaving group abilities

in nucleophilic substitutions.

4.2 Results and Discussion

Kinetics.
Uncharged nucleophiles 9-13 reacted with 1-phenethyl halides (1-X - 5-X), tosylates (1-OTs),
benzhydryl halides (6-Br, 7-Br), 1,3-diarylallyl halides (8-Br, 8-Cl) or 1-butyl halides and tosylates (BuX)

in acetonitrile or acetonitrile/methanol mixtures at 20 °C (Chart 1).

Br OTs /@/B( /@/{ Br
1-Br 2-Br 2-Cl 3-Br

1-0Ts

o o A oo
MeO o] O O
4-Br 5-Br 6-Br 7-Br
(¢]]

Br
peagey hAoAa o
8-Br 8-Cl
F F F F

Electrophiles

Nucleophiles

o)
Y0 )
@ WY e o
9 10 1 12 13 (no Menschutkin reaction)

Chart 1. Employed electrophiles 1-8 and nucleophiles 9-13. MeOH reacts as nucleophile with carbocations but not with alkyl

halides or tosylates.
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In Figure 2a, the reaction of 7-Br with DABCO (9) is depicted as example. Due to the ionic nature of the
products, time-resolved conductometry was used to follow the kinetics of the aforementioned
reactions (Figure 2b). Products of some typical reactions have been analyzed in more detail (see
below). The linear correlation between conductance and ammonium ion concentration was shown for
piperidinium chloride in acetonitrile/methanol mixtures (Figure 3). In pure acetonitrile without
methanol this correlation was no longer linear for secondary or primary amines. Solutions of
protonated primary, secondary and tertiary amines in acetonitrile with chloride, bromide or tosylate
counterions deviate from the ideal behavior (the molar conductivity Am = k/c becomes concentration
dependent)’ and show a curvature in plots of conductance versus concentration. This is due to ion

pairing, which has to be considered when deriving kops and k> from measurements of conductance.

S)

N
@ o 0.02 M [7] [&j
1 mM 9 k o)  Br
O T
20 °C
7-Br
\ 5 /
® Br N
W

Kops = 0.406 [9] + 5.45 x 107

0 005 0.10 0.15 0.20
191 (M)

Figure 2. (a) Concurrent Sy1 and Sy2 reaction of 7-Br with DABCO (9) at 20 °C in acetonitrile. (b) Plot of conductance G versus
time t for the above reaction. (c) Linear correlation of koys versus nucleophile concentration. The intercept represents the

nucleophile independent rate constant k; and the slope represents the nucleophile dependent rate constant k.
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To consider this non-linear behavior, the ammonium chlorides,
06 .G= 0.362[HCI]+0.115

bromides and tosylates were added in portions to solutions of 05 |R?=0.999

the corresponding amines in acetonitrile while the resulting & 04 ¢

conductance was recorded. Figure 4 depicts a plot of salt i z'z

concentration versus conductance resulting from the stepwise 0.1

addition of morpholinium hydrobromide as acetonitrile 0 0 05 10 15
[HCI] (mM)

solution to a solution of 0.05 M morpholine (12) in acetonitrile.
The plot of concentration versus conductance was fitted with Figure 3. Conductance versus HC
a second-order polynomial which accurately describes the  concentration in 0.2 M piperidine in 20%
behavior in the relevant concentration range (Figure 4). The (v/v) methanol in acetonitrile.
second-order polynomial was then used to convert the measured conductance of the kinetic
experiments into the actual concentrations of the formed product. All kinetics that have been
evaluated in this way are marked in Table 1 (footnote g). The conducting species is the protonated,
primary or secondary amine due to amine excess in the kinetic experiments. Tertiary amines form
guaternary ammonium ions which cannot transfer a proton and undergo ion pairing to a much lower
extent with the employed halides and tosylate. Consequently, the conductance does not depend on
the electrophile when secondary or primary amines are employed as nucleophiles, due to proton
transfer to the excess amine. This protonated amine is the charged species that is detected by
conductometry. This was also shown by the comparison of the concentration-dependent conductance
of the products of 4-Br and 7-Br with piperidine (11) and that of the corresponding hydrobromide
11-HBr, which show matching plots of salt

. . . 35 - [salf]=2.311 x 102 G2 + 7.070
concentration versus conductance (Figure 5). While x 104 G + 1.415 x 105

. | R2=0.9999
the plots do not agree perfectly, the deviation was
considered acceptable for our purposes. We observed,

that higher amine and/or methanol concentrations

[12-HBr] (mM)

reduce the degree of curvature. Consequently, ion

pairing does depend on the quantity of the H-bond 0 02 04 06 08 10 12

donor/acceptor, which solvates the cation and anion. G (uS)
Also, certain ammonium salts, like morpholinium

! ! P Figure 4. Plot of morpholinium hydrobromide
hydrobromide (12:HBr) show more curvature than (12-HBr) concentration versus conductance. Solvent
other ammonium salts, e.g. propylammonium is acetonitrile with 0.05 M morpholine at 20 °C. This
hydrobromide (13-HBr) at equal amine concentration ~ S*@MPle shows the strongest curvature.

in acetonitrile.
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35 11:HBr

H \
< [ ]
25 L /@)\ - . \\
MeO

s o
20 | (o)
§ 14b " 52 N,
10+ ) Me Me
9 14c
05 f o
0
0 0.5 1.0 1.5 2.0
G (uS)

Figure 5. Plot of salt (11-HBr, 14b or 14c) concentration versus conductance. Solvent is acetonitrile with 0.1 M piperidine (11)
at 20 °C. Orange squares represent 14b, black dots represent piperidinium hydrobromide (11-HBr) and grey triangles

represent 14c.

In Figure 2b, the change in conductance over the course of the reaction in Figure 2a is depicted. For
fast reactions that are complete in less than 10 minutes the stopped-flow technique was employed.
Pseudo first-order kinetics were observed when the electrophiles were treated with an at least 10-fold
excess of nucleophile. First-order rate constants were calculated by least-squares fitting of the function
Ar = Ao (1 - exp(-konst)) + C to the increasing conductance (red part in Figure 2b). Different
concentrations of the nucleophiles 9-13 give different kons values, which can be interpreted by plotting
kobs versus nucleophile concentration which results in a linear correlation (Figure 2c). Equation 1 shows

the connection between kobs, k1 and k.

Kobs = k1 + k2 [Nu] (equation 1)
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The nucleophile-independent rate constant k; represents the heterolytic cleavage as rate-determining
step followed by a fast nucleophilic addition. The intercept of the plot in Figure 2c equals k.

The rate of the bimolecular Sy2 reaction is represented by the nucleophile concentration multiplied
with k,, which equals the slope of the linear correlation in Figure 2c. Four different concentrations of
nucleophile were measured for each electrophile-nucleophile pair to determine k; and k; from a linear
correlation of kous versus nucleophile concentration (see Table 1). Since the nucleophile is used in
excess, the final conductances at the end of the reactions depend only on the amount and type of
substrate and type of amine.

Conditions could be found, under which Sy1 and Sy2 reactions occurred concomitantly, by fine-tuning
the amount of methanol in acetonitrile. When this was not possible because the Sy2 reaction was much
faster than the Sy1 reaction, the weakly nucleophilic triethylamine was used instead of the nucleophile
to monitor only the progress of the Sy1 reaction (Figure 6). The observed rate constants (kobs) were
independent of the triethylamine concentration. The rates of the reactions 1-X-8-X with triethylamine
(<1 M) in acetonitrile or acetonitrile/methanol at 20 °C did not depend on the concentration of
triethylamine, thus giving rise to the first-order rate constants ki. Further plots of kops versus

triethylamine concentration are reported in the

2.5

Experimental Section. Apparently, triethylamine is too T 20 R
sterically hindered to undergo a reaction via an Sy2 Ti 12

mechanism with the electrophiles 1-8 and cannot :g 0.5

compete with the faster Sy1 mechanism. If methanol 0 0 025 05 075 1.0

is present, triethylamine acts as Brgnsted base and INEts] (M)

ethers are formed as products. Without methanol Figure 6. Observed rate of the ionization of 2-Br in
triethylamine acts as nucleophile in an Sy1 mechanism ~ 20%  (v/v) methanol in acetonitrile  versus
and ammonium salts are formed as products. If one triethylamine concentration.
reaction path is significantly faster than the other, then the method of Figure 2c becomes inaccurate
for the slower rate constant. We resolved this limitation for Sx2 reactions that were much faster than
the concomitant Sy1 reactions by measuring the kinetics separately with triethylamine instead of the

actual nucleophile. However, no such workaround is possible, if the Sy1 reaction is substantially faster

than the Sn2 reaction.

Rate constants k; and k; of the reactions of the employed electrophiles with the nucleophiles 9-13 and
methanol are summarized in Table 1 and depicted as plots of ks Versus amine concentration in
Figure 6. Further rate constants, for example at different temperatures, will be presented in the

appropriate sections, where they are discussed.
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Table 1. First and second-order rate constants (20 °C) for the reactions of amines with alkyl halides in acetonitrile or acetonitrile/methanol
mixtures.

Electrophile solvent ki(sh) 9 DABCO (9) Pyrrolidine (10) Piperidine (11) Morpholine (12)  Propylamine

k2 (M5 k(Mts?) k2 (M7ts71) k2 (M7ts71) (13)

k2 (M7ts7%)

1-Br AN n.d. 3.19x 1072 8.36 x 10739 5.18 x 10739 1.18 x 10739 3.29 x 10749
1-0Ts AN @ 1.65x107° 2.45 %1072 5.48 x 10739 3.41x10739 1.19x 10739 4.74 x 10749
2-Br 80AN20M 2.16 x10™* 1.81x1072 3.52x1073 2.70x 1073 1.71x1073 5.76 x 10
2-Cl 80AN20M 4.28 x 10°® 1.39x10™* 2.37x107° 1.51x10°° 1.14x10°° n.d.
3-Br AN 2.11x10° 1.09x 107t 2.06 x 10729 1.30x 10729 3.94 x 10739 9.09 x 10749
4-Br AN 3.95x 1073 4.40%x 107t 5.75x 10729 5.11x 10729 1.93 x 10729 6.76 x 10739
5-Br AN 2.71x107%¢ 214 7.45x 107! 4.66 x 107! b b
6-Br AN 6.92 x 10°® 2.53x 1072 7.53 x 10739 5.15x 10739 1.49 x 10739 3.53 x 10749
7-Br AN 431x1073%¢ 4.06x107 9.58 x 10729 6.05 x 10729 3.50 x 10729 1.25x 1072
8-Br 90AN10M 3.29x 1073 n.d. 1.39x107? 1.54x107? 5.21x 1072 6.96 x 1073
8-Cl 90AN10M 1.33x10™%f n.d. 2.62x10™* 3.09x10™* b b
BuCl AN n.d. 1.06 x 107 n.d. n.d. n.d. n.d.
BuBr AN n.d. 1.77 x 1073 n.d. 5.58 x 10749 8.61x107%9 n.d.
Bul AN n.d. 9.48x1073 n.d. 2.80x 1073 478 x 10 n.d.
BuOTs AN n.d. 7.35x10* n.d. 1.91x 10749 3.32x10°%9 n.d.

a Compounds that were not sufficiently stable in MeCN were added to the reaction as toluene solutions. The addition of up to 5% toluene

to acetonitrile showed no effect on ki1 or k2 when compared to pure MeCN.
b Reaction could not be accurately measured due to the fast Sn1 reaction.
¢ Rate constant was determined with piperidine.

d Triethylamine instead of the nucleophile was used to measure ki if ko was deemed to large to allow an accurate determination of ki by

the intercept.
e Rate constant was determined with propylamine.
f Rate constant was determined with benzylamine.

g For kinetics affected by significant ion pairing, conductivity data were converted to concentrations by using the polynomial fit method

described in Figure 4.
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0.001 10 0.0005
1 13
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Figure 7. Plots of kops versus amine concentration for each electrophile entry in Table 1. The amines DABCO (9, purple circles),
pyrrolidine (10, black triangles), piperidine (11, blue diamonds), morpholine (12, red squares) and propylamine (13, unfilled
green triangles) are color coded. All reactions that have not been recorded in acetonitrile have their solvent mixture of

acetonitrile (AN) and MeOH (M) denoted as v/v%. E.g. 80AN20M is 80% (v/v) acetonitrile, 20% MeOH.
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Product studies.

The products of the reactions of secondary, benzylic halides or tosylates with primary, secondary or
tertiary amines were studied by *H NMR spectroscopy for one nucleophile/electrophile combination
in 80% acetonitrile and 20% methanol. The solvolysis of benzhydryl chlorides in acetone/water
mixtures in the presence of amines had been studied earlier and gave analogous products.?

Ideally, the only product of the Sy2 pathway should be ammonium bromide 14a (Scheme 1). Both, the

ammonium bromide 14a and methyl ether 15a are possible products of the competing Sy1 pathway.

. (o)
Br Ky H € ®\

2-Br 14a

ki

®
/@/\ KmeoH
2 15a

Scheme 1. Reaction of 2-Br with piperidine (11) in 80AN20M at 20 °C.

Table 2. Reaction of 2-Br with different piperidine (11) concentrations in 80AN20M (80% MeCN, 20% DsCOD
(v/v)) at 20 °C. [DsCOD] = 4.92 M.

[11] 0.052 M 0.104 M 0.155 M 0.207 M
Found product ratio [14a]/[15a] 0.73 1.6 2.7 3.9
Calculated? product ratio [14a]/[15a] 0.67 1.4 2.0 2.8

a Calculated with equation (V).

The product ratio is equal to the ratio of the rates at which these products are formed. The actual
product ratio was determined by *H-NMR spectroscopy (Table 2). The alkylated amine 14a is produced
in the Sy2 pathway at a rate of: d[14a]
T~ ke2Br1] M
In the Sy1 pathway 14a and 15a are both formed. We assume methanol (N=7.54, sy=0.92 in MeOH)°®
and piperidine (11) (N=17.35, sy=0.68 in AN)° both react under diffusion control (log kcaic > 10) with

carbocation 2 (E>6.0 of the similar, but more stable (2,4,6-trimethylphenyl)ethylium ion),** due to an

estimation with the Mayr-Patz equation (equation 2) (Kpiperigine = Kmeon = Kaiff).
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log kao-c = sn (N + E) (equation 2)

We also assume that k; is the slowest and thus rate determining step of the Sy1 pathway. As a result,

the amount of 14a or 15a formed through the Syl pathway can be described with the following

equations:
d[14a] [11]
- 2B o o+ 1] (1
d15a) [D5COD]
- KB T copre g (I

Equation (1) and (1) equal the rate of formation of carbenium ion 2 multiplied with the relative amount
of piperidine (11) or deuterated methanol, respectively. Adding both rates for the formation of 14a ((l)
and (1)) and dividing by the rate of formation of 15a (lll) gives the full term required to calculate the

product ratio (Scheme 1, Table 2) of the concurrent Sy1 and Sy2 reactions:

[11]
14a) Ko (M) [2:Br) + iy (28] oo
[15a] [D5COD] ™
ki[2-Brl "5 copp+ 1]

Which can be simplified to:

[11]
[14a] ke 1]+ Ky [D5COD] + [11]

[15a] [DsCOD]
ki [D;COD] + [11]

The calculated product ratio differs slightly from the experimentally found product ratio (Table 2). In
fact, piperidine appears to be more reactive than methanol (kpiperigine > kmeon) towards the free
carbocation 2, as more 14a is found than expected. Consequently, methanol is not reacting as rapidly
as piperidine with the carbocation 2 and less of 15a is formed than expected. Piperidine and methanol
have to react at rates close to or at the diffusion limit with the free carbocation, however, as otherwise
no ether product 15a would be detected due to the much higher nucleophilicity of piperidine.?

Another explanation for the deviation between in found and calculated product ratios (Table 2) would
be an error in the determination of the rate constants k; and k. An error in k; of the required
magnitude is unlikely, because the intercepts, which represent ki, of the plots of kobs versus amine
concentration agree well with each other (Figure 7). An error in k; this big is also unlikely, as the rate

constants k. were determined as linear correlations of plots of ko.us versus amine concentration with
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good R%. However, the deviations of the found and the calculated product ratios in Table 2 are small
enough to not be of concern.
In pure acetonitrile the product formed through the Sy1 and Sn2 pathway is the same (Scheme 2), and

multiple alkylations of the same amine are not observed.

Br \LNH
+ _~  —
" IO
RT, 4 h
7-Br

2) NaOH workup

13 99%

Scheme 2. Reaction of 7-Br with propylamine in acetonitrile at room temperature.

Effect of substituents.

The effect of para substituents on 1-arylethyl bromides in reactions with pyridine was studied by Tsuno
et. al.® In their study they investigated concurrent Sy1 and Sy2 reactions and analyzed their data with
Yukawa-Tsuno plots. While the Syl reaction showed a linear correlation with o, the Sy2 reaction
showed significant curvature in the Hammett plot, indicating a change in the transition state. The Sy2
transition state is quite susceptible to changes in substituent constant o once the substituents are
sufficiently strong electron donors (o < -0.3 in this instance). Before that point, that is for substituents

with o < -0.3, substituent effects are miniscule.

Table 3. Reaction of phenethyl and benzhydryl bromides with piperidine (11) in AN at 20 °C. Selected data points
from table 1.

Electrophile ki (s7) k2 (M1s™?) k2 k1

1-Br 1.85x 107°8¢ 5.18 x 1073% 2.80 x 10°

2-Br 4.83x10°° 1.10 x 1072 2280
3-Br 2.11x107°% 1.30x 1072 616
5-Br 2.71x 107tk 4.66x 107! 1.72

6-Br 6.92 x 1076 5.15x 1073 744

©i
/©i
C©i

4-Br o 3.95x 10°3° 5.11x 102 12.9

7-Br | 4.31x1073% 6.05 x 1072 14.0

a calculated using reactivity parameters reported in ref*

b data taken from Table 1
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The Sn1 reaction, which is generally more susceptible to changes in the electronic structure, shows a
constant strong influence of the aryl substituents on reactivity.®> The changing magnitude of the
influence of aryl substituents on reaction rates of the Sy2 reactions (the curvature in the Yukawa-Tsuno
plot® found by Tsuno) can be rationalized by the change in transition state structure: Strong electron
donors in para position make charge separation more favorable and consequently the reactive carbon
center in the Sy2 mechanism develops more carbocationic character as the nucleophile and leaving
group are more distant in the transition state.' In the literature this is described as a “loose” transition
state.®®!31¢ So with strong electron donors the Sx2 mechanism is similar to the Sy1 mechanism in terms
of susceptibility to electronic effects. In reactions of phenethyl bromides with neutral or electron-
withdrawing substituents, however, the Sy2 transition state is tightly bound and charge separation
does not occur to a significant magnitude.®® This in turn explains why the change in ¢ has barely any
effect on the Sy2 reaction rates for electron withdrawing groups in the study by Tsuno.’® Without
charge separation, there is no charge which can be stabilized or destabilized by electronic effects.

Our observations with aliphatic amines at 20 °C (Table 3) are in line with those of Tsuno et al. who
observed the reaction of substituted phenethyl bromides with pyridine at 35 °C and got similar results
and reactivity trends. Addition of a methyl substituent to 1-bromo phenethyl (1-Br) in para position
(2-Br) leads only to a twofold increase in k, while replacement of the methoxy group by a
tetrahydrofuran ring 4-Br yields an almost 10-fold increase in k; (4-Br versus 5-Br, Table 3). On the
other hand, k; increases only by a factor of 1.18 when comparing the rate constants k, of 2-Br and 3-
Br. Consequently the change of the transition state structure and thus susceptibility to electron

donating groups for Sx2 when going from neutral to electron donating substituents on arylethyl

systems is analogous to the effects observed by Tsuno.?

Effect of solvent.

It is common knowledge, that solvent is the easiest, highly effective way to control the reaction
pathway. Highly polar, aprotic solvents favor Sy2 (Figure 8, black dots, reaction in 10M90AN), while
protic, polar solvents favor Sy1 (Figure 8, red squares, reaction in 91M9AN). In 91% methanol no
dependency of kobs 0N nucleophile concentration could be observed. By changing from 91% methanol
in acetonitrile to 10% methanol in acetonitrile the dominant reaction mechanism could be switched
from Sy1 to Sn2. According to the Hughes-Ingold rules,'” neutral reactants, which are converted into
ionic species, should react faster in methanol [Er(30) = 55.4 kcal mol?] than in acetonitrile
[E7(30) = 45.6 kcal mol™?].2® As depicted in Figure 9, this is true for the Sy1 reaction, however the rate

constants k; for the Sy2 reactions decreases with increasing methanol content.
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o (®
Br Br NZ,
F N F O F x F
+ —_—
U L e OO
H 20 °C
F F F F
8-Br 10
0.08
0.07 a SnT 91MOAN
__ 0.6 "
'y, 0.05
£ 0.04 SN2 10M90AN
X
0.03
0.02
Kops = 0.139 [Nu] + 2.92 x 1073
0.01 obs [ ]

R?=0.995

0 01 02 03 04 05
[10] (M)

Figure 8. Depiction of kos Of the reaction of 8-Br with pyrrolidine at 20 °C in 91% methanol/9% acetonitrile (red squares) or

in 10% methanol/90% acetonitrile (black dots) versus pyrrolidine concentration.

To study the solvent effect, we changed the solvent composition of a system that showed concomitant
Sn1 and Sn2 mechanisms while keeping the temperature and concentrations of the educts constant
(Table 4). With increasing amounts of methanol in the AN/M mixtures we observed a decrease in the
rate of the Sy2 reaction and an increase in the rate of the Sy1 reaction (Table 4, Figure 9). The ratio
ka/ki changes by more than 3 orders of magnitude. In solutions containing more than 50% (v/v)
methanol in acetonitrile the rate of the Sy2 reaction cannot any longer be precisely determined, as the

Sn1 mechanism becomes highly dominating.

OMe
Br NZ
O e AT
1 mM N X% MeOH,
H 100-X% MeCN @
2-Br 1 20°C N g0
H, Br

12 ¢ 16

10 ° —~ 14 ¢
—_ |
. (sw1) ool (s2)
2 80 t |
el [ ] é ‘]0 L
e <t
x 60 S 8.0 |
< 40 . W 60}

x [ ]

20 R 4.0

a 20| ¢ . .

0 e S 0 .

0 10 20 30 40 50 60 0 10 20 30 40 50 60
methanol (%) methanol (%)

Figure 9. Dependence of k; (left, Sy1) and k; (right, Sx2) on the methanol content (v/v) of acetonitrile solutions for the reaction

of 2-Br with piperidine (11) in AN/MeOH mixtures (Table 4).
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Table 4. Reaction of 2-Br with piperidine (11) (k2) or NEts (k1) in acetonitrile/methanol mixtures at 20 °C.

Solvent @ ki (s7Y) k2 (M71s7) ka2 [k1
AN “ 4.83x10°° 1.10 x 1072 2280
90AN10M“ 6.53 x107° 450 x 1073 68.9
80AN20M“ 2.16 x10™* 2.70x 1073 12.5
70AN30M @ 450x10™* 1.82x1073 4.04
60AN40OM @ 7.29 x 1074 1.22x1073 1.67
50AN50M @ 1.03x 1073 8.64 x 107* 0.838

a AN is acetonitrile, M is methanol. 90AN10M means 90% acetonitrile (v/v) and 10% methanol.

The observations for the reactivity trends of separate Sy1 and Sy2 reactions and concurrent Sy1 and
Sn2 reactions are in line with each other. The decrease in nucleophilicity of amines and other
nucleophiles for the transfer from aprotic to protic solvents is a well-known phenomenon. For
example, benzylamine is more nucleophilic in DMSO (N=15.28, sx=0.62)* by around 2 orders of
magnitude and by around 1 order of magnitude in acetonitrile (N=14.29, sx=0.67) than in the protic
solvent water (N=13.44, sy=0.55).%° Also benzylamine is more nucleophilic towards benzhydrylium ions
in pure acetonitrile than in a acetonitrile/methanol (9AN91M) mixture by almost an order of
magnitude.’®?° Similar trends have also been reported for ethanolamine and morpholine.? Sy2
reactions generally tend to be faster in aprotic than in protic media of comparable polarity.?* Higher
polarity of the solvent results in greater overall rates in Menschutkin reactions.?? However, a study by
Haberfield et al. demonstrated that the negative enthalpy for the transfer of pyridine from aprotic
dimethylformamide (DMF) to protic methanol is compensated by the decreased solvation of benzyl
halides, their reaction partners. The nucleophile is better solvated and thus stabilized in protic media
like methanol due to hydrogen bonding. The actual rate decreasing effect is due to the positive
enthalpy of transfer of the transition states when changing the solvent from aprotic DMF to protic
methanol as shown by Haberfield et al.. While the Hughes-Ingold rules for reactions with charge
separation and the similarity of mechanisms would indicate that Sy1 and Sn2 follow the same trends
in terms of the effect of the solvent on the rate, this is obviously not the case as demonstrated in
Figure 9.

Comparison of the reaction of allyl bromide 8-Br in 10M90AN and 10W90AN shows that the Sy1
reaction is 15 times faster in aqueous acetonitrile (intercepts) while the Sy2 reactivity is almost equally
fast (slopes) (Figure 10). Water is known to be better at facilitating the Sy1 reaction than methanol.?
Water [Er(30) = 63.1 kcal mol?] is also more polar than methanol [E7(30) = 55.4 kcal mol™],*® which

might account for the slight increase of the rate of the Sy2 reaction. Furthermore, it has to be
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mentioned, that one mL of water contains 56 mmol water while one mL of methanol contains only 25

o (o)
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F X F F P F
+ —_—
saasIeE "L sany
H
F F F F

mmol of methanol.

20°C

8-Br "

0.09 r Kops=0.178 [11]+7.76 x 1072

0.08 } R2=10.998 10W90AN
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0.03 }
0.02 }
0.01}
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Kops = 0.154 [11] + 5.05 x 107
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Figure 10. Dependence of kops Of the reaction of 8-Br with piperidine at 20 °C in 10% methanol/90% acetonitrile (red squares)

or in 10% water/90% acetonitrile (black dots) on the piperidine (11) concentration.

Effect of nucleophile.

Independent of arylethyl substitution, all employed nucleophiles displayed an almost constant relative
reactivity, as the ratios of k,PABCC, k,pyrrolidine - j,piperidine - - morpholine 3y e propylamine to\yards each other did
not change substantially when the electrophile was varied (Figure 7). The tertiary amine DABCO (9)
was always the most reactive, followed by the secondary amines pyrrolidine (10), piperidine (11) and
morpholine (12) and the least reactive, primary amine propylamine (13) (9>10>11>12>13). In contrast,
in reactions with the 1,3-diarylallyls 8-Br and 8-Cl piperidine (11) was slightly more reactive than
pyrrolidine (10) (Table 5, Figures 11 and 12). Only triethylamine was less reactive than propylamine. In
all reactions investigated, an Sn2 reaction of triethylamine could not be observed because of the much
faster Sny1 reaction. When looking at the tertiary amines DABCO and triethylamine and their difference
in reactivity, the importance of conformation and sterics becomes obvious. DABCO is the most reactive
amine in our studies and triethylamine the least reactive.

Leaving group, electrofuge and solvent had little influence on relative reactivity of the investigated

amines.
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Table 5. First and second-order rate constants (20 °C) for the reactions of amines with allyl halides in 90AN10M

mixtures
nucleophile 8-Br k, (Mts?) 8-Clk; (M1 s™)
pyrrolidine (10) 1.39x 1071 2.62 x 10744
piperidine (11) 1.54 x 1071 3.09 x 10744
morpholine (12) 5.21x1072¢ 2.35x107*
propylamine (13) 6.96 x 10737 n. d.
diethanolamine (16) 1.03 x 1072 2.73x10*
ethanolamine (17) 4.95x 1073 8.40x107°
benzylamine (18) 3.88x 1073 2.01x107°
imidazole (19) 2.72x1073 1.25x 107
ki(sY)@ 3.29x1073¢ 1.33 x 10™4¢

a data taken from Table 1

In our earlier work, however, we observed reactivity crossover of different nucleophiles.® Thus,
diethanolamine (16) is as reactive as benzylamine (18) towards benzhydryl bromide, while it is 5 times
less reactive than benzylamine towards 4,4’-bis(trifluromethyl)benzhydryl bromide. We assume this

was due to solvent effects. In particular, diethanolamine was more reactive than expected.
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Figure 11. Observed rate constants ko for the reactions of 8-Br with various amines in 90AN10M at 20 °C at different amine
concentrations. The behaviour of the nucleophiles towards each other in this plot is considered “normal” and is similarly

observed with all bromides (1-8-Br), the tosylate 1-OTs, and the chloride 2-Cl.

The k; for the reactions of 8-Cl with diethanolamine cannot be determined from the slopes of the linear

correlations of the nucleophile concentration against kous, because the slopes also reflect the linear
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increase of ki with the nucleophile concentration in analogy to the increase of ki with increasing
methanol concentration in AN/M mixtures (see Figure 9).

Depicted in Figure 11 is the plot of kons against nucleophile concentration for 8-Br, where Sy2 is the
dominant reaction mechanism (k;>k1). All linear correlations in Figure 11 have almost the same
intercept, which is the observed rate constant in the absence of nucleophilic amines, due to the Sy1
reaction. In this case the slope of the linear correlation can be solely attributed to the Sn2 reaction and
equation 1 can be applied. As long as the Sx2 mechanism is the prevalent mechanism, the relative

reactivity of all employed amines stayed almost constant.
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Figure 12. Observed rate constants kops for the reactions of 8-Cl with various amines in 90AN10M at 20 °C at different amine

concentrations.

In Figure 12 the plot of kobs versus the amine concentration is depicted for the reactions with 8-Cl. In
Sn1 reactions kops should be independent of the nucleophile concentration. However, Figure 12
demonstrates that kobs increases linearly with increasing amine concentrations. This is, however, not
only due to the operation of Sy2 processes, but also due to the effect of high amine concentrations on
the bulk solvent properties, which may cause a rate enhancement for the respective Sy1 reactions.

We have also reported a linear increase of the observed rate constant with increased methanol
content in acetonitrile for the reactions of 2-Br (Figure 9). The slope of diethanolamine is due to the
solvent effect of its two hydroxy groups. Its inherent low nucleophilicity relative to the other amines is
a minor reason of the concentration dependency of kons. Diethanolamine is the least nucleophilic
secondary amine investigated by us and only slightly more nucleophilic than the primary propylamine

in Sn2 reactions (Figure 11). In an Sy1 dominated system like 8-Cl in 90AN10M (Figure 12), however,
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diethanolamine has a higher slope than morpholine in kobs versus [amine] plots, which we attribute to
solvent effects and not Sn2 reactivity.

Morpholine is also more reactive towards 8-Cl than expected when compared to piperidine and
pyrrolidine (Figure 12). Morpholine should be considerably less reactive than piperidine and
pyrrolidine, like in Figure 11, which is obviously not the case. Equation 1 could no longer be applied,
because kops displays a nucleophile concentration dependency for Sy1 and Sy2 and thus neither k; nor
k; can be determined for morpholine (12), diethanolamine (16), ethanolamine (17), benzylamine (18)
and imidazole (19). Consequently, we disregarded all data from Figure 12 except for piperidine (11)
and pyrrolidine (10), which have k; values large enough to be sufficiently reliable. Piperidine and
pyrrolidine also should experience only a small solvent effect, since they have no other polar groups
besides their necessary amine functionalities.

The Brgnsted plot in Figure 13 (Table 6) shows a good correlation of log k, versus pK.y only for
secondary, cyclic amines. The tertiary amine DABCO and the primary, acylic propylamine deviate
considerably from the correlation.

0.0 [ log kp = 0.166 pKgy — 4.46
R? =0.987

log ko
L
o :
ZT
I
G

16 17 18 19 20
pKaH

Figure 13. Brgnsted plot for the reaction of 4-Br with the secondary amines (black dots) at 20 °C in acetonitrile. DABCO and

propylamine were omitted when calculating the correlation line.

Table 6. Reaction of 4-Br at 20 °C with different nucleophiles in acetonitrile

nucleophile pKaH (in AN)? log k2 ka/k1
DABCO (9) 18.29 -0.357 111

pyrrolidine (10) 19.58 -1.24 14.6
piperidine (11) 18.92 -1.29 12.9
morpholine (12) 16.61 -1.21 4.89
propylamine (13) 18.22 -2.17 1.71

a taken from reference?®.
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The second-order rate constants of the reactions of amines with electrophiles 1-X-8-X in all
investigated solvents did not correlate well with the nucleophilicity parameters N and sy of the Mayr
scale. The observed reactivity trends however were predicted correctly with Mayr N and sy
parameters: DABCO (N=18.80, sx=0.70)% >.piperidine (N=17.35, sy=0.68)'° > morpholine (N=15.65,
sn=0.74)1 > propylamine (N=15.11, sy=0.63).1° Obviously, these parameters hold for some Sy2

reactions substrates,?®?® but not for others.*

Effect of temperature.

We also determined activation parameters for one nucleophile/electrophile combination by
measuring rate constants at 5 different temperatures (Figure 14, Table 7, Table 8).

In Figure 14 an Eyring?’ plot of In (k/T) versus 1/T for the reaction of 2-Br with piperidine (11) in
80AN20M is depicted. The black dots represent ki and the red squares k,. AH* and AS* were calculated
from these linear correlations according to Eyring theory for the Sy1 and the Sy2 reaction respectively.
Once again differences between the Sy1 and Sy2 mechanism become clear. While the Sxy1 mechanism
is entropically more favorable than the Sx2 mechanism, it still displays a considerably negative
activation entropy. This can be explained by the amount of solvent ordering around the cation and the
anion that has to occur, which results from the charge separation. As the Sy2 transition state is highly
ordered and involves the participation of an additional molecule, the entropic contribution to the
activation barrier becomes even higher. However, the additional molecule, the nucleophile, reduces

the activation enthalpy by assisting the cleavage of the carbon bromide bond.
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Figure 14. Eyring plot of the reaction of 2-Br with piperidine (11). Red squares represent the rate constant k, of the Sy2

reaction at 10 to 50 °C. Black dots represent the rate constant k; of the Sy1 reaction at 10 to 50 °C.
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Table 7. Reaction of 2-Br at different temperatures with piperidine (11) in 80AN20M

temperature ki (s7Y) k2 (M71s7) ka2 [k1
10.0°C 7.90 x 10~° 1.16 x 1073 14.7
20.0°C 2.37x10™* 2.70x 1073 11.4
30.0°C 5.98 x 107 5.91x 1073 9.88
40.0 °C 1.58 x 1073 1.19 x 1072 7.53
50.0 °C 3.53x 1073 2.27 x 1072 6.43

Table 8. Activation parameters of 2-Br with piperidine (11) in 80AN20M according to the Eyring equation.

mechanism AG*20c (k) mol™) AH* (k) mol™) AS* () mol™ K1)
Snl 92.2 69.8 -76.3
Sn2 86.1 54.1 -109

The resulting piperidinium ion is also enthalpically more favorable than a carbocation, which is the
short-lived intermediate product of the Sy1 mechanism. A factor of 2 in terms of mechanism selectivity
(k2/k1) can be achieved by varying the temperature over a range of 40 K in this instance (Table 7). Sn1
and Sy2 display differences in their behavior when temperature is concerned, the effects are small

compared to the effects of solvent variation.

Effect of leaving group.

It has been known for more than 80 years, that the reactivity of leaving groups depend on the acting
mechanism.>?® However, to this day there is no specific study on the relative reactivity of bromide and
tosylate as leaving groups attached to the same electrofuge in concomitant Sy1 and Sn2 reaction. While
bromide is always a better leaving group than chloride independent of mechanism (Table 9, Table 10),
the same cannot be said for the tosylate/bromide relationship (Table 11). Hoffmann et al. reported,
that the ratios of bromide and tosylate rate constants of otherwise identical reactions vary by multiple
orders of magnitude.> In Sy1 reactions tosylates usually react faster than bromides by three orders of
magnitude (Table 12), sometimes even more.”*?® In Sy2 reactions tosylates and bromides show very

similar reactivity, often bromide is the slightly better leaving group.®
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X NS x°
+ Nu B — e
1mM 80AN/20M
20 °C
2-X

Table 9. Reaction of 2-Cl and 2-Br with amines in 80AN20M at 20 °C.

nucleophile k2Br (M1 s7h) k% (M1s) kei /ker

DABCO (9) 1.81 x 102 1.39x 10 1/130

pyrrolidine (10) 3.52x1073 2.37x107° 1/149

piperidine (11) 2.70x 1073 1.51x107° 1/179

morpholine (12) 1.71x1073 1.14x 107° 1/150

ki(s7%)@ 2.15x 107 4,28 x10°° 1/50
a k1 was determined with NEts as proton trap

® ©
X Nu X
F 7 Frv N 90AN/10M F 7 F
1 mM 20 °C
F F F F
8-X

Table 10. Reaction of 8-Cl and 8-Br with amines in 90AN10M at 20 °C.

nucleophile k2B (M~ s7h) kY (Ms) kei /ker

pyrrolidine (10) 1.39x 107! 2.62x107* 1/531

piperidine (11) 1.54 x 1071 3.09x10™* 1/499

ki (s7%) 3.29 x 10737 1.33 x 1074* 1/25

a k1 was determined with NEts as proton trap

b k1 was determined with benzylamine

Similarly, the halogenides differ in their relative reactivity depending on the acting mechanism (Table
9, Table 10). Bromide as leaving group reacts about 150 times faster via Sy2 than chloride in 80/20
acetonitrile/methanol (Table 9). The nucleophile type has a negligible effect on kc/ks: in our study. In
line with related studies, the increase in the Sy1 reactivity is only a factor of 50 when changing from
chloride to bromide (Table 9). In 90/10 acetonitrile/methanol the ratio ka/ks: is around 1/500 for 8-X
instead of around 1/150 for 2-X for the Sx2 mechanism (Tables 9, 10). For the Sy1 mechanism ka/ks: is
1/25 for 8-X and 1/50 for 2-X (Tables 9, 10). The opposite trends for the changes of ka/ks- depending
on the acting mechanism imply a different sensitivity of each reaction mechanism towards leaving

groups and their respective attributes.
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X Nu® x©
- ©/‘\ + Nu ,gglc ©/K
1-X
Table 11. Reaction of 1-OTs and 1-Br with amines in AN at 20 °C.
nucleophile kP (Mt s k2O (M7t s7Y) kors /ker
DABCO (9) 3.19 x 102 2.45 x 1072 0.77
pyrrolidine (10) 8.36x 1073 5.48 x 1073 0.66
piperidine (11) 5.18 x 1073 3.41x1073 0.66
morpholine (12) 1.18 x 1073 1.19x 1073 1.01
propylamine (13) 3.29x 10 4.74 x 107 1.44
ki (s7Y) 1.85 x 10785 1.65 x 1075¢ 892

a k1 was determined with NEts as proton trap

b is experimentally not accessible and was calculated using log k = s (N + Ef)*4

While bromide and tosylate proved to be about equally good leaving groups in the Sy2 pathway,
tosylate was the significantly better leaving group in the Sy1 pathway (Table 11). There seems to be a
trend for kors/ksr dependent on nucleophilicity: stronger nucleophiles react faster with bromide as
nucleofuge, weaker nucleophiles react faster with tosylate as nucleofuge. The rate of the Sy1 reaction
of 1-Br (Table 11) was experimentally not accessible and, therefore, estimated with the Mayr-Kronja

(equation 3).143°

log kas-c = s¢ (Ns+ Eg). (equation 3)

Existing fugality parameters s and N; for nucleofuges in various protic solvents and solvent
mixtures®1430 provide a clear picture of the relative reactivity of bromide, chloride and tosylate under
Sn1 conditions (Table 12). Tosylates ionize most rapidly, roughly 3 orders of magnitude faster than
bromides (ANs is around 3), which in turn are about 1 order of magnitude more reactive than the
corresponding chlorides. The relative reactivities increase or decrease slightly depending on the
solvent and the electrofuge. The ratio of bromide/tosylate reactivity seems to be mainly determined
by the reaction mechanism. As a consequence, attributes that make a good Sn1 leaving group do not
necessarily make a good Sn2 leaving group, and vice versa. This further illustrates the fundamental
differences in Sy1 and Sy2 mechanisms. Whether bromide or tosylate is the better leaving group

cannot be answered generally.
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Table 12. Nucleofugality parameters of chloride, bromide and tosylate in miscellaneous solvents at 25 °C.¢

Nucleofuge Cl- Br- OTs™

Ns /s¢in TFE 5.54/0.85 6.19/0.95 9.73/0.94
Ns /s¢in MeOH 2.91/0.99 4.23/0.99 7.33/0.82
Ns /ssin 60AN4OW 3.84/0.96 5.23/0.99 7.97/0.82
Ns /s¢in 90A10W 1.14/1.11 2.29/1.01 5.38/0.89

a data taken from reference*®

The answer will depend on the mechanism and while tosylate is always the better leaving group than
bromide when Sy1 mechanisms are considered, the same cannot be said for Sy2. Apparently the Sy2
mechanism is more complex, and bromide tends to be as good as leaving group as tosylate in Sy2
reactions. The complexity of the Sy2 reaction has thus far only allowed for a few Sy2 type electrophiles
to be included in the Mayr scales.?® In this work a connection to the Mayr scales could not be made,
not even with the inclusion of an electrophile-dependent s¢ parameter. Addition reactions can be
described semiquantitatively with the Mayr-Patz equation (equation 2) and heterolysis reactions with
the aforementioned Mayr-Kronja equation (equation 3). In the transition states of these reactions only
one bond is formed or broken, respectively. In Sy2 reactions one bond is formed while another bond
is broken at the same time, which makes the accurate prediction of rate constants more difficult.

By choosing the appropriate leaving group, one can achieve control over the reaction pathway. With
bromide being the better choice if one desires an Sy2 mechanism and tosylate being better for an Sy1

mechanism.3!

Relative Electrophilic Reactivities of Halides and Tosylates.

Table 13 compiles several second-order rate constants for the reactions of anionic nucleophiles with
1-propyl or methyl halides and tosylates. The kors/ks: ratio is changing more than the ratios of the rate
constants of halides, even when only reactions following the Sy2 mechanism are taken into account
(Table 13). In Sy1 reactions the reported ratios of kors/ksr are high (around 1000 and up to 10000) and
low for E2 and Sn2 reactions (around 1 to 0.1).%°

The ratios kc/ks: and ki/kg: also show variation (Table 13). But while the ratios of ki/ks: and kc/ks: vary
only by less than a factor of 5, the ratio kors/ks: varies by around a factor of 160 under analogous
conditions (Table 13). The logarithm of the rate constants of an Sy2 reaction with different leaving
groups correlates linearly with the logarithm of rate constants of other Sy2 reactions where the same

leaving groups are employed (Figure 15). This holds true whether the nucleophiles are charged or
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uncharged, the reactive carbon center is modified, or if the solvent is changed from polar aprotic to

polar protic.

solvent
temperature

Table 13. Reaction conditions and rates of primary alkyl halides or tosylates with miscellaneous nucleophiles at

25°C.

Electrophile  Nucleophile Solvent ks (M5 kors /kar ki /ker ki /ker
PrCl p-Methylthiophenolate EtOH 1.00° 1/136
PrOTs p-Methylthiophenolate EtOH 6.00 x 10t 1/2.3

PrBr p-Methylthiophenolate EtOH 1.36 x 10%¢

Prl p-Methylthiophenolate EtOH 4.73 x 10%° 3.5

MecCl N3~ DMF 1.6 x1073° 1/250
MeOTs N3~ DMF 5.0 x 1072 1/8.0

MeBr N3~ DMF 4.0x107t?

Mel N3~ DMF 3.2 x10°° 8.0

MecCl NCS™ DMF 4.4x107°° 1/300
MeOTs NCS™ DMF 8.0x 1074 1/16

MeBr NCS™ DMF 1.3 x1072°

Mel NCS™ DMF 8.0 x 1072% 6.2

MecCl NCS~ MeOH 1.6 x 10°6° 1/160
MeOTs NCS™ MeOH 1.3x1074P

MeBr NCS™ MeOH 2.5x 1074

Mel NCS~ MeOH 5.0x 1074 2.0

a relative rate constants from reference®

b second-order rate constants calculated with Arrhenius activation parameters from reference*

Only tosylate is markedly deviating, while the more closely related halides follow a constant linear
behavior. Other groups have also found this constant relationship for the relative reactivity of halide
leaving groups.**332 Only one point (the reaction of MeOTs with the azide ion in methanol) deviates
substantially from this correlation. A kors /ke: ratio of 10 in an Sy2 reaction is unusual, but not unheard
of,?° but values close to one or smaller than one are found more regularly.> Without that exception,

bromide always reacts faster than tosylate.
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log k, (n-BuX + DABCO in MeCN)

Figure 15: Correlation of the logarithm of the rate constants of the reactions of alkyl halides/tosylates with identical leaving
groups (Table 13) versus the rate constants of the reactions of 1-butyl halides/tosylates with DABCO in acetonitrile at 20 °C
(Table 1). Each colored line represents a specific reaction series (electrofuge, nucleophile, solvent, temperature of entries in
Table, same color code used as in Table 13) and each point represents one specific leaving group within that reaction. The

black line consists of relative instead of absolute rate constants, which results in a correct slope and an arbitrary intercept.

The slope appears to be related to the solvent, as reactions in the same solvent show similar or
identical slopes. However, further data are required to give a clear and reliable picture. A semi-
guantitative prediction of Sn2 rate constants should be possible in light of these results, at least for
halides and other well defined classes of nucleofuges. Swain and Scott®* had already established a
linear free energy relationship for Sy2 reactions, however Pearson* reported discrepancies of the
Swain-Scott equation and doubted whether it is actually possible to quantitatively predict rate

constants for a diverse range of reaction partners.

Energy Profiles.

According to the Hammond postulate, the transient carbocations which result from the endothermic
phenethyl halide ionization should closely resemble the transition state (Figure 16). The exothermic
Sn2 reaction of phenethyl halides with amines however should have a transition state which is more
closely resembling the starting material and should, thus, have a stronger carbon-leaving group bond.
Tosylate is a thermodynamically more favorable anion than bromide, which is evident from their
respective Syl reactivity. That tosylate or the closely related benzenesulphonate are energetically
more favorable than bromide is also supported by their free energies of hydration (Table 14).%° It has

also to be mentioned that the hydrophobic phenyl moiety is unfavorably affecting the hydration
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energies, but the trend should be the same nonetheless. Bromide and other halides receive more

stabilization than benzenesulphonate for their transfer from the gas phase into water.?®

If addition reaction of carbocation 1 is diffusion-controlled, AGY = AGy:

Xe+ Nu

AG

®
Ph N

Figure 16: Sy1 reaction with diffusion-controlled reverse recombination for the reaction of 1 with X~ (X=OMs, Cl or Br).

This stabilization is mainly due to the formation of hydrogen bonds, which stabilizes the halides with
localized negative charge more than benzenesulphonate/tosylate with less localized negative charge.
Without (protic) solvent, benzenesulphonate/tosylate are the thermodynamically more favorable
anions relative to bromide. This is also confirmed by computational methods (Figure 17 below).

What makes bromide an equally strong leaving group in Sy2 reactions as tosylate though it is less
favored by thermodynamics? To answer this question, we need to take a look at Marcus intrinsic

barriers.3®

AG? = AGo* + 0.5 AG® + (AG®)?/16AGy*  (equation 4)

In equation 4, AG* is the free energy of activation, AGo’ is the intrinsic barrier and AG? is the reaction

Gibbs energy. According to the Marcus equation (equation 4), the lower intrinsic barrier (AGo’) has to

be the reason why bromide is as good as a leaving group as tosylate in Sn2 reactions.

Table 14. Free energies and heats of hydration at 25 °C of halides® and benzenesulphonate®.

F cr- Br- I~ PhSO3~
AH° (kJ / mol) -513 =371 -341 -302 -236
AG® (kJ / mol) -477 -352 -326 —-293 -236°

a from reference®>?.
b from reference3*®

c assuming AS° = 0.
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This would also be in line with the aforementioned argument: In a reaction with large positive AG°,
AG° almost equals AG*, and the influence of AG®° on AG? is more important than the influence of AGy*
on AG* (Figure 16). This situation is qualitatively expressed by Hammond’s postulate. The opposite is
the case in reactions in which AG° is small or even zero, like in identity reactions. In these reactions the
effects of AGy* on AG* become significant. The rate determing step of the Syl reaction of phenethyl
halides can be seen as a reaction with AG* = AG®, since the backward reaction, the addition of halide
anion and carbocation would proceed without activation barrier (diffusion control). Sy2 reactions,
however, are different and the intrinsic barrier will play a more significant role. The oxygen centered
anion tosylate has a substantially higher intrinsic barrier than bromide as was shown by Hoz et al..?’
Tosylate is outperforming bromide in Syl reactions since it is the thermodynamically more favorable
anion and intrinsic barriers are less important. In Sy2 reactions the intrinsic barriers are more important
and bromide can catch up to or even slightly surpass tosylate as a leaving group due to its inherently
lower intrinsic barrier.

Other groups reported similar trends in the k»/k; ratio for the leaving groups bromide and tosylate.®
Table 15 is a compilation of rate constants ki and k> of concurrent Syl and Sn2 reactions of alkyl
bromides and tosylates in acetonitrile or acetonitrile/water mixtures. Bromides have a roughly 50
times higher k,/k; ratio than analogous reactions of tosylates in acetonitrile if all other parameters are
unchanged (Compare entries 8 versus 9 and 3 versus 4 in Table 15). This difference in k,/k1 ratio drops
from around factor 50 to around 6 for the solvent 25AN75W (Compare entry 19 and 20 in Table 15).
Here the rate of the Sy1 reaction of tosylate is only 18 times faster than the rate of the analogous
bromide reaction at 70 °C. This appears to be in contrast to Table 12 and we do not have an explanation

for this issue.
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0/© ®/0 S}
R/\x + Nu R/\Nu + X
solvent
temperature

Table 15. Reaction conditions and rates of benzylic bromides or tosylates with miscellaneous nucleophiles.

Entry  Electrophile Nucleophile Solvent T(°C) k2 (Mts?) ki(s) ka/ k1
1 p-Methoxybenzyl bromide @ Pyridine AN 50 1.50 x 1072 5.6 x107° 268
2 p-Methoxybenzyl bromide @ Pyridine AN 35 6.88 x 1073 <2x10°° >350
3 p-Methoxybenzyl bromide € N,N-dimethylaniline AN 50 2.26 x 1072 2.07 x10™* 109
4 p-Methoxybenzyl tosylate @ N,N-dimethylaniline AN 35 3.3x 10720 1.7 x1072b 1.94
5 p-Thiomethylbenzyl tosylate @ N,N-dimethylaniline AN 35 1.37x107? 2.03x1073 6.75
6 p-Thiomethylbenzyl tosylate @ 4-methoxy-N, N- AN 35 3.5%x107? 1.9x1073 18.4
dimethylaniline
7 p-Methoxyphenethyl bromide (4-Br) ¢ Pyridine AN 35 2.82x107? 1.66 x 1072 1.70
8 Phenethyl bromide (1-Br) ¢ Pyridine AN 35 5.54 x 107° 3x1077 185
9 Phenethyl tosylate (1-OTs) @ Pyridine AN 35 453 x10™* 1.08 x 107 4.19
10 Phenethyl tosylate (1-OTs) @ N,N-dimethylaniline AN 35 7.98 x 10 1.07 x10™ 7.46
11 p-Phenoxybenzyl tosylate? N,N-dimethylaniline AN 35 9.81x1073 2.25x 107 43.6
12 p-Phenoxybenzyl tosylate? 4-methoxy-N, N- AN 35 3.36 x 1072 2.24x 10 150
dimethylaniline
13 p-Methoxy-m-chlorobenzyl tosylate ® N,N-dimethylaniline AN 35 8.68 x 1073 2.05x10™* 42.3
14 p-Methoxy-m-chlorobenzyl tosylate ®  4-methoxy-N,N- AN 35 3.36x107? 2.28x10™* 147
dimethylaniline
15 3,4,5-Trimethylbenzyl tosylate ? N,N-dimethylaniline AN 35 9.07 x 1073 3.76 x 107° 241
16 3,4,5-Trimethylbenzyl tosylate ? 4-methoxy-N, N- AN 35 3.47 x 1072 3.48 x10°° 997
dimethylaniline
17 3,4-Dimethylbenzyl tosylate ? N,N-dimethylaniline AN 35 5.29x10°3 1.55x10°° 341
18 3,4-Dimethylbenzyl tosylate ? 4-methoxy-N,N- AN 35 2.28 x107? 1.18 x 10 1930
dimethylaniline
19 9-(1-bromido-ethyl)fluorene ¢ NCS™ 25AN75W 70 1.64 x 10°° 1.00 x 10°° 1.64
20 9-(1-tosyloxy-ethyl)fluorene ¢ NCS~ 25AN75W 55 4.68%x107° 1.79 x 107 0.26
21 9-(1-tosyloxy-ethyl)fluorene ¢ N3~ 25AN75W 55 8.58 x 107° 1.50x 10 0.57
22 9-(1-tosyloxy-ethyl)fluorene ¢ Br~ 25AN75W 55 1.53x10°° 1.49x10™* 0.10

a Data taken from reference3®
b Estimated with the Yukawa-Tsuno correlations®®
¢ Data taken from reference!®
d Data taken from referencel®

e Data taken from reference®
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Computational Analysis of the Sx1 and the Sn2 Mechanism.

To get a deeper insight into the effects of different leaving groups on the rates of Sy1 and Sn2 reactions,
we performed quantum chemical calculations at the IEFPCM(UAO, MeCN)/DLPNO-CCSD(T)/ma-def2-
TZVP//IEFPCM(UAO, MeCN)/MN15/ma-def2-TZVP level of theory considering acetonitrile solvation by
the IEFPCM model with UAO radii.** As model systems we studied the nucleophilic substitution
reactions of phenethyl bromide, chloride and mesylate with the nucleophiles NH3 and DABCO (9) with

mesylate being a model for the experimentally characterized tosylate (Figure 17).
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Figure 17: Comparison of Syl and Sy2 reactions of 1-X with either NHsz (left) or DABCO (right) at the IEFPCM(UAO,
MeCN)/DLPNO-CCSD(T)/ma-def2-TZVP//IEFPCM(UAO, MeCN)/MN15/ma-def2-TZVP level, corrected to a 1 M solution.

Experimental AG* value for mesylate (tosylate) Sn1 has been taken from this work, the value for bromide and chloride were
estimated with the Kronja-Mayr equation (equation 3).

While the experimental Sy1 barriers of phenethyl bromide and chloride as well as the barrier for the
Sn2 reaction of DABCO with phenethyl bromide are well reproduced by our computational method,
higher deviations are observed when the computed barriers for the reactions of phenethyl mesylates
are compared with the experimental ones for tosylate: This indicates a deficiency of the computational
method or that mesylate is not a perfect mimic for tosylate. Nevertheless, the relative reactivity trends
are still well represented and will be discussed in the following.
Analysis of the reaction energetics with Marcus’ equation (equation 4) allowed to derive the intrinsic
barriers AGo* for the leaving group abilities of bromide, chloride and mesylate in the reactions with
both ammonia and DABCO (9) (Table 16).
While the intrinsic barriers in reactions with chloride and bromide are similar, mesylates reacts via

significantly higher intrinsic barriers (+12 kJ/mol for NH3 and +17 kJ/mol for DABCO).
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Table 16. Intrinsic barriers derived from the Marcus equation (equation 4)3® for the reactions of the nucleophiles
NHs and DABCO (9) with phenethyl bromide (1-Br), chloride (1-Cl) and mesylate (1-OMs) at the IEFPCM(UAO,
MeCN)/DLPNO-CCSD(T)/ma-def2-TZVP//IEFPCM(UAO, MeCN)/MN15/ma-def2-TZVP level of theory.

AGo* (k) mol™?) X=Cl X =Br X = OMs
Nu = NH; 118 118 130
Nu = DABCO 109 107 124

370 'who determined the intrinsic barriers for the

This observation is in line with the studies of Hoz
identity Sy2 reactions of monosubstituted methanes: He found that chalcogen nucleophiles react via
higher barriers than halogens while within one group of elements in the periodic table of elements the
intrinsic barriers are of similar magnitude. While the mesylate has the most exergonic reaction, this
only translates to the lowest value for AG for the Sy1 reaction, where thermodynamic effects are more
important than the intrinsic barrier as already discussed (Figure 16). In the Sy2 reaction the intrinsic
barrier gains more influence on the activation barrier and so bromide has the lowest value for AG* for
the Sn2 reaction, as confirmed by experimental results.

If one now compares the relative reactivity of phenethyl mesylates or halides in a reaction with a
specific nucleophile, the operative mechanism is mostly decided by the strength of the nucleophile:
With weak nucleophiles, the Sy1 pathway dominates and the relative reactivity of phenethyl mesylate
and bromide is shifted mostly to mesylate as the reaction is controlled by more favored
thermodynamics for mesylate heterolysis. With strong nucleophiles, however, the high intrinsic barrier
for mesylate (or tosylate) as a leaving group counteracts the thermodynamics. As a consequence,
bromides are the more electrophilic substrates towards strong nucleophiles in Sy2 reactions. While
the computations indicate that in reactions with both NHs; and DABCO (9) phenethyl mesylate becomes
a weaker electrophile than phenethyl bromide by 7-10 kJ/mol, the trend is less pronounced for
tosylate: For phenethyl tosylate the experimental data show that the electrophilicities are comparable

to phenethyl bromide.
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Nucleofugality of Bromide in Acetonitrile.

Our accumulated Sy1 data (Table 17) enabled us to
determine the nucleofugality parameters N:and s¢ (see
equation 3) of bromide in acetonitrile (Figure 18). The
required electrofugality parameters were published by

Mayr and Kronja.®® It has to be mentioned, that

equation 3 is only valid at 25 °C. The rate constants in

Table 17 were determined at 20 °C, however. The -7 -6 -5 -4 -3
resulting error is not of concern and the nucleofugality
parameters Ni = 1.20 and s; = 1.08 determined for Figure 18. Correlation of log k; in acetonitrile at 20 °C

bromide in acetonitrile should prove useful for semi-  versus electrofugality parameters Er. The slope

. - . represents the susceptibility parameter sf and the
guantitatively predicting heterolysis rate constants of P P v e f

intercept the nucleofugality parameter N; of Br~ in

alkyl bromides with known E; parameter. o
acetonitrile (Nf = 1.20, sf = 1.08).

Table 17. lonization rate constants k1 of benzhydryl bromides and electrofugality parameters Ef of benzhydrylium
ions in acetonitrile at 20 °C.

Electrophile ki (s7}) log k1 Ef

6-Br 6.92 x 10°° -5.16 —6.03
7-Br 431x1073 -2.37 —-3.44
4-Methylbenzhydryl bromide 1.73x 107 -3.76 —-4.63

a taken from reference!®

Conflicting Results in the Literature.

Our results are in conflict with results from Lee et al.*! who reported the investigations of reactions of
1-OTs with substituted anilines in comparable acetonitrile/methanol mixtures. Their report of a
second-order rate constant k; of 3.32 x 1072 M~ s7! for the reaction of 1-OTs with aniline (N = 12.64,
sn = 0.68 in acetonitrile)'® in 50% acetonitrile/methanol at 25 °C appears to be highly unlikely, since
the most nucleophilic amine we used, DABCO (N = 18.80, sy = 0.70 in acetonitrile),? only had a k, of
2.45 x 10 Mt s7* for the reaction with 1-OTs in acetonitrile at 20 °C. For the reaction of 1-OTs with
propylamine (N = 15.11, sy = 0.70 in acetonitrile)® we determined a k, of 4.90 x 10~* M~ s~ (Figure
19). The fact that our measurements with DABCO and propylamine were carried out in acetonitrile
should even enhance this discrepancy, as Menschutkin reactions of amines with alkyl derivatives are

generally faster in acetonitrile than in protic solvents of similar polarity.?
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The origin of the discrepancy can easily be found by inspection of Table Il in Lee’s 1988 paper. Lee and
coworkers performed the kinetic measurements of the reactions of phenethyl tosylates in methanol
and methanol/acetonitrile mixture. However, these substrates would not have sufficient life-times in
these solutions to “wait” for the reaction with aniline.

The p-methoxyphenethyl chloride (4-Cl) has previously been reported to solvolyze with a first-order
rate constant of 0.394 s71.* This value is in agreement with solvolysis studies of 4-Cl in different
solvents by another group.*® Since Syl reactivities of alkyl tosylates are generally 3-5 orders of
magnitude higher than those of the corresponding alkyl chlorides, it is impossible to handle 4-OTs in
methanol or methanol/acetonitrile mixtures. Nevertheless, Lee et al. also explicitly mention that
methanolysis rates were always at least 20 times lower than the Sy2 substitution rates, which is
impossible.

The problem is even deeper. Attempts to synthesize 1-OTs in the common way by treatment of
1-phenethyl alcohol or alcoholate with p-toluenesulfonic chloride failed. Only through a two-step

synthesis involving a mild method** could 1-OTs be synthesized without decomposition (Scheme 3).

_Ph
/OQS + HoN ——————  ¥,=0.0332M"s" (too fast)
Ph

N=12.64 gg"}gm'\" By Lee (reference®)
1-OTs sy =0.68
(in AN)

OTs + DABCO —————> k,=0.0245M"5s"

9 AN
Ph 20 °C This work
1-OTs N =18.80
sy =0.70
(in AN)

OTs + N~ "~ k;=0.00049M"s""

13 AN
Ph 20 °C This work
N=15.11
1-0Ts sy =070
(in AN)
OTs
-Ph
+ HoN ——>  k,=0.0627 M s
Ve gﬂse?CH By Lee (reference®?)
4-OTs
Cl
Q/K —> Kk =0.39%4M"s"
MeOH £ 41
MeO 2550 reference
4-OTs

Figure 19. Comparison of rate constants for the reaction of 1-OTs with different amines in acetonitrile or
acetonitrile/methanol mixtures (top). Comparison of the rate constants of the reaction of aniline with 4-OTs with the

solvolysis of 4-Cl in methanol at 25 °C.
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Most reaction conditions resulted only in decomposition of 1-OTs, as it proved to be very sensitive,
especially to protic solvents and nucleophiles. The synthesis described by Lee et al. did not yield any

product in our attempts and decomposition was observed.

S
S N 0
oH © \©\ s i Q
= o~ \©\ mCPBA O/S\\o
Et,0 DCM
-40°C,2h 0°C,2h 1-OTs
75% 2%

Scheme 3. Synthesis of the sensitive 1-OTs.

At room temperature decomposition of the neat 1-OTs occurred within hours. To avoid
decomposition, 1-OTs was frozen at —20 °C under dry argon in toluene solution for storage. The
instability of 1-arylethyl tosylates was also reported by Park et al.** They failed to keep 2-OTs from
decomposing after synthesis at room temperature. Synthesis of 2-OTs appears to be only possible with
a procedure that is devoid of strong nucleophiles and ionizing solvents at low temperatures.
Synthesizing 4-OTs would presumably require huge effort. Park et al.** report the benzylic hydrogen
at 5.54-5.60 ppm in the 'H-NMR spectrum for 1-OTs. We find 5.50 ppm for our sample, in good
agreement with Park’s report. Lee et al. however reported 4.66 ppm for the same hydrogen. They did
not mention the solvent, which was CDCl; for Park et al. and our measurements. 4-Methylbenzyl
tosylate (2-OTs) has also been reported as unstable compound.®®

Presently, we do not know the nature of the compounds systematically studied by Lee. Since this paper
has been quoted 33 times so far, several discussions on structure reactivity correlations have to be

revised.

4.3 Conclusions

Multiple options exist to control the mechanism of nucleophilic substitutions on a secondary, benzylic
carbon (Figure 20). Electron donating groups greatly enhance the rate of both Sy1 and Sy2. However,
only the lack of such groups leads to a dominant Sy2 mechanism. Changing the starting material is
often not feasible when specific products are desired. The same can be said for the reacting
nucleophile. For an Sy2 reaction the nucleophile needs to be sufficiently strong, while also weaker
nucleophiles can participate in Sy1 reactions. Nucleophiles in Sy1 reactions only need to outcompete
other nucleophiles, eliminations or other side reactions. Control can normally be achieved with the
correct concentrations of the nucleophiles. Fortunately, leaving group, solvent and temperature can

often be adjusted freely. Leaving groups are a powerful tool to influence the reaction mechanism. The
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Sn1/Sn2 ratio changes by 3 orders of magnitude when exchanging tosylate with bromide. Bromide is
favoring the Sx2 mechanism and tosylate the Sy1 mechanism. This change alone can be enough to flip

a reaction system from only Sy1 to only Sn2 in borderline cases.

How to control the mechanism . .
of nucleophilic substitutions absence of EDG in electrophile

strong Nu
Sy1 Sy2 concentrated Nu
<: R-X + Nu ::> X =Br
polar aprotic solvent
low temperature

Figure 20. How to control the mechanism of nucleophilic substitutions. Factors that favour Sy1 are on the left (red box), while

factors that favour Sy2 are on the right (blue box).

Choosing the correct solvent can also make a huge difference, as protic dipolar solvents increase Sy1
reaction rates and decrease Sn2 reaction rates when compared to aprotic dipolar solvents.
Temperature had a minor impact on the Sy1/Sn2 ratio, however a small shift of selectivity towards the
Sn2 mechanism could be demonstrated at lower temperatures. Furthermore, we could show that the
assistance of a nucleophile reduces the enthalpic activation barrier of a nucleophilic substitution while
also increasing the entropic activation barrier, when comparing Sx1 and Sy2 mechanisms.

After all it is the systematic application of all these factors that allows the arbitrary switch from an Sy1
mechanism to an Sy2 mechanism, and vice versa. Though only secondary, benzylic carbons were
investigated in this work, it can be expected that these results will be applicable in a much broader
context. Also, we could show that bromides react via lower intrinsic barriers than tosylates in
nucleophilic substitutions though bromide is the thermodynamically less favorable leaving group. This
causes bromide and tosylate to be similarly strong leaving groups in Sn2 reactions, where both the
intrinsic barrier and thermodynamics are important. In Syl reactions on the other hand,
thermodynamic aspects become much more and intrinsic barriers less important, which explains why

alkyl tosylates are much more reactive than alkyl bromides in Sy1 reactions.
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4.2 Experimental Section

4.2.1 General

Chemicals
Commercial reagents were used without further purification. Deuterated solvents (CDCls) were

obtained and used from Eurlsotop. Silica gel plates with a F-254 fluorescence indicator were obtained
from Merck and used for thin-layer chromatography. Flash column chromatography was performed
with Merck silica gel 60 (0.040—0.063 mm) and distilled solvents.

Methanol and acetonitrile with HPLC grade quality were purchased from VWR.

Amines were purchased from the following companies: DABCO (9, >99%), pyrrolidine (10, 99%) and
propylamine (13, 98%) from Sigma-Aldrich. Piperidine (11, >96%) from Fluka. Morpholine (12, 99%)
from ABCR. Pyrrolidine was distilled before use, the other amines were used without further
purification. Triethylamine (99%+) from AppliChem. Bul (99%, Aldrich-Chemie), BuOTs (97%, ABCR),
BuBr (99%, Sigma-Aldrich) and BuCl (99%, Merck) were also purchased.

Methods
A 400 MHz nuclear magnetic resonance (NMR) spectrometer was used to acquire spectra for *H and

13C. 13C-NMR were acquired with broad band proton decoupling. Abbreviations for NMR-data: s =
singlet, d = doublet, t = triplet, g = quartet, quint = quintet, h = hextet, m = multiplet. Chemical shifts
are reported as parts per million (ppm). The internal reference was set to the residual signals of CDCl;
(8n=7.26 ppm, 8¢ = 77.16 ppm).}

A Thermo Finnigan LTQ FT Ultra Fourier transform ion cyclotron resonance, a Q-Exactive GC Orbitrap,
a Finnigan MAT 95 or a Finnigan MAT 90 GC/MS were used to record high-resolution mass spectra
(HRMS). lonization of the samples was done by either electron ionization (El) or electron spray

ionization (ESI).
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4.2.2 Synthesis

5-OH: 1-(2,3-dihydrobenzofuran-5-yl)ethan-1-ol:

5-OH
1-(2,3-dihydrobenzofuran-5-yl)ethan-1-one (111 mg, 0.686 mmol, 1 eq.) was dissolved in methanol (3

mL) and NaBH; (31.2 mg, 0.823 mmol, 1.2 eq.) added at 0 °C. The reaction mixture was subsequently
stirred for 4 h at 0 °C. The solvent was removed under reduced pressure, diluted with diethylether (10
mL) and washed two times with water (2 x 10 mL). The organic phase was dried over MgSO,. The
resulting product was a colorless liquid (111 mg, 0.679 mmol, 99%) and used without further

purification.

1H NMR (400 MHz, CDCl3): & = 7.26 (s, 1H, 4-H), 7.12 (d, J = 10.0 Hz, 1H, 10-H), 6.76 (d, J = 8.2 Hz, 1H,
8-H), 4.85 (q, J = 6.4 Hz, 1H, 2-H), 4.58 (t, J = 8.7 Hz, 2H, 7-H), 3.22 (t, J = 8.6 Hz, 2H, 6-H), 2.02 (s, 1H, 2-
OH), 1.50 (d, J = 6.4 Hz, 3H, 1-H).

13C{1H} NMR (101 MHz, CDCl3): & = 159.51 (C,, C-8), 138.14 (Cq, C-3), 127.23 (Cq, C-5), 125.42 (Cal),
122.22 (Car), 108.97 (CH, C-9), 71.32 (CO), 70.24 (CO), 29.72 (CH,, C-6), 25.14 (CHs, C-1).

HRMS (El): 164.0831 found for C30H1,0," (calculated: 162.0832).

8-OH: (E)-1,3-bis(3,5-difluorophenyl)prop-2-en-1-ol

8-OH

1-bromo-3,5-difluorobenzene (0.114 g, 0.595 mmol, 1 eq.) was dissolved under dry conditions in dry

THF (4 mL) and then a 1.2 M sBuMgCl - LiCl solution (0.496 mL, 0.595 mmol, 1 eq.) in THF was slowly
added at 0 °C. The resulting solution was stirred for 2 h and then cooled to —78 °C. (E)-3-(3,5-

difluorophenyl)acrylaldehyde (0.100 g, 0.595 mmol, 1 eq.) was dissolved in dry THF (1 mL) and then
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added dropwise at —78 °C. The reaction mixture was then stirred for another 4 h at —78 °C and then
slowly allowed to reach room temperature overnight. The solvent was reduced under reduced
pressure and then the reaction mixture was diluted with diethylether (40 mL) and washed two times
with water (2 x 40 mL). The organic phase was then purified with flash column chromatography (7.5%

ethylacetate in pentane). The resulting product was a colorless liquid (0.123 g, 0.434 mmol, 73%).

H NMR (400 MHz, CDCls): & = 6.95 (d, J = 6.2 Hz, 2H, 3-H, 9-H), 6.89 (d, J = 6.6 Hz, 2H, 3-H, 9-H),, 6.77
—6.68 (M, 2H, 1-H, 11-H), 6.63 (d, J = 15.8 Hz, 1H, 5-H), 6.30 (dd, J = 15.8, 6.4 Hz, 1H, 6-H), 5.38 — 5.35
(m, 1H, 7-H), 2.11 (d, J = 3.5 Hz, 1H, 7-OH).

The spectrum is in agreement with the literature?

General procedure 1 (GP1): for the synthesis of benzyl bromides (1-Br, 2-Br, 3-
Br, 4-Br, 5-Br, 6-Br, 7-Br, 8-Br)

Synthesis according to the modified procedure in ref.3

The corresponding benzyl alcohol (2 mmol, 1.0 eq.) was dissolved in 6 mL toluene and cooled to 0 °C.
Then PBr; (0.650 g, 2.4 mmol, 1.2 eq.) was added. The reaction mixture was stirred for 4 h at 0 °C.
Subsequently, the reaction mixture was washed with water (2 x 6 mL) quickly to avoid prolonged
exposure of the product to water. The organic phase was then filtered through a Na,SO4 plug and the
plug rinsed with diethylether. The solvent was removed under reduced pressure. The resulting
products were stored in a freezer (T=—20 °C) under argon to avoid decomposition and used without

further purification.
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1-Br: (1-bromoethyl)benzene

1-Br
Synthesis according to GP1: colorless liquid (344 mg, 1.86 mmol, 93%)
1H NMR (400 MHz, CDCls): § = 7.46 — 7.43 (m, 2H, 5-H), 7.37 = 7.27 (m, 3H, 6-H, 4-H), 5.22 (q, / = 6.9
Hz, 1H, 2-H), 2.06 (d, / = 6.9 Hz, 3H, 1-H).

The spectrum is in agreement with the literature*

2-Br: 1-(1-bromoethyl)-4-methylbenzene

’ 2-Br

Synthesis according to GP1: colorless liquid (366 mg, 1.84 mmol, 92%)
'H NMR (400 MHz, CDCls): § = 7.34 (d, J = 8.1 Hz, 2H, 4-H), 7.15 (d, J = 8.0 Hz, 2H, 5-H), 5.22 (q, J = 6.9
Hz, 1H, 2-H), 2.34 (s, 3H, 7-H), 2.04 (d, J = 6.9 Hz, 3H, 1-H).

The spectrum is in agreement with the literature®

3-Br: 5-(1-bromoethyl)-2,3-dihydro-1H-indene

3-Br
Synthesis according to GP1: colorless liquid (410 mg, 1.83 mmol, 91%)
H NMR (400 MHz, CDCls): & = 7.32 (s, 1H, 4-H), 7.23 — 7.16 (m, 2H, 10-H, 11-H), 5.24 (q, J = 6.9 Hz, 1H,
2-H), 2.92 -2.86 (m, 4H, 6-H, 8-H), 2.12 —2.04 (m, 2H, 7-H), 2.05 (d, J = 7.0 Hz, 3H, 1-H).
13¢{*H} NMR (101 MHz, CDCls): & = 144.84 (C,, C-5, C-9), 144.79 (C,, C-5, C-9), 141.25 (Cq, C-3), 124.80
(CH, C-4, C-10), 124.47 (CH, C-4, C-10), 122.74 (CH, C-11), 50.50 (CH, C-2), 32.75 (CH,, C-6, C-8), 32.64
(CH,, C-6, C-8), 26.99 (CH3, C-1), 25.47 (CH,, C-7).
HRMS (El): 144.0934 found for C11H1o* (calculated: 144.0933). Only the elimination product is found.
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4-Br: 1-(1-bromoethyl)-4-methoxybenzene

4-Br
Synthesis according to GP1: colorless liquid (386 mg, 1.80 mmol, 90%)

'H NMR (400 MHz, CDCls): 6 = 7.38 (d, J = 8.7 Hz, 2H, 5-H), 6.87 (d, J = 8.6 Hz, 2H, 4-H), 5.25 (q, /= 6.9
Hz, 1H, 2-H), 3.81 (s, 3H, 7-H), 2.05 (d, J = 6.9 Hz, 3H, 1-H).

The spectrum is in agreement with the literature.®

5-Br: 5-(1-bromoethyl)-2,3-dihydrobenzofuran

5-Br
Synthesis according to GP1: yellowish liquid (418 mg, 1.84 mmol, 92%)

H NMR (400 MHz, CDCl3): & = 7.31 (s, 1H, 4-H), 7.18 (d, J = 7.9 Hz, 1H, 10-H), 6.73 (d, J = 8.3 Hz, 1H, 9-
H), 5.26 (q, /= 6.9 Hz, 1H, 2-H), 4.58 (t, J = 8.6 Hz, 2H, 7-H), 3.21 (t, /= 8.7 Hz, 2H, 6-H), 2.05 (d, /= 6.9
Hz, 3H, 1-H).

13C{*H} NMR (101 MHz, CDCl3): § = 160.23 (C,, C-8), 135.51 (C,, C-3), 127.62 (C,, C-5), 126.92 (CH, C-4,
C-10), 123.64 (CH, C-4, C-10), 109.15 (CH, C-9), 71.55 (CH,, C-7), 50.89 (CH, C-2), 29.57 (CH,, C-6), 27.08
(CHs, C-1).

HRMS (El): 146.0726 found for Cy10H1,0* (calculated: 146.0726). Only the elimination product is found.

6-Br: (bromomethylene)dibenzene

6-Br
Synthesis according to GP1: colorless liquid (466 mg, 1.88 mmol, 94%)

1H NMR (400 MHz, CDCl3): & = 7.46 (d, J = 7.2 Hz, 4H), 7.36 — 7.28 (m, 6H), 6.29 (s, 1H, 1-H).

The spectrum is in agreement with the literature.®
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7-Br: 4,4'-(bromomethylene)bis(methylbenzene)

7-Br
Synthesis according to GP1: yellowish liquid (520 mg, 1.89 mmol, 95%)

'H NMR (400 MHz, CDCls): & = 7.35 (d, J = 8.1 Hz, 2H, 4-H), 7.14 (d, J = 8.0 Hz, 2H, 3-H), 6.27 (s, 1H, 1-
H), 2.34 (s, 6H, 6-H).

The spectrum is in agreement with the literature.®

8-Br: (E)-5,5'-(3-bromoprop-1-ene-1,3-diyl)bis(1,3-difluorobenzene)

8-Br
Synthesis according to GP1 (1 mmol scale): colorless liquid (317 mg, 0.92 mmol, 92%)

H NMR (400 MHz, CDCls): & = 7.02 (dd, J = 7.9 Hz, 2.2 Hz, 2H, 9-H), 6.92 (dd, J = 8.4 Hz, 2.1 Hz, 2H, 3-
H), 6.80 — 6.71 (m, 2H,1-H, 11-H), 6.58 (dd, J = 15.5 Hz, 8.0 Hz, 1H, 6-H), 6.52 (d, J = 15.5 Hz, 1H, 5-H),
5.68 (d, J = 8.0 Hz, 1H, 7-H).

13C{1H} NMR (101 MHz, CDCls): 8 = 163.37 (dd, Jor = 249 Hz, 12.8 Hz, C-10), 163.13 (dd, Jcr = 250 Hz,
12.9 Hz, C-2), 143.64 (t, Jor = 9.2 Hz, C-8), 138.84 (t, Jr = 9.5 Hz, 4-C), 131.01 (s, C-5), 130.76 (s, C-6),
110.99 (d, Jer = 26.3 Hz, C-9), 109.82 (d, Jr = 25.0 Hz, C-3), 104.34 (t, Jer = 22.0 Hz, C-11), 104.02 (t, Jer
=22.3 Hz, C-1), 51.59 (s, C-7).

The spectra are in agreement with the literature.’
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1-(bromo(phenyl)methyl)-4-methylbenzene:

Synthesis according to GP1: colorless liquid (490 mg, 1.88 mmol, 94%)
H NMR (400 MHz, CDCls): 8 = 7.47 (d, J = 7.2 Hz, 2H, 7-H), 7.36 — 7.32 (m, 4H, 3-H, 4-H), 7.29 - 7.26
(m, 1H. 5-H), 7.15 (d, / = 8.0 Hz, 2H, 8-H), 6.28 (s, 1H), 2.34 (s, 3H, 10-H).

The spectrum is in agreement with the literature.®

General procedure 2 (GP2) for the synthesis of benzyl chlorides (2-Cl and 8-Cl)

Synthesis according to the modified procedure in ref.®

The corresponding benzyl alcohol (2 mmol, 1.0 eq.) was dissolved dichloromethane (6 mL) and cooled
to 0 °C. Then SOCI; (0.238 g, 2.8 mmol, 1.4 eq.) was added. The reaction mixture was stirred for 4 h at
0 °C. The reaction mixture was then washed with water (2 x 6 mL) in a short amount of time. The
organic phase was then filtered through a Na,SO. plug, the plug rinsed with dichloromethane and the
solvent removed under reduced pressure. The resulting products were stored in a freezer (T=—20 °C)

under argon to avoid decomposition and used without further purification.

2-Cl: 1-(1-chloroethyl)-4-methylbenzene

2-Cl

Synthesis according to GP2: colorless liquid (288 mg, 1.86 mmol, 93%)

'H NMR (400 MHz, CDCls): § = 7.32 (d, J = 8.1 Hz, 2H, 4-H), 7.17 (d, J = 8.0 Hz, 2H, 5-H), 5.09 (g, / = 6.8
Hz, 1H, 2-H), 2.35 (s, 3H, 7-H), 1.85 (d, J = 6.8 Hz, 3H, 1-H).

13¢{*H} NMR (101 MHz, CDCls): 5 = 140.08 (C,, C-3) 138.26 (C,, C-6), 129.43 (CH, C-4), 126.56 (CH, C-5),
58.95 (CH, C-2), 26.60 (CHs, C-1), 21.27 (CHs, C-7).

The spectrum is in agreement with the literature.®
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8-Cl: (E)-5,5'-(3-chloroprop-1-ene-1,3-diyl)bis(1,3-difluorobenzene)

8-Cl
Synthesis according to GP2 (1 mmol scale): colorless liquid (274 mg, 0.91 mmol, 91%)

H NMR (400 MHz, CDCls): & = 7.00 (d, J = 5.9 Hz, 2H, 3-H), 6.91 (d, J = 6.3 Hz, 2H, 9-H), 6.79 (t, = 8.8
Hz, 1H, 11-H), 6.74 (t, J = 8.8 Hz, 1H, 1-H), 6.57 (d, J = 15.6 Hz, 1H, 5-H), 6.41 (dd, J = 15.6 Hz, 7.7 Hz,
1H, 6-H), 5.54 (d, J = 7.6 Hz, 1H, 7-H).

13C{*H} NMR (101 MHz, CDCl5): § = 163.40 (dd, Jcr = 249.0 Hz, 13.6 Hz, CF, C-10), 163.20 (dd, Jcr = 251.1
Hz, 12.0 Hz, CF, C-2), 143.50 (t, Jcr = 8.8 Hz, C,, C-8), 138.99 — 138.92 (m, C,), 131.10 (s, CH, C-5), 130.53
(s, CH, C-6), 110.82 — 110.46 (m, CH, C-9), 109.94 — 109.64 (m, CH, C-3), 104.28 (t, Jcr = 21.3 Hz, CH, C-
11), 104.13 - 103.79 (m, CH, C-1), 61.36 (s, CHCI, C-7).

The spectra are in agreement with the literature.’

Synthesis of phenethyl tosylate (1-OTs)

Synthesis according to the modified procedure in ref.1°

1-Sulfinate (1-phenylethyl 4-methylbenzenesulfinate):

1-Sulfinate
1-phenylethan-1-ol (0.290 g, 2.37 mmol, 1.00 eq.), pyridine (0.255 g, 3.22 mmol, 1.36 eq) and 4-

methylbenzenesulfinic chloride (0.500 g, 2.86 mmol, 1.20 eq) were dissolved in diethylether (12 mL)
at —70 °C and stirred for 2.5 h without cooling. The reaction mixture was then acidified with 0.1 M HCI
(12 mL), washed with with water (12 mL), then with sat. agq. NaHCO3 (12 mL) and then again with water
(12 mL). The organic phase was dried over MgS0,. The crude product eluted from the chromatography
column (15% Et,0 in pentane) in two fractions (R=0.55 and R=0.58 in 30% Et,0 in pentane) with a

combined mass of 0.490 g (1.79 mmol, 75%, dr=1) as a colorless liquid.
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1-Sulfinate Diastereomer 1 (1-phenylethyl 4-methylbenzenesulfinate):

'H NMR (400 MHz, CDCls): & = 7.55 (d, J = 8.2 Hz, 2H, 8-H), 7.30 — 7.23 (m, 5H, Ha/), 7.19 - 7.16 (m, 2H,
Har), 5.40 (g, J= 6.5 Hz, 1H, 2-H), 2.42 (s, 3H, 11-H), 1.70 (d, J = 6.6 Hz, 3H, 1-H).

13C{*H} NMR (101 MHz, CDCl3): & = 142.65 (Car), 142.18 (Car), 141.61 (Car), 129.55 (Car), 128.40 (Ca),
127.97 (Car), 126.39 (Car), 125.44 (Car), 75.58 (CH, C-2), 24.38 (CH3, C-1), 21.59 (CH3, C-11).

HRMS (EI): 259.0795 found for C35H150,32S* (calculated: 259.0787)

The spectra are in agreement with the literature.?

1-Sulfinate Diastereomer 2 (1-phenylethyl 4-methylbenzenesulfinate):
'H NMR (400 MHz, CDCls): & = 7.55 (d, J = 8.2 Hz, 2H, 8-H), 7.40 — 7.30 (m, 7H, Ha), 5.45 (q, J = 6.6 Hz,

1H, 2-H), 2.42 (s, 3H, 11-H), 1.57 (d, J = 6.6 Hz, 3H, 1-H).

13¢{!H} NMR (101 MHz, CDCl3): & = 142.73 (C,, C-3,C-6, C-7), 142.67 (Cq, C-3,C-6, C-7), 141.78 (Cal),
129.64 (Car), 128.68 (Car), 128.32 (Car), 126.47 (Car), 124.92 (Car), 77.13 (CH, C-2), 24.06 (CHs, C-1), 21.54
(CHs, C-11).

HRMS (El): 259.0795 found for Cy5H150,%2S* (calculated: 259.0787)

The spectra are in agreement with the literature .**

1-OTs: 1-phenylethyl 4-methylbenzenesulfonate

1-OTs

1-sulfinate (0.100 g, 0.384 mmol, 1 eq. mixture of both diastereomers) was dissolved in
dichloromethane (2 mL) at 0 °C. mCPBA (92.8 mg, 0.538 mmol, 1.4 eq.) was added and stirred
for 3 h at 0 °C. The reaction mixture was then quickly washed with an aq. 2 M NaHCOs solution
(2 mL). The organic phase was then filtered through a plug of MgSQa4, the plug rinsed with
dichloromethane and the solvent removed at 0°C in vacuo. The crude product (colorless solid,
80 mg, 0.28 mmol, 72%) was used without further purification. Decomposition at room
temperature could be observed with a change in color from colorless to slightly pink and finally
to anintense, dark red.
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'H NMR (400 MHz, CDCls, —40 °C): 6 = 7.59 (d, J = 8.3 Hz, 2H, 8-H), 7.26 — 7.13 (m, 7H, 4-H, 5-H, 6-H, 9-
H), 5.50 (q, J = 6.6 Hz, 1H, 2-H), 2.38 (s, 3H, 11-H), 1.59 (d, J = 6.6 Hz, 3H, 1-H).

13C{*H} NMR (101 MHz, CDCls, —40 °C): § = 144.51 (C,, C-7), 138.76 (Cq, C-10), 133.39 (Cq, C-3), 129.57
(CH, C-4), 128.60 (CH, C-5), 128.46 (CH, C-6), 127.69 (CH, C-8), 126.32 (CH, C-9), 81.47 (CH, C-2), 23.31
(CHs, C-11), 21.84 (CHs, C-1).

The spectra are in agreement with the literature.?

N-(di-p-tolylmethyl)propan-1-amine

Br
O O + H2N/\/

7-Br 13
7-Br (200 mg, 0.730 mmol, 1 eq.) and 13 (43.2 mg, 0.730 mmol, 1 eq.) were dissolved in 5 mL

acetonitrile and stirred for 2 h at RT. Then the reaction mixture was diluted with 30 mL diethylether
and washed with sat. ag. Na,COs solution (30 mL) and water (30 mL). The organic phase was dried over
MgS0O, and the solvent removed under reduced pressure. The product was a colorless liquid (176 mg,
0.694 mmol, 95%).

H NMR (400 MHz, CDCl3): & = 7.31 (d, J = 8.0 Hz, 4H, 4-H), 7.11 (d, J = 7.9 Hz, 4H, 3-H), 4.79 (s, 1H, 1-
H), 2.57 — 2.53 (m, 2H, 7-H), 2.30 (s, 6H, 6-H), 1.55 (h, J = 7.4 Hz, 2H, 8-H), 0.89 (t, J = 7.4 Hz, 3H, 9-H).
13¢{*H} NMR (101 MHz, CDCls): § = 140.76 (Cq, C-2), 136.72 (Cq, C-5), 129.31 (CH, C-4), 127.36 (CH, C-
3), 66.96 (CH, C-1), 50.10 (CH,, C-7), 22.95 (CH,, C-8), 21.19 (CH3, C-6), 11.91 (CHs, C-9).
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4.2.3 Kinetics

The development of charge was followed with a (WTW 530) conductometer with a Pt electrode (WTW
LTA 1/NS). For rapid kinetics marked with ,SF measurement” a Hi-Tech (,HT"“) stopped flow
conductometer (Hi-Tech SF-61DX2 run by HiTech KinetAssyst2 software) or Applied Photophysics Ltd.
(,,AP”) stopped flow conductometer (SX20/CM with conductivity cell, e-corder 410 and conductivity
isoPod run by Pro-Data from eDAQ Pty Ltd.) was used. In all cases the temperature was kept constant
(+0.1 °C) with a circulating bath thermostat. For stopped flow kinetics performed in solvent mixtures,
one syringe was prepared with the electrophile in acetonitrile and the other syringe with the
nucleophile in acetonitrile and methanol. Both syringes were mixed 1:1. For example for a reaction in
20% (v/v) methanol in acetonitrile the electrophile syringe was filled with acetonitrile and the
nucleophile syringe with 40% (v/v) methanol in acetonitrile. Nucleophile concentrations were atleast
ten times higher than electrophile concentrations to achieve pseudo-first order kinetics. Rate
constants were obtained from these kinetics by least squares fitting of the conductance G with the
equation G; = Gy e + C. Plots of kops versus amine concentration gave k; and k, with the equation
kobs = k1 + [amine] k>. The rate constant k; was only taken from the amines which were best suited to
give accurate values for k;. This was the amine with the lowest k, and/or the lowest kobs, SO kobs Would
mainly consist of k1. The relationship of conductance and concentration is not sufficiently linear for
protonated amines in acetonitrile without added methanol. As a consequence the kinetic traces are
misinterpreted with an overestimated kobs Wwhen the traces are not corrected. To correct the kinetics,
the charged products were stepwise added into acetonitrile and the conductance recorded. This was
done at different amine concentrations, just like in the kinetic experiments, since the amount of ion
pairing depends on the amine concentration. Fortunately, the amount of ion pairing can be considered
as indepedent oft he employed electrophile, as the product will transfer ist proton and thus charge tot
he abundant amine. For this reason the calibration curves were measured by adding aminium
chlorides, bromides and tosylates into the corresponding acetonitrile amine solutions at 20 °C. Plotting
concentration versus conductance gave a behavior that could be precisely fitted with a second order
polynomial. To avoid unneccessary measurements, the parameters a, b and c of the second order
polynomial (aG? + bG +c = [salt]) were interpolated for some amine concentrations. All kinetics that

were corrected in this way are marked.
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Kinetics of reactions of phenethylbromide (1-Br)

1-Br and DABCO (9) in acetonitrile at 20 °C.

3.00E-03
[1-Brlo [9] (mol L?) kobs (s7%)
(mol LY)
— 2.00E-03
1.00 x 1073 2.00 x 1072 6.92 x 107 i
-3 -2 -3 8
1.00 x 10 4.00x 10 1.39x10 &L 1.00E-03
1.00 x 1073 6.00 x 1072 2.01x1073
1.00 x 1073 8.00 x 1072 2.61x1073 0.00E+00

k2=3.19%x 102 L mol*s?

y = 3.19E-02x + 8.02E-05
R? = 9.99E-01

0 0.05 0.1

DABCO concentration (M)

1-Br and pyrrolidine (10) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

4.00E-03
[1-Br]o71 [10] (mol L) kobs (s71)
(mol L) 3.00E-03
1.00x10°  1.00 x 10~ 8.45 x 104 N
< 2.00€-03
1.00x10°  2.00 x 10~ 1.74 x 10 N
1.00x10°  3.00 x 10~ 2.55x 10- 1.00E:03
1.00x10°  4.00 x 10~ 3.36x 1073 0.00E+00

k2=8.36 x 103 L mol™ s

y = 8.36E-03x + 3.50E-05
R?=9.99E-01

0 0.2 0.4

pyrrolidine concentration (M)

1-Br and piperidine (11) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

3.00E-03
[1-Br]o [11] (mol L™Y)  Kkobs (s71)
(mol L)
- 2.00E-03
1.00x 1073 1.00x 107! 5.63 x 107 'l,,’
-3 -1 -3 é
1.00 x 10 2.00x 10 1.10 x 10 ~ 1 00E-03
1.00x 1073 3.00x 107! 2.62x1073
1.00x 1073 4.00x 107t 3.39x 1073 0.00E+00

k2=5.18x 103 L mol s
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1-Br and morpholine (12) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

[1-Br]o [12] (mol LTY) kobs (s7%)
(mol LY)

1.00x 1073 2.00x 107! 2.18 x 107
1.00x 102  4.00x 107 4.35x10™*
1.00x 1073 6.00x 107! 7.04 x 107
1.00x 1073 8.00x 107! 9.15x 10

k2=1.18 x 103 L mol*s™?

1-Br and propylamine (13) in acetonitrile at 20 °C.

[1-Brlo [13] (mol LTY) Kobs (s7%)
(mol LY)

1.00x 1073 3.00x 107! 1.27 x10™*
1.00x 1073 6.00 x 107! 2.32x10™*
1.00x 1073 9.00 x 107! 3.34x10™*
1.00x 1073 1.20 x 10° 422 %10

k2=3.29x10* L mol™*s™?

1.00E-03

0.00E+00

6.00E-04

— 4.00E-04

obs (S

=< 2.00E-04

0.00E+00

Kinetics of reactions of 1-OTs: 1-phenethyl tosylate

1-OTs and DABCO (9) in 95AN5Tol at 20 °C.

[1-OTs]o [9] (mol L) kobs (s7%)
(mol L)

1.00 x 1073 1.00 x 107! 2.45x 1073
1.00 x 1073 2.00x 107! 5.07 x 1073
1.00 x 1073 3.00x 107! 7.46 x 1073
1.00 x 1073 4.00x 107! 9.83x 1073

k2=2.45%x 102 L mol*s™?

1.20E-02
— 8.00E-03
la

~ 4.00E-03

0.00E+00
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y = 1.18E-03x - 2.20E-05
R? = 9.98E-01

0 0.5 1

morpholine concentration (M)

Kinetics have been corrected due to ion pairing.

y = 3.29E-04x + 3.20E-05
R?=9.98E-01

0 0.5 1 1.5

propylamine concentration (M)

|y =2.45E-02x + 6.60E-05
R? = 9.99E-01
0 0.2 0.4

DABCO concentration (M)
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1-OTs and pyrrolidine (10) in 95AN5Tol at 20 °C.

[1-OTs]o [10] (mol L™Y)  kobs (s7%)
(mol LY)

1.00 x 1073 1.00 x 1071 5.53x 107
1.00x 1073 2.00x 107! 1.12x 1073
1.00x 1073 3.00x 107! 1.69 x 1073
1.00x 1073 4.00x 107! 2.19x 1073

k2=5.48 x 1073 L mol* s

1-OTs and piperidine (11) in 95AN5Tol at 20 °C.

[1-OTs)o [11] (mol L™Y)  kobs (s7%)
(mol LTY)

1.00x 1073 1.00x 107! 3.82 x10™*
1.00x 1073 2.00x 107! 7.56 x 1074
1.00x 1073 3.00x 107! 1.11x 1073
1.00x 1073 4.00x 107t 1.40x 1073

k2=3.41x 103 L mol*s™?

1-0Ts and morpholine (12) in 95AN5Tol at 20 °C.

[1-OTs)o [12] (mol L™Y)  Kkobs (s71)
(mol L)

1.00x 1073 1.00 x 10! 1.16 x 10
1.00x 1073 2.00 x 107! 2.20x 107
1.00 x 1073 3.00x 107! 3.49 x 10
1.00x 1073 4.00x 107t 4.69x 10

k2=1.19%x 103 L mol™s™?

2.50E-03
2.00E-03
<~ 1.50E-03

)

~

B 1.00E-03

5.00E-04
0.00E+00

1.50E-03

1.00E-03

obs (s-l)

=< 5.00E-04

0.00E+00

5.00E-04
4.00E-04

3.00E-04

obs (5-1)

& 2.00E-04
1.00E-04

0.00E+00
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y = 5.48E-03x + 1.80E-05
B R?=9.99E-01

0 0.2 0.4

pyrrolidine concentration (M)

[y = 3.41E-03x + 6.00E-05
R2 = 9.97E-01

0 0.2 0.4

pyrrolidine concentration (M)

y = 1.19E-03x - 8.50E-0
R?=9.98E-01

0 0.2 0.4

pyrrolidine concentration (M)
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1-OTs and propylamine (13) in 95AN5Tol at 20 °C.

[1-OTs]o [13] (mol L™Y)  kobs (s7%)
(mol LY)

1.00x 1073 3.00x 107! 1.63x107*
1.00x 1073 6.00x 107! 3.14x 10
1.00x 102  9.00x 107 4.56x107*
1.00x 1073 1.20 x 10° 5.90 x 107

k2=4.74%10"* L mol*s?

1-OTs and NEts in 95ANS5Tol at 20 °C.

[1-OTs)o [NEts] (mol L™Y)  kobs (s72)
(mol LTY)
1.00 x 1073 1.00 x 107? 1.65x 107>

7.00E-04
6.00E-04
__ 5.00E-04
“ 4.00E-04
§ 3.00e-04
2.00E-04
1.00E-04
0.00E+00

ki1=1.65%x107°s"

|y =4.74E-04x + 2.50E-05
R?=9.99E-01

0 0.5 1 15

pyrrolidine concentration (M)

Kinetics of reactions of 2-Br: 1-(1-bromoethyl)-4-methylbenzene

2-Br and DABCO (9) in 80AN20M at 20 °C.

[2-Br]o [9] (mol LTY) kobs (s7)
(mol L)

1.00x 1073 2.00 x 1072 5.78 x 1074
1.00x 1073 4.00 x 1072 9.42 x 1074
1.00x 1073 6.00 x 1072 1.29x 1073
1.00 x 1073 8.00 x 1072 1.67 x 1073

k2=1.81x10%L mol s

2.00E-03

1.50E-03

1.00E-03

kobs (S

5.00E-04

0.00E+00
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y = 1.81E-02x + 2.15E-04
R? = 1.00E+00

0 0.02 0.04 0.06 0.08
DABCO concentration (M)
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2-Br and pyrrolidine (10) in 80AN20M at 20 °C.

2.00E-03
[2-Br]o [10] (mol L) Kobs (s72) y = 3.52E-03x + 2.08E-04
(mol L) 1.50E-03 R?=9.98E-01
1.00x103  1.00x 10! 5.78 x 107 A

\‘;? 1.00E-03
1.00 x 1073 2.00x 107! 8.94 x 107 &L
1.00x10°  3.00x 10 1.25x 103 >-00E-04
1.00 x 1073 4.00 x 107* 1.63x 1073 0.00E+00 L L
0 0.2 0.4
pyrrolidine concentration (M)
k2=3.52x103 L mol?*s™?
2-Br and piperidine (11) in 80AN20M at 20 °C.

1.60E-03
[2-Br]o [11] (mol LY Kobs (s72) y =2.70E-03x + 2.37E-04
(mol L) 1.20E-03 R? = 9.99E-01
1.00 x 1073 1.00 x 107? 5.07 x 107 ;;

—. 8.00E-04
1.00 x 1073 2.00x 107! 7.66 x 1074 ;3
1.00x103  3.00x 10 1.06 x 103 4.00E-04
1.00 x 1073 4.00 x 107? 1.31x1073 0.00E+00 L L
0 0.2 0.4
piperidine concentration (M)
k2=2.70x 1073 L mol*s™? k1=2.37%x10%s7?
2-Br and morpholine (12) in 80AN20M at 20 °C.

1.00E-03
[2-Br]o [12] (mol LY Kobs (s71) y =1.71E-03x + 2.18E-04
(mol L) 8.00E-04 | R2=9.98E-01
1.00x10°  1.00x10'  3.91x10°* %, 6.00E-04
1.00x103  2.00x107  5.61x10° B 4.00E-04
1.00x 1073 3.00x 107! 7.15 x 1074 2.00E-04
1.00 x 1073 4.00 x 107* 9.09 x 107 0.00E+00 L L

0 0.2 0.4

morpholine concentration (M)

k2=1.71x103L mol s
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2-Br and propylamine (13) in 80AN20M at 20 °C.

8.00E-04
[2-Br]o [13] (mol L) Kobs (s72) y =5.76E-04x + 1.72E-04
(mol L) 6.00E-04 R? = 9.95E-01
1.00x103  2.50x 107 3.26 x 10 A
‘TA 4.00E-04
1.00x103  5.00x10°* 451x10* N
1.00x103  7.50x107  5.90x10°* 2.00E-04
1.00 x 1073 1.00 x 10° 7.60 x 107 0.00E+00 L L
0 0.5 1
propylamine concentration (M)
k2=5.76 x 10 L mol* s7!
2-Br and piperidine (11) in 50AN50M at 20 °C.
3.00E-03
[2-Br]o [11] (mol LY Kobs (s72) y = 8.64E-04x + 9.33E-04
(mol L) R2 = 1.00E+00
— 2.00E-03
1.00 x 1073 5.00 x 107! 1.37x1073 W
1.00 x 1073 1.00 x 10° 1.80x 1073 j 1.00E-03
1.00 x 1073 1.50 x 10° 2.23x1073
1.00 x 1073 2.00 x 10° 2.66x 1073 0.00E+00 L L
0 1 2
piperidine concentration (M)
k2=8.64x10*Lmol*s™?
2-Br and piperidine (11) in 60AN40M at 20 °C.
3.00E-03
[Z-Br]oi1 [11] (mol L7Y) kobs (s7) y =1.22E-03x + 7.54E-04
(mol L™) R? = 9.99E-01
— 2.00E-03
1.00 x 1073 1.00 x 107* 8.96 x 107 W
1.00x10°  3.00x10"  1.11x10° £ sor03
1.00 x 1073 5.00 x 107! 1.34x 1073
1.00 x 1073 1.00 x 10° 2.00x 1073 0.00E+00 L L L
1.00x10°  1.50 x 10° 2.58 x 103 0 0.5 1 15

piperidine concentration (M)

k2=1.22x103L mol s
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2-Br and piperidine (11) in 70AN30M at 20 °C.

1.60E-03 [

[Z-Br]cl1 [11] (mol LTY) kobs (s7) y = 1.82E-03x + 4.70E-04
(mol L) 1.20E-03 R? = 9.99E-01
1.00x103  1.00 x 10! 6.51x 10 A

‘TA 8.00E-04
1.00x103  2.00x 107! 8.29x 10 3
1.00x103  3.00x 10 1.03 x 10°3 4.00E-04
1.00 x 1073 4.00 x 107? 1.19 x 1073 0.00E+00 . .

0 0.2 0.4
piperidine concentration (M)
k2=1.82x 103 L mol?*s™?
2-Br and piperidine (11) in 90AN10M at 20 °C.
2.00E-03

[2-Br]o [11] (mol LY Kobs (s72) y =4.50E-03x + 6.01E-05
(mol Lfl) 1.50E-03 R2 = 1.00E+00
1.00 x 1073 1.00 x 107? 5.05 x 107 ;;

VB 1.00E-03
1.00 x 1073 2.00x 107! 9.65 x 1074 L
1.00x103  3.00x 10 1.42 x 103 >-00E-04
1.00 x 1073 4.00 x 107? 1.85x 1073 0.00E+00 L L

0 0.2 0.4

piperidine concentration (M)

k2=4.50%x 1073 L mol™s™?

2-Br and piperidine (11) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

6.00E-03

Eﬁ;gl"qu . [11] (mol L) kobs (s7) y = 1.10E-02x - 3.00E-05
4.00E-03 R? = 1.00E+00

1.00x10°%  1.00x 10 1.09x 10 %

-3 -1 -3 8

1.00 x 10 2.00x 10 2.15x10 ~ 5 00E-03

1.00x10°%  3.00x 10 3.26x 1073

1.00x10°%  4.00x 10 4.39x 1073 0.00E+00 - -

0 0.2 0.4

piperidine concentration (M)

k2=1.10x10%2L molts?
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2-Br and NEts; in 50AN50M at 20 °C.

1.20E-03
[2-Br]0 [N Et3] Kobs (S_l) °
(mol LY) (mol L) ¢ (] °
— 8.00E-04 |-
1.00 x 1073 2.00 x 1072 1.00 x 1073 n
-3 -2 -3 8
1.00 x 10 4.00 x 10 1.03x 10 < 400E-00 |
1.00 x 1073 6.00 x 1072 9.59 x 107*
1.00 x 1073 8.00 x 1072 9.36x 107 0.00E+00 L )
0 0.05 0.1
NEt; concentration (M)
ki1=1.03x103s?
2-Br and NEt; in 60AN40M at 20 °C.
8.00E-04
[2'Br]071 [N Et3]71 Kobs (571) L4 ° [
1.00 x 1073 2.00 x 1072 7.28 x 107 ;;
., 4.00E-04 |
1.00 x 1073 4.00 x 1072 6.90 x 1074 ;3
1.00x10°  6.00x102  7.09x10° 2.008-04
0.00E+00 L !
0 0.05 0.1
NEt; concentration (M)
ki1=7.29x107%s7?
2-Br and NEt; in 70AN30M at 20 °C.
5.00E-04
[2-Brlo [NEts] kobs (s7) (] ° °
(mol L) (mol L) . 4.00E-04 | o
1.00 x 1073 2.00 x 1072 4.50x 107 Z 3.00E-04 +
1.00x10°  4.00x102  4.47x10°* B 2.00e-04 |
1.00x 1073 6.00 x 1072 4.42 x 10 1.00E-04
1.00 x 1073 8.00 x 1072 4.26 x 107 0.00E+00 L !
0 0.05 0.1

NEt; concentration (M)

ki=4.50x%x10"*s?!
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2-Br and NEtz in 80AN20M at 20 °C.

[2-Br]o [NEts] kobs (s7%)
(mol LY) (mol L)

1.00x 1073 2.00 x 1072 2.15x 10
1.00x 1073 4.00 x 102 2.12x 10
1.00x 1073 6.00 x 1072 2.14x 10
1.00x 1073 8.00 x 1072 2.16x 107

k1=2.16x10"*s1

2-Br and NEts in 90AN10M at 20 °C.

[2-Br]o [N EtS] Kobs (Sfl)
(mol LY) (mol L)

1.00 x 1073 2.00 x 1072 6.88 x 107°
1.00 x 1073 4.00 x 1072 6.53 x 107°

k1=6.53x107°s?!

2-Br and NEts in acetonitrile at 20 °C.

[2-Br]o [NEts] kobs (s7)
(mol L) (mol L)
1.00 x 1073 8.00 x 1072 4.83 x107°

2.50E-04
2.00E-04
<~ 1.50E-04

)

~

B 1.00E-04

5.00E-05
0.00E+00

7.00E-05
6.00E-05
5.00E-05
4.00E-05
3.00E-05
2.00E-05
1.00E-05
0.00E+00

%)

Kops (s1)

k1=4.83x10°%s7!
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2-Br and piperidine (11) in 80AN20M at 10 °C.

6.00E-04
[2-Br]o [11] (mol 1) Kkobs (s7Y) y = 1.16E-03x + 7.90E-05
(mol LY) R2 = 1.00E+00
— 4.00E-04

1.00 x 1073 1.00 x 107? 1.94x 10~ n

-3 -1 4 8
1.00x 10 2.00x 10 3.12x 10 < 5 00E-04
1.00x 1073 3.00x 107! 4.23x10™
1.00 x 1073 4.00 x 107? 5.42 x 107* 0.00E+00 L L

0 0.2 0.4
piperidine concentration (M)
k2=1.16x103 L mol?*s™? k1=7.90x107°s7!

2-Br and piperidine (11) in 80AN20M at 30 °C.

- - 3.00E-03 [ y=591E-03x + 5.98E-04
Erzr;glr:ll_gl) [11] (mol L~ ) Kobs (57 ) R2? = 1.00E+00
— 2.00E-03

1.00 x 1073 1.00 x 107? 1.18 x 1073 W

-3 1 _3 8
1.00 x 10 2.00x 10 1.79x 10 ~’ 1.00E-03
1.00 x 1073 3.00x 107 2.36x1073
1.00 x 1073 4.00 x 107? 2.97x1073 0.00E+00 L L

0 0.2 0.4
piperidine concentration (M)
k2=5.91x103Lmol?ts? k1=5.98 x107%s7!

2-Br and piperidine (11) in 80AN20M at 40 °C.

7.00E-03 [

[2-Bro_ [11] (mol L)) kobs (s74) 600E.03 | V= L119E-02x+ 1.58E-03
mol L™ 2 - 9. 99E-
( ) 500603 R? =9.99E-0
1.00x 1073 1.00 x 107* 2.73x1073 zn’ 4.00E-03
1.00x10%  2.00x10  3.99x10° B 3.00E-03

. ) R 2.00E-03
1.00 x 10 3.00 x 10 5.17 x 10 1.00E-03 |
1.00 x 1073 4.00x 107? 6.30x 1073 0.00E+00 L .

0 0.2 0.4
piperidine concentration (M)
k2=1.19x 102 L mol*s? k1=158x103s7!
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2-Br and piperidine (11) in 80AN20M at 50 °C.

1.50E-02
[2-Br]o [11] (mol LY Kobs (s72) y = 2.27E-02x + 3.53E-03
(mol LY) R2 = 1.00E+00
— 1.00E-02

1.00x 1073 1.00x 107! 5.81x 1073 .

-3 1 _3 %
1.00 x 10 2.00x 10 8.04 x 10 ~ 5 00E-03
1.00x 1073 3.00x 107! 1.03 x 1072
1.00x 1073 4.00x 107! 1.26 x 1072 0.00E+00 . .

0 0.2 0.4

piperidine concentration (M)

k2=2.27 %102 Lmol*s? k1=3.53x103s?!

Kinetics of reactions of 2-Cl: 1-(1-chloroethyl)-4-methylbenzene

2-Cl and DABCO (9) in 80AN20M at 20 °C.

8.00E-05
[2-Cl]o [9] (mol LY Kobs (571) y = 1.39E-04x + 2.86E-06
(m0| Lil) 600E‘05 R2 = 999E'01
1.00 x 1073 1.25x 107! 1.98 x 107> ;:-,,\

"B 4.00E-05
1.00 x 1073 2.50x 107! 3.79x 10~ &0
1.00x103  3.75x 10" 5.56 x 10 2.00E-05
1.00 x 1073 5.00 x 107! 7.18 x 10~ 0.00E+00 L L !
0 0.2 0.4 0.6
DABCO concentration (M)
k2=1.39%x10*Lmol*s?
2-Cl and pyrrolidine (10) in 80AN20M at 20 °C.

5.00E-05 [
[2-Cl]o [10] (mol L) Kobs (s71) y = 2.37E-05x + 2.34E-06
(mol L) 4.00E-05 |- R? = 9.98E-01
1.00x10°  4.00x 107t 1.22x10°5 %, 3.00E-05
1.00x 1073 8.00x 107! 2.10x 107 é 2.00E-05
1.00x 1073 1.20 x 10° 3.00x 10 1.00E-05
1.00 x 1073 1.60 x 10° 4.08 x 107> 0.00E+00 L L L !

0 0.5 1 1.5 2

pyrrolidine concentration (M)

k2=2.37x10° L mol*s™?
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2-Cl and piperidine (11) in 80AN20M at 20 °C.

3.00E-05 [ y=1.51E-05x + 5.40E-06
[2-Cl]o [11] (mol L_l) Kobs (S_l) R2 = 9.99E-01
(mol LY) :
— 2.00E-05

1.00x 1073 4.00x 107! 1.13x10°° .

-3 -1 -5 8
1.00x 10 8.00 x 10 1.76 x 10 ~ 1.00E-05
1.00x 1073 1.20 x 10° 2.38x107°
1.00x 1073 1.60 x 10° 2.93x107° 0.00E+00 . . . )

0 0.5 1 1.5 2

piperidine concentration (M)

k2=1.51%x10°Lmol*s?

2-Cl and morpholine (12) in 80AN20M at 20 °C.

2.50E-05 [ . _ ) )

[2-Cllo [12] (MOI LY Kobs (s7Y) y=1.14E-05x + 4.28E-06

(mol LY 2.00E-05 R? = 1.00E+00

1.00 x 1073 4.00x 107? 8.85x10°° f,; 1.50E-05

1.00 x 1073 8.00x 107! 1.34x107° j 1.00E-05

1.00 x 1073 1.20 x 10° 1.78 x 107> 5.00E-06

1.00 x 1073 1.60 x 10° 2.25x107° 0.00E+00 . L L g
0 0.5 1 1.5 2

morpholine concentration (M)
k2=1.14x10° L mol?ts? ki1=4.28x10°s7

Kinetics of reactions of 3-Br: 5-(1-bromoethyl)-2,3-dihydro-1H-indene

3-Br and DABCO (9) in acetonitrile at 20 °C.

[3-Br]o [9] (mol LY) Koos (5°) 1.008-02 y = 1.09E-01x - 4.40E-05

(mol L) 8.00E-03 | R2 = 1.00E+00
1.00x103  2.00x 1072 2.19x103 %, 6.00E-03

1.00x10°  4.00x102  4.28x10° B 4.00E-03

1.00x103  6.00x 1072 6.47 x 103 2.00E-03

1.00x103  8.00x 1072 8.75x 1073 0.00E+00 . . . . '

0 0.02 0.04 0.06 0.08 0.1
DABCO concentration (M)

k2=1.09 x 107* L mol™ s
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3-Br and pyrrolidine (10) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

1.00E-02
[3-Br]o71 [10] (mol L) kobs (s71)
(mol L) 7.50E-03
1.00x103  1.00x 107! 2.21x10°3 oW
=, 5.00E-03
1.00x103  2.00x 107! 4.48 x 1073 8
1.00x10°  3.00 x 10~ 6.44 x 10°3 2.50E-03
1.00x103  4.00x 107! 8.42 x 1073 0.00E+00

k2=2.06 x 102 L molts™?

[y =2.06E-02x + 2.40E-04

R =9.99E-01

0

0.2 0.4

pyrrolidine concentration (M)

3-Br and piperidine (11) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

6.00E-03
[3-Brlo [11] (mol LTY) Kobs (s7%)
(mol LY)
— 4.00E-03
1.00 x 1073 1.00 x 107? 1.43x 1073 n
-3 -1 -3 2
1.00 x 10 2.00x 10 2.72x10 ~ 9 00E-03
1.00 x 1073 3.00x 107 4.03x1073
0.00E+00

k2=1.30x 102 L mol*s™?

y = 1.30E-02x + 1.27E-04
R?=1.00E+00

0

0.1 0.2 0.3 0.4

piperidine concentration (M)

3-Br and morpholine (12) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

2.00E-03

[3-Brlo [12] (mol LTY) kobs (s7%)
(mol L)
1.00x 1073 1.00 x 10! 3.59 x 1074 '::

"’B 1.00E-03
1.00x 1073 2.00 x 107! 7.73 x 107 ~°
1.00x 1073 3.00x 107! 1.14x 1073
1.00x 1073 4.00x 107t 1.55x 1073 0.00E+00

k2=3.94x 103 L mol™s™?
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y = 3.94E-03x - 2.99E-05
R?=9.99E-01

0
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morpholine concentration (M)
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3-Br and propylamine (13) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

[3-Br]o [13] (mol LTY) kobs (s7%)
(mol LY)

1.00x 1073 5.00x 107! 5.69 x 107
1.00 x 1073 1.00 x 10° 1.06 x 1073
1.00x 1073 1.50 x 10° 1.52x 1073
1.00x 1073 2.00 x 10° 1.93x 1073

k2=9.09 x 10™* L mol™* s

3-Br and NEts in acetonitrile at 20 °C.

[3-Br]o [NEts] Kobs (Sfl)
(mol LY) (mol L)
1.00 x 1073 4.00 x 1072 2.11x10°°

2.50E-03
2.00E-03
<~ 1.50E-03

wn

—

B 1.00E-03

5.00E-04
0.00E+00

k1=2.11x107°

[ y=9.09E-04x + 1.34E-04
R? =9.98E-01

0 0.5 1 15 2 2.5

propylamine concentration (M)

S—l

Kinetics of reactions of 4-Br: 1-(1-bromoethyl)-4-methoxybenzene

4-Br and DABCO (9) in acetonitrile at 20 °C. SF measurement on HT.

[4-Br]o [9] (mol L?) kobs (s71)
(mol L)

1.00x 1073 5.00 x 1072 2.29 x 1072
1.00 x 1073 1.00x 107! 4.12 x 1072
1.00 x 1073 1.50 x 107! 6.50 x 1072
1.00 x 1073 2.00x 107! 8.83 x 1072

k2=4.40x 107! L molts™?

1.00E-01

7.50E-02

—
—

%
~— 2.00E-02

o
<

2.50E-02

0.00E+00
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0 005 01 0.15 0.2 0.25
DABCO concentration (M)




Chapter 4. Kinetic Investigations of Concomitant Sy1 and Sy2 Mechanisms in Menschutkin Reactions

4-Br and pyrrolidine (10) in acetonitrile at 20 °C. SF measurement on HT. Kinetics have been

corrected due to ion pairing.

[4-Br]o [10] (mol L™Y)  kobs (s7%)
(mol L)

1.00x 1073 5.00 x 1072 6.22x 1073
1.00x 1073 1.00 x 1071 8.48 x 1073
1.00x 1073 1.50x 107! 1.15 x 1072
1.00x 1073 2.00x 107! 1.48 x 1072

k2=5.75% 102 L mol™ s

1.60E-02

1.20E-02

—_
—

%
~— 8.00E-03

<]

x
4.00E-03

0.00E+00

- y=5.75E-02x + 3.06E-03
R? = 9.93E-01

0 005 01 015 0.2 0.25

pyrrolidine concentration (M)

4-Br and piperidine (11) in acetonitrile at 20 °C. SF measurement on HT. Kinetics have been corrected
due to ion pairing.

[4-Brlo [11] (mol L™Y)  kobs (s7%)
(mol LY)

1.00x 1073 5.00 x 1072 9.02 x 1073
1.00x 1073 1.00x 107! 1.09 x 1072
1.00x 1073 1.50x 107! 1.34x 1072
1.00 x 1073 2.00x 107! 1.67 x 1072

k2=5.11x 102 L mol*s™?

4-Br and morpholine (12) in acetonitrile at 20 °C.
corrected due to ion pairing.

[4-Brlo [12] (mol L) kobs (s71)
(mol L)

1.00x 1073 5.00 x 1072 4.47 x 1073
1.00x 1073 1.00 x 10! 5.48 x 1073
1.00x 1073 1.50x 10! 6.48 x 1073
1.00x 1073 2.00 x 107! 7.35x 1073

k2=1.93x 102 L mol™*s™?

2.00E-02

1.50E-02

Y

1.00E-02

kobs (S

5.00E-03

0.00E+00

[ y=5.11E-02x + 6.12E-03
R? = 9.85E-01

0 0.05 0.1 0.15 0.2

piperidine concentration (M)

SF measurement on HT. Kinetics have been

8.00E-03

6.00E-03

Y

4.00E-03

kobs (S

2.00E-03

0.00E+00
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4-Br and propylamine (13) in acetonitrile at 20 °C. SF measurement on HT. Kinetics have been
corrected due to ion pairing.

1.50E-02
[4-Br]o [13] (Mol L™Y)  kobs (s°2) y = 6.76E-03x + 3.95E-03
(mol LY) R?=9.97E-01
— 1.00E-02 F
1.00 x 1073 2.50x 107! 5.55x 1073 i
3 —1 -3 8
1.00 x 10 5.00 x 10 7.41x 10 < 00E-03
1.00 x 1073 7.50x 107! 9.17x1073
1.00 x 1073 1.00 x 10° 1.06 x 1072 0.00E+00 L L J
0 0.4 0.8 1.2
propylamine concentration (M)
k2=6.76 x 103 L mol?* s k1=3.95x1073s7!

Kinetics of reactions of 5-Br: 5-(1-bromoethyl)-2,3-dihydrobenzofuran

5-Br and DABCO (9) in 95AN5Tol at 20 °C. SF measurement on AP.

= P 12 r y=2.14E+00x + 2.97E-01
[>-Brh,, [T (mol L) kobs (57) R? = 9.99E-01
—~08
1.00x10“  1.00x 10 5.15x 10 %
1.00x10%  2.00x 10 7.17 x 10 E 04
1.00x10“  3.00x 10 9.47 x 10
1.00x10“  4.00x 10 1.15 x 10° 0 : : : -

0 0.1 0.2 0.3 0.4
DABCO concentration (M)

k2=2.14%x10° L mols?!

5-Br and pyrrolidine (10) in 95AN5Tol at 20 °C. SF measurement on AP.

07 ¢
[5-Brlo [10] (mol L7Y) kobs (s7) 0.6 -
(mol L)
05
1.00x10*  1.00 x 10! 3.91x10° %04 |
1.00x10*  2.00x 10 4.65x 107! 303 r y = 7.45E-01x + 3.17E-01
0.2 2 _
1.00x10*  3.00x 10! 5.42 x 101 o1 L R” = 1.00E+00
1.00x10*  4.00 x 10~ 6.13x 10 0 - - - -

0 0.1 0.2 0.3 0.4

pyrrolidine concentration (M)

k2=7.45%x 1071 L mol*s™?
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5-Br and piperidine (11) in 95AN5Tol at 20 °C. SF measurement on AP.

[5-Br]o [11] (mol LTY) kobs (s7%)
(mol LY)

1.00x 107* 1.00x 107! 3.16x 107!
1.00x 107* 2.00x 107! 3.65x 107!
1.00x 107* 3.00x 107! 414 %1071
1.00x10*  4.00x 107 4.55x 107"

k2=4.66x 1071 L molts™?

0.5
0.4

g 0.3
Fo2
0.1

0

k1=2.71x103s1

Kinetics of reactions of 6-Br: benzhydryl bromide

6-Br and DABCO (9) in acetonitrile at 20 °C.

[6-Brlo [9] (mol L) kobs (s7%)
(mol LY)

1.00x 1073 5.00 x 1072 1.36x 1073
1.00 x 1073 1.00 x 107t 2.65x 1073
1.00x 1073 1.50x 107! 3.89 x 1073
1.00x 1073 2.00 x 107! 5.16 x 1073

k2=2.53x 102 L mol*s™?

6.00E-03

—~ 4.00E-03

obs (S

=< 2.00E-03

0.00E+00

y =4.66E-01x + 2.71E-01
R?=9.98E-01

0 0.1 0.2 0.3 0.4

piperidine concentration (M)

y = 2.53E-02x + 1.06E-04
R?=1.00E+00

0 0.05 0.1 0.15 0.2
DABCO concentration (M)

6-Br and pyrrolidine (10) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

[6-Br]o [10] (mol L) kobs (s71)
(mol L)

1.00 x 1073 5.00 x 1072 3.88x 10
1.00 x 1073 1.00 x 107! 7.69 x 107
1.00 x 1073 1.50 x 107¢ 1.14x 1073
1.00 x 1073 2.00x 107! 1.52x 1073

k2=7.53x 103 L mol*s?

2.00E-03

1.50E-03

—_
—

%
— 1.00E-03

o
x

5.00E-04

0.00E+00
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y =7.53E-03x + 1.25E-05
R? = 1.00E+00
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6-Br and piperidine (11) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

[6-Br]o [11] (mol LTY) kobs (s7%)
(mol LY)

1.00x 1073 5.00 x 1072 2.75x 107
1.00x 1073 1.00x 107! 5.52x 1073
1.00x 1073 1.50x 107! 8.00x 1073
1.00x 102  2.00x107* 1.05x 1073

k2=5.15% 103 L mol*s™?

1.20E-03 r < 15E 03x + 2.60E-05
R? = 9.99E-01
— 8.00E-04
)
£
~’ 4.00E-04
0.00E+00 : ' ' I

0 0.05 0.1 0.15 0.2

piperidine concentration (M)

6-Br and morpholine (12) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

[6-Brlo [12] (mol LTY) Kobs (s7%)
(mol LY)

1.00x 1073 1.00x 107! 1.27 x10™*
1.00x 1073 2.00x 107! 2.98x 10
1.00x 1073 3.00x 107! 416 x 10
1.00x 1073 4.00x 107t 5.85x 1073

k2=1.49%x 103 L mol™?*s™?

7.00E-04
6.00E-04 F
5.00E-04 F
4.00E-04
3.00E-04
2.00E-04 F
1.00E-04
0.00E+00

)

Kops (s1)

y = 1.49E-03x - 1.65E-05
R?=9.95E-01

0 0.1 0.2 0.3 0.4

morpholine concentration (M)

6-Br and propylamine (13) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

[6-Brlo [13] (mol LTY) Kkobs (s7%)
(mol L)

1.00 x 1073 2.00x 107! 8.45x 107°
1.00x 1073 4.00x 107t 1.60x 10
1.00x 1073 6.00 x 107! 2.31x10™*
1.00x 1073 8.00 x 107! 2.96 x 1074

k2=3.53x10* L mol™*s™?

4.00E-04

3.00E-04

2.00E-04

kobs (s—l)

1.00E-04

0.00E+00

y = 3.53E-04x + 1.65E-05
R? =9.99E-01

0.00E+00 4.00E-01 8.00E-01
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6-Br and NEt; in acetonitrile at 20 °C. With 0.025 M MeOH to suppress reverse reaction.

[6-3"]0 [N Et3] Kobs (S_l)
(mol LY) (mol L)
1.00 x 1073 2.50x 1072 6.92 x10°°

k1=6.92x10%s!

Kinetics of reactions of 7-Br: 4,4'-dimethylbenzhydryl bromide

7-Br and DABCO (9) in acetonitrile at 20 °C.

[7-Brlo [9] (mol L) kobs (s72)
(mol L)

1.00x 1073 4.00 x 102 2.12x107?
1.00x 1073 8.00 x 1072 3.86x 1072
1.00x 1073 1.20x 1071 5.41 x 1072
1.00x 1073 1.60 x 107? 7.01x 1072

k2=4.06 x 107t L mol s

8.00E-02

6.00E-02

4.00E-02

kobs (S

2.00E-02

0.00E+00

y = 4.06E-01x + 5.42E-03
R?=9.99E-01

0 0.05 0.1 0.15 0.2
DABCO concentration (M)

7-Br and pyrrolidine (10) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

[7-Brlo [10] (mol L™Y)  kobs (s7%)
(mol L)

1.00 x 1073 5.00 x 1072 8.54x 1073
1.00 x 1073 1.00 x 107! 1.30 x 1072
1.00 x 1073 1.50 x 107! 1.75 x 1072
1.00 x 1073 2.00x 107! 2.30x 1072

k2=9.58 x 102 L mol™s™!

3.00E-02

— 2.00E-02

wn

—

©
el

~ 1.00E-02

0.00E+00
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y = 9.58E-02x + 3.54E-03
R?=9.97E-01
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7-Br and piperidine (11) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

2.00E-02
[7-Br]o71 [11] (mol L) kobs (s71)
(mol L) 1.50E-02
1.00x 103  5.00 x 102 7.11x 1073 o

< 1.00E-02
1.00x10°  1.00x 10! 1.06 x 1072 N
1.00x10°  1.50 x 10~ 1.36 x 102 >.00E-03
1.00x103  2.00x 107! 1.62 x 1072 0.00E+00

k2=6.05% 102 L mol*s™?

ki=4.31x103s1

[ y=6.05E-02x + 4.31E-03
R? = 9.96E-01

0 0.05 0.1 0.15 0.2

piperidine concentration (M)

7-Br and morpholine (12) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

2.00E-02
[7-Br]o71 [12] (mol LTY) Kobs (s7%)
(mol L) 1.50E-02
1.00x10°  1.00 x 10~ 7.73 x 1073 %

< 1.00€-02
1.00x10°  2.00 x 10~ 119 x 102 8
1.00x10°  3.00 x 10~ 1.52 x 102 >.00E-03
1.00x10°  4.00 x 10~ 1.83 x 102 0.00E+00

k2=3.50x 102 L mol™*s™?

y = 3.50E-02x + 4.53E-03
R? =9.95E-01

0 0.1 0.2 0.3 0.4

morpholine concentration (M)

7-Br and propylamine (13) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

3.00E-02
[7-Brlo [13] (mol L) kobs (s71)
(mol L)
— 2.00E-02

1.00 x 1073 3.00x 107! 1.04 x 1072 W

-3 -1 —2 —§
1.00 x 10 6.00 x 10 1.51x 10 1 00E-02
1.00 x 1073 9.00 x 107! 1.88 x 1072
1.00 x 1073 1.20 x 10° 2.17 x107? 0.00E+00

y = 1.25E-02x + 7.10E-03
R? =9.89E-01

0.00E+00 4.00E-01 8.00E-01 1.20E+00
propylamine concentration (M)

k2=1.25%x 102 Lmol*s™?
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Kinetics

the reactions of

difluorobenzene)

(E)-5,5'-(3-bromoprop-1-ene-1,3-diyl)bis(1,3-

8-Br and pyrrolidine (10) in 90AN10M at 20 °C. SF measurement on HT.

[8-Br]o [10] (mol L) kobs (s7%)
(mol LY)

1.00x103  1.00x 10" 1.78 x 102
1.00x103  2.00x 10" 3.00 x 102
1.00x103  3.00x 10" 4.34x1072
1.00x103  4.00x 107" 5.98 x 102

k2=1.39x 10 L mol?*s™?

8-Br and piperidine (11) in 90AN10M at 20 °C.

[8-Br]o [11] (mol L) kobs (s7%)
(mol L)

1.00x 1073 1.00x 1071 1.63x 1072
1.00x102  2.00x 107 3.08 x 1072
1.00x 1073 3.00x 107! 4.61 x 1072
1.00x 1073 4.00 x 1071 6.24 x 1072

k2=1.54%x 10 L mol s

6.00E-02
5.00E-02
— 4.00E-02
4”}] 3.00E-02
~ 2.00E-02
1.00E-02
0.00E+00

7.00E-02
6.00E-02
__ 5.00E-02
" 4.00E-02
£ 3.00E-02
2.00E-02
1.00E-02
0.00E+00

k

y = 1.39E-01x + 2.92E-03
R?=9.95E-01

0 0.1 0.2 03 0.4

pyrrolidine concentration (M)

y = 1.54E-01x + 5.05E-04
R?=9.99E-01

0 0.1 0.2 0.3 0.4

piperidine concentration (M)

8-Br and morpholine (12) in 90AN10M at 20 °C. SF measurement on HT.

[8-Br]o [12] (mol L) kobs (s71)
(mol L)

1.00 x 1073 1.00x 107! 8.02 x 1073
1.00 x 1073 2.00x 107! 1.31x 1072
1.00 x 1073 3.00x 107! 1.84 x 1072
1.00 x 1073 4.00x 107! 2.36x 1072

k2=5.21x 102 L mol*s?

3.00E-02
— 2.00E-02
ln

~ 1.00E-02

0.00E+00
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y =5.21E-02x + 2.75E-03
R? = 1.00E+00

0 0.1 0.2 0.3 0.4

morpholine concentration (M)
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8-Br and propylamine (13) in 90AN10M at 20 °C. SF measurement on HT.

[8-Br]o [13] (mol LTY) kobs (s7%)
(mol LY)

1.00x 1073 1.00 x 1071 4.21x1073
1.00x 1073 2.00x 107! 4.85x 1073
1.00x 1073 3.00x 107! 5.53x 1073
1.00x 1073 4.00x 107! 6.30x 1073

k2=6.96 x 1073 L molts™?

8-Br and NEtz in 90AN10M at 20 °C.

[8-Br]o [NEts] kobs (s7%)
(mol LY) (mol L)

1.00x 1073 1.00x 107! 3.29x1073
1.00x 1073 2.00x 107! 3.26 x 1073
1.00x 1073 4.00x 107t 2.88x 1073

k1=3.29%x103s?!

8-Br and pyrrolidine (10) in 91M9AN at 20 °C.

[8-Brlo [10] (mol L™Y)  Kkobs (s71)
(mol L)

1.00x 1073 1.00x 10! 5.79 x 1072
1.00x 1073 2.00 x 107! 6.90 x 1072
1.00x 1073 3.00x 107! 5.72 x 1072
1.00x 1073 4.00x 107t 5.87 x 1072

k1=6.90x 10725t

6.00E-03

—_
—

% 4.00E-03

obs

2.00E-03

0.00E+00

4.00E-03

3.00E-03

Y

2.00E-03

kobs (S

1.00E-03

0.00E+00

8.00E-02

6.00E-02

1)

4.00E-02

kobs (S

2.00E-02

0.00E+00
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y = 6.96E-03x + 3.49E-03
R?=9.98E-01

0 0.1 0.2 0.3 0.4

propylamine concentration (M)

0 0.1 0.2 0.3 0.4

NEt; concentration (M)

0 0.1 0.2 0.3 0.4

pyrrolidine concentration (M)
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8-Br and piperidine (11) in 90AN10W at 20 °C.

1.00E-01
Efr;'glfqul) [} (mol L) kows (57 8.00E-02
1.00x10°  1.00 x 10~ 2.64 x 1072 %, 6.00E-02
1.00x10°%  2.00x107!  4.20x1072 B 4.00E-02
1.00x 1073 3.00x 107! 6.12 x 1072 2.00E-02
1.00x103  4.00x 10! 7.93 x 102 0.00E+00

k2=1.78 x 107 L mol™ s

y =1.78E-01x + 7.76E-03
L R? =9.98E-01

0.1 0.2 0.3 0.4

piperidine concentration (M)

0

8-Br and diethanolamine in 90AN10M at 20 °C. SF measurement on HT.

8.00E-03
[8-Br191 [diethglnolamine] kobs (s71) 7.00E-03
mol L (mol L) 6.00E-03
1.00x 103  1.00x 10 3.95x 103 %, 5-00E-03
< 4.00E-03

1.00x 103 2.00x 107! 5.07 x 1073 8 3.00E-03
1.00x103  3.00 x 10 5.96 x 107 2.00E-03
1.00E-03

1.00x 103 4.00x107? 7.08 x 1073 0.00E+00

k2=1.03x 102 L mol*s™?

y = 1.03E-02x + 2.95E-03
R?=9.98E-0

01 02 03 04 05

diethanolamine concentration (M)

0

8-Br and ethanolamine in 90AN10M at 20 °C. SF measurement on HT.

8.00E-03
[8-Brlo_ [ethanolamine]  Kobs (s 7.00E-03
(mol LY (mol L) 6.00E-03
1.00x103  2.00x 10" 3.65x 103 %, >-00E-03
< 4.00E-03

1.00x 103 4.00x 107! 439 x 1073 & 3.00E-03
1.00x103%  6.00x 10 4.87 x 1073 2.00E-03
1.00E-03

1.00x103  8.00x 10 5.30x 1073 0.00E+00

k2=4.95% 1073 L mol™s™?

266

i y =4.95E-03x + 3.14E-03
i R? =9.96E-01

0.5 1

ethanolamine concentration (M)
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8-Br and benzylamine in 90AN10M at 20 °C. SF measurement on HT.

[8-Br]o [benzylamine]  kobs (s7%)
(mol LY) (mol L)

1.00 x 1073 1.00 x 1071 4.09x 1073
1.00x 1073 2.00x 107! 451x1073
1.00x 1073 3.00x 107! 4.85x 1073
1.00x 1073 4.00x 1071 5.27 x 1073

k2=3.88x 103 L molts™?

6.00E-03
5.00E-03
— 4.00E-03
4“;} 3.00E-03
~ 2.00E-03
1.00E-03
0.00E+00

y = 3.88E-03x + 3.71E-03
i R%=9.98E-01
1 1
0 0.2 0.4

benzylamine concentration (M)

8-Br and imidazole in 90AN10M at 20 °C. SF measurement on HT.

[8-Brlo [imidazole] kobs (s7%)
(mol L) (mol L)

1.00x 1073 2.00x 107! 3.65x 1073
1.00x 1073 4.00x 107! 4.39x 1073
1.00x 1073 6.00x 107! 4.87 x 1073
1.00x 102  8.00x 107 5.30x 1073

6.00E-03
5.00E-03
— 4.00E-03
% 3.00E-03
~° 2.00E-03
1.00E-03
0.00E+00

y = 2.72E-03x + 3.20E-03
- R? = 9.83E-01

0 0.5 1

imidazole concentration (M)

k2=2.72x 1073 L mol™s™?

Kinetics of reactions of 8-Cl: (E)-5,5'-(3-chloroprop-1-ene-1,3-diyl)bis(1,3-difluorobenzene)

8-Cl and pyrrolidine (10) in 90AN10M at 20 °C.

18-Cllo [10] (ol 1Y) Kons (5°Y) 250804 y = 2.62E-04x + 1.28E-04
(mol L) 2.00E-04 R?=9.82E-

1.00x10°  1.00x 107 1.58x10°* %, 1.50E-04

1.00x10°  2.00x 107 1.75x 10 B 100804 |

1.00x10°%  3.00x 107 2.03x 10 5.00E-05 |

1.00x10°%  4.00x 107 2.36x107* 0.00E+00 - - ' '

0 0.1 0.2 0.3 0.4

pyrrolidine concentration (M)

k2=2.62x10*Lmol™*s™?
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8-Cl and piperidine (11) in 90AN10M at 20 °C.

[8-Cl]o [11] (mol LTY) kobs (s7%)
(mol LY)

1.00 x 1073 1.00 x 1071 1.90 x 107
1.00x 1073 2.00x 107! 2.20x 107
1.00x 1073 3.00x 107! 2.50x 107
1.00x 1073 4.00x 107! 2.83x 10

k2=3.09x 10* L mol*s™?

8-Cl and morpholine (12) in 90AN10M at 20 °C.

[8-Cl]o [12] (mol L) kobs (s7%)
(mol LY)

1.00x103  1.00x 107" 1.45 x 107
1.00x103  2.00x 107" 1.81x 107
1.00x103  3.00x 107" 1.97 x 107
1.00x103  4.00x 107" 2.18 x 107

k2=2.35%x10* L mol s

8-Cl and diethanolamine in 90AN10M at 20 °C.

[8-Cl]o [diethanolamine]  kobs (s7%)
(mol L) (mol L)

1.00x103 1.20x 10! 1.35x 107
1.00x 103 2.00x 107! 1.58x 107
1.00x 103 3.00x 107! 1.84x 107
1.00x 103 4.00x 10! 2.12x10™*

k2=2.73x10* L mol™*s™?

3.00E-04
2.50E-04

— 2.00E-04

'35 1.50E-04
~ 1.00E-04
5.00E-05
0.00E+00

2.40E-04
2.00E-04

— 1.60E-04

%)

< 1.20E-04

~’ 8 00E-05
4.00E-05
0.00E+00

2.40E-04
2.00E-04

— 1.60E-04

%)

< 1.20E-04

~’ 8 00E-05
4.00E-05
0.00E+00
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-y = 3.09E-04x + 1.58E-04
R? = 9.99E-01

0 0.1 0.2 0.3 0.4

piperidine concentration (M)

y = 2.35E-04x + 1.27E-04
R? =9.69E-01

0 01 02 03 04 05

morpholine concentration (M)

- y = 2.73E-04x + 1.03E-04
R? = 1.00E+00

0 01 02 03 04 05

diethanolamine concentration (M)
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8-Cl and ethanolamine in 90AN10M at 20 °C.

2.00E-04
[8-Cl]o [ethanolamine]  kobs (s7)
(mol LY) (mol L) 1.60E-04 —/././‘/.
1.00x 103  1.00x 107 1.33x10™* % 120E-04 F
1.00x103  2.00x 107 1.40x 107 B 8O0E-05 | y=840E-05x + 1.25E-04
2 - ~
1.00x 103  3.00x 107! 1.52x 107 4.00E-05 - R®=23.77-01
1.00x102 4.00x10°! 1.57 x 107 0.00E+00 L L L L .
0 0.1 02 03 04 05
ethanolamine concentration (M)
k2=8.40x 10> L mol* s7!
8-Cl and benzylamine in 90AN10M at 20 °C.
1.60E-04 [
[8-Cl]o [benzylamine]  kobs (s7) _’_._’—0—’—"’.
(mol LY (mol L) 1.20E-04 |
- - — — y = 2.01E-05x + 1.33E-04
1.00x 103  4.00x 107! 1.41x10™* N
1.00x10°  6.00x 10 1.45 x 107 4.00E-05 r
1.00 x 1073 8.00 x 107! 1.50 x 10~ 0.00E+00 L !
0 0.4 0.8
benzylamine concentration (M)
k2=2.01x10°Lmol*s? k1=1.33x10*Lmol*s?
8-Cl and imidazole in 90AN10M at 20 °C.
2.00E-04
[8-Cl]o [imidazole] kobs (s71)
(mol L) (mol L) 1.60E-04 |
1.00x103  2.00x 107 1.41x 10 %, 1.20E-04 /
1.00x10°  3.00x10™* 1.45x 107" ;3 8.00E-05 v =1.25E-04x + 1.04E-04
1.00x103  4.00x 10" 1.50 x 10~ 4.00E-05 | R?=9.99E-01
0.00E+00 L L L L !

0 01 02 03 04 05

ethanolamine concentration (M)

k2=1.25%x10"*Lmol™*s™?
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4-methylbenzhydryl bromide
and propylamine in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

3.50E-04  y=1.57E-03x + 1.73E-04

[ToIf:HIi’»rPh Jo [13](molL™)  kobs (s 3.00E-04 R2 = 9.99E-01
mol L~
( ) __ 2.50E-04
1.00 x 1073 2.15x 1072 2.07 x10™* 1@ 2.00E-04
1.00x10  3.88x102  2.35x10° S L50E-04 -

. . . 1.00E-04
1.00x 10 5.93x10 2.64 x 10 5.00E-05 |
1.00 x 1073 8.07 x 1072 3.01x 10 0.00E+00 L L . L !

0.00 0.02 0.04 0.06 0.08 0.10
propylamine concentration (M)
k2=1.57x103Lmol?s? ki=1.73x107%s7!

Kinetics of reactions of butyl chloride:

Bu-Cl and DABCO (9) in acetonitrile at 20 °C.
1.60E-05 ry =1.06E-05x + 1.33E-06

[Bu-C|lg [9] (mol L7Y) kobs (s7%) R2 = 9.95E-01
(mol L) 1.20E-05
1.00x 103  3.00x 107" 4.65x10°° 3; 3.00E-06
1.00x 103  9.00x 107" 1.05x 10°° <
8 ) 8 4.00E-06
1.00x 1073 1.20 x 10° 1.43x10°°
0.00E+00 ' ' '
0 0.5 1 1.5
DABCO concentration (M)
k2=1.06 x 10° L mol* s
Kinetics of reactions of butyl bromide:
Bu-Br and DABCO (9) in acetonitrile at 20 °C.
8.00E-04
=1.77E-03x - 2.82E-06
[Bu-Brlo [9] (Mol L) kebs (s Y L ooson
(mol L™) 6.00E-04 |- '
1.00x 1073 1.00x 101 1.72x 10 A
—, 4.00E-04
1.00x103  2.00x 10 3.55x 107 N3
1.00x10°  3.33x10°! 5.84 x 10~ 2.00E-04 r
1.00x103  4.00x 10! 7.04 x 107 0.00E+00 ' ' '
0 0.2 0.4 0.6

DABCO concentration (M)

k2=1.77x1073 L mol™ s
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Bu-Br and piperidine (11) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

6.00E-04
[Bu-Brlo [11] (mol L) kobs (s7Y) y = 5.58E-04x + 1.15E-05
(mol LY) R? = 1.00E+00
— 4.00E-04

1.00 x 1073 2.00x 107! 1.22x10™* <

-3 1 _4 §
1.00 x 10 4.00 x 10 2.36 x 10 £ 5 00E-04
1.00 x 1073 6.00 x 107! 3.48 x 107
1.00 x 1073 8.00x 107! 4,57 x 10 0.00E+00 ' '

0 0.5 1

piperidine concentration (M)

k2=5.58 x 10™* L mol™ s

Bu-Br and morpholine (12) in acetonitrile at 20 °C. Kinetics have been corrected due to ion pairing.

8.00E-05
[Bu-Brlo [12] (mol LY Kobs (571) y= 8.61E-05X + 2.75E-06
(mol L) 6.00E-05 R? = 9.99E-01
1.00 x 1073 2.00x 107! 2.01x107° :":
—. 4.00E-05
1.00 x 1073 4.00x 107! 3.66 x 10~ j
1.00x10°  6.00x 10! 5.51x10° 2.00E-05
1.00 x 1073 8.00 x 107! 7.13 x 107 0.00E+00 : !
0 0.5 1
morpholine concentration (M)
k2=8.61x10°Lmolts?
Kinetics of reactions of butyl iodide:
Bu-l and DABCO (9) in acetonitrile at 20 °C.
1.20E-03
- - y = 9.48E-03x + 6.30E-06
[Bu-1]o [9] (mol L™Y) kobs (s7) | ~
(mol L) 1.00E-03 R? =9.99E-01
— B8.00E-04 |-
1.00 x 1073 2.50 x 1072 2.39x 107 "
—, 6.00E-04 [
-3 -2 —4 2
1.00 x 10 5.00x 10 4.83 x 10 ~ 4.00E-04 L
1.00x 1073 7.50 x 1072 7.27 x10™* 2.00E-04 -
1.00 x 1073 1.00x 107t 9.48 x 107 0.00E+00 L L !

0 0.05 0.1 0.15
DABCO concentration (M)

k2=9.48 x 103 L mol™ s

271



Chapter 4. Kinetic Investigations of Concomitant Sy1 and Sy2 Mechanisms in Menschutkin Reactions

Bu-I and piperidine (11) in acetonitrile at 20 °C.
5.00E-04

ufly (ol () sooros | | Re100m00
1.00x10°  4.00 x 1072 1.15 x 107 %, 3.00E-04

1.00x10°  800x102  2.27x10°* B 2.00E-04

1.00x 1073 1.20x 107! 3.39x 107 1.00E-04

1.00x103  1.60x 10! 451x10* 0.00E+00 ' '

0 0.1 0.2

piperidine concentration (M)

k2=2.80x 103 L mol?ts?

Bu-I and morpholine (12) in acetonitrile at 20 °C.

[Bu-lo [12] (Mol L))  kebs (s°Y) 250E08 Ty = 4788-04x - 6.70E-07

(mol LY 2.00E-04 | R®=9.99E-01

1.00x 1073 1.00x 107! 4.60x10°° z 1.50E-04 r

1.00x 1073 2.00x 107! 9.73x10° ;é 1.00E-04

1.00x 1073 3.00x 1071 1.41x10™* 5.00E-05

1.00x 1073 4.00x 107t 1.91x10™* 0.00E+00 L L !

0 0.2 0.4 0.6

morpholine concentration (M)

k2=4.78 x 107* L mol™ s7*

Kinetics of reactions of butyl tosylate:

Bu-OTs and DABCO (9) in acetonitrile at 20 °C.

1.60E-04 y =7.35E-04x + 2.50E-07

[Bu'o.[f]O [9] (m0| Lil) Kobs (Sfl) R2 = 9.98F-01
(molt ) 1.20E-04
1.00x10°  500x107%  3.75x10° %
< 8.00E-05 |
1.00 x 1073 1.00 x 1071 7.19 x 10°5 é
1.00x10°  1.50x 107 1.13 x 10 4.00E-05 |
1.00x103  2.00x 10 1.46 x 107 0.00E+00 - . .
0 0.1 0.2 0.3

DABCO concentration (M)

k2=7.35%x10"*Lmol*s?
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Bu-OTs and piperidine (11) in acetonitrile at 20 °C.

1.60E-04
[Bu-OTs]o [11] (mol L™Y)  kobs (s7%)
(mol L) 1.20E-04
1.00x 103  2.00x 10 3.80 x 107 o
~ 8.00E-05
1.00x10°  4.00x107! 7.34x107° 3
1.00x10°  6.00x 10" 1.16 x 104 4.00E-05
1.00 x 1073 8.00x 107! 1.51x 107 0.00E+00
k2=1.91%x10"*Lmol*s?
Bu-OTs and morpholine (12) in acetonitrile at 20 °C.
3.00E-05
[Bu-OTs]o [12] (mol L) kobs (s7Y)
(mol L1} 2.50E-05
— 2.00E-05
1.00x103  4.00x 10" 1.14x10°° T
= 1.50E-05
1.00x10°%  6.00x 10" 1.79x10°° < 1 00E-05
1.00x103  8.00x 10* 2.47 x10°° 5 00E-06
0.00E+00

k2=3.32x10 L mol s
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4.2.4 Correction of ion pairing effects on conductance

To correct the non-linear behavior of conductance versus concentration, the curved relationship was
monitored and fitted with a second order polynomial. The aminium halide or tosylate salts were added
into acetonitrile and the corresponding amine at the desired amine concentrations at 20 °C. The
secondary aminium salts are the primary conducting product of the Menschutkin reaction, since the
amines are always in at least 9-fold and regularly even higher excess and slightly more basic (pKan of
piperidine (11) in acetonitrile: 19.35 and 18.25 for N-methyl-piperidine®3). This causes them to be the
protonated, charged species and not the actual reaction product of electrophile and amine.
Propylamine (13), the only investigated primary amine, which becomes more basic after alkylation
(pKan of propylamine (13) in acetonitrile: 18.42 and 18.92 for N-methyl-propylamine?*), was treated in

the same way due to an even higher excess in propylamine in comparison to the Menschutkin product.

excess
) : ()
X
X H N\H O N H, X
N N
SARNGIET S A S
AN

Scheme 1. Menschutkin reaction of amines with alkyl halides or tosylates in acetonitrile in the presence of excess amine.

This fact simplified the acquisition of the correction polynomial, as not every product needed to be
investigated, but only the secondary and primary amines and their hydro halide and tosylate salts in
acetonitrile at 20 °C. These salts were added in small portions as acetonitrile solutions to the
corresponding amine in acetonitrile and the resulting conductance recorded. Concentration was
plotted versus conductance, as the data could be fitted much more accurately with a second order
polynomial. This second order polynomial was then applied to the kinetic traces, to correct for the
curvature in the conductance/concentration relationship. For all systems that exhibited significant
curvature, the parameters a, b, and c of the second-order polynomial y=ax*+bx+c were summarized in

tables and the parameters employed to correct the kinetic conductance traces.
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Conductance of 1-(1-(4-methoxyphenyl)ethyl)-1,4-diazabicyclo[2.2.2]octan-1-ium bromide
(14d) in acetonitrile.

MeO
14d
14d and DABCO (9, 0.02 M) in acetonitrile at 20 °C.

[14d] G (1S) 25803 - 1.075E-04x2 + 1.049E-03x - 4.595E-06
(mol LY) R?=9.999E-01
0 0.003 s 2.08-03
4.412x105  0.036 H

S 1.5E-03
1.102x10*  0.113 g
2.199x10*  0.212 S 10603
3.292x10*  0.306 7‘83
4381x10%  0.410 ® 5.0E-04
5.465x10%  0.503

0.0E+00

6.545x10%  0.601

1.082x10°  0.939
1.504 x 10’3 1.269
1.918 x 103 1.573
2.326x 103 1.871

14d and DABCO (9, 0.1 M) in acetonitrile at 20 °C.

[14d] 6 (1) 25803 1\ - 9.112-05x2 + 1.095E-03x - 1.142E-05
(mol L) R2 = 1.000E+00
0 0.006 s 2.08-03
4.412 x105  0.051 s
X 2 15603
1.102x10%  0.106 5
[}
2199x 104  0.208 2 1.0E-03
3292x10%  0.306 %
(%] -
4381x10%  0.404 >-0E-04
-4
5.465x10*  0.491 0.0E+00 ,

6.545x 10*  0.584

1.082x10°  0.924
1.504 x 10’3 1.247
1.918 x 10’3 1.559
2.326x 103 1.853
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14d and DABCO (9, 0.4 M) in acetonitrile at 20 °C.

ity C0
0 0.006
4.412x10°  0.056
1.102x10*  0.109
2.199x10*  0.206
3.292x10*  0.308
4.381x10*  0.397
5.465x10*  0.485
6.545x10*  0.575
1.082x 103  0.908
1.504x10°  1.207
1.918x10®  1.520
2.326x103  1.794

salt concentration (M)

2.5E-03

2.0E-03

1.5E-03

1.0E-03

5.0E-04

0.0E+00

y = 1.094E-04x? + 1.110E-03x - 1.533E-05
R? =9.999E-01

14d and DABCO (9, 1.2 M) in acetonitrile at 20 °C.

[14d] G (ps)
(mol L)

0 0.014
4.412 x 10 0.054
1.102 x 10* 0.110
2.199 x 10* 0.197
3.292 x 10* 0.274
4.381 x 10* 0.357
5.465 x 10 0.438
6.545 x 10 0.514
8.693 x 10 0.663
1.082 x 1073 0.806
1.294 x 103 0.945
1.504 x 103 1.088
1.712 x 103 1.217
1.918 x 103 1.349
2.123x 103 1.473
2.326 x 1073 1.592
2.528 x 1073 1.721

salt concentration (M)

3.0E-03

2.5E-03

2.0E-03

1.5E-03

1.0E-03

5.0E-04

0.0E+00

y = 1.285E-04x? + 1.270E-03x - 2.826E-05
R? = 1.000E+00
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Conductance of pyrrolidinium bromide (10-HBr) in acetonitrile.

Br H,
o
10-HBr
10-HBr and pyrrolidine (10, 0.05 M) in acetonitrile at 20 °C.

[10-HBr] G (uS) 40803 1\ - 7195E-04x2 + 8.951E-04x - 4.906E-06
(mol LY 35603 | R2 = 1.000E+00
0 0.011 S 3.0£-03
3.892x 10 0.045 é 2 5E-03
9.717x 105 0.102 ©

€ 2.0E-03
1.939x 10+ 0.188 3

S 1.5E-03
2.903x 10+ 0.277 S

‘s 1.0E-03
3.863x 10 0.345
4.820x 10 0.404 >-0E-04
5.772x 10¢ 0.472 0.0E+00 2
9.545x 10 0.688
1.326x 103 0.879
1.692x 103 1.033
2.052x 10 1.177
2.406x 10 1.312
2.755x 10 1.433
3.099x 10 1.547
3.438x 10 1.652

10-HBr and pyrrolidine (10, 0.1 M) in acetonitrile at 20 °C.

10-HB G (puS
Emol L’E]) )
0 0.009

3.893x10°  0.037
9.721x10°  0.101
1.940x10*  0.192
2.905x10%  0.272
3.865x10* 0.354
4.822 x10*  0.429
5.775x10*%  0.492
9.549x 10*  0.735

277



Chapter 4. Kinetic Investigations of Concomitant Sy1 and Sy2 Mechanisms in Menschutkin Reactions

-3
1.326x10°  0.941 4.08-03 r y-5755E-04x2 + 8.653E-04x + 4.885E-06
1.692x103  1.120 35603 | R2 = 1.000E+00
2.052 x 103 1.284 g 3.0E-03 |
-3
2.407 x 10 1.423 'é 2.5E-03 |
-3 e
2.757 x 10 1.563 2 J0e03 |
3.101x 103  1.687 S
S 1.5E-03 |
3.440x 103  1.801 -
s 1.0E-03 |
wv
5.0E-04 |
0.0E+00 ' ' ' '
0.0E+00 5.0E-01 1.0E+00 1.5E+00 2.0E+00
G (puS)
10-HBr and pyrrolidine (10, 0.15 M) in acetonitrile at 20 °C.
[10-HBr] G (uS) 40803 y = 4.800E-04x? + 9.139E-04x - 1.213E-05
(mol L) 3.56-03 |} R? = 1.000E+00
0 0.015 S 3.0£-03
3.893x10°  0.054 § 2.5E-03
5 ©
9.721x10°  0.112 5 20603
(0]
4 o
1.940x10*  0.203 £ 15603
2.905x10*  0.289 Pt L 0E.03
o . =
3.865x 104  0.367 ? < oE.04
4822x10*  0.439 '
5775x10*  0.508 0.08+00
- : 0.0 0.5 1.0 1.5 2.0
9.549 x 10*  0.754 G (uS)

1.326 x10°  0.970
1.692 x 103 1.164
2.052 x 103 1.327
2.407 x 10’3 1.489
2.757 x 10’3 1.630
3.101x 103 1.766
3.440x 103 1.894
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10-HBr and pyrrolidine (10, 0.2 M) in acetonitrile at 20 °C.
3.5E-03  y=3.451E-04x? + 9.560E-04x - 1.455E-05

[10-HBr] G (pS) 2_
1 R? = 1.000E+00
(mol L™) 3.06-03 |
0 0.017 s
2 5603 |
3.892x10°  0.054 S
% 2.0E-03 |
9.717x10°  0.113 g
Q
1.939x10*  0.204 £ 1.58-03 r
2.903x10*  0.285 % 1.0E-03 |
(%]
3.863 x 10* 0.369 5.0E-04 |
4.820x10%  0.444 0.0E+00 , . . . .
5.772x10*  0.513 0.0E+00 5.0E-01 1.0E+00 1.5E+00 2.0E+00 2.5E+00
9.545x10%  0.767 G (uS)

1.326x10°  0.991
1.692x10%  1.191
2.052x103%  1.379
2.406x10%  1.543
2.755x103%  1.695
3.099x 103  1.842

10-HBr and pyrrolidine (10, 0.3 M) in acetonitrile at 20 °C.

3.5E-03 y = 4.012E-04x2 + 9.524E-04x - 1.600E-05
[10-HBr] G (ws) R2 = 1.000E+00
(mol L™) 3.0E-03
0 0.016 <
2 756-03
3.893x10°  0.055 s
£ 2.0E-
9.721x 105  0.115 g OE-03
1.940x10%  0.202 S 1.5E-03
(o]
2.905x10%  0.287 = 1.0E-03
[¢°]
3.865x10*  0.368 " or0a
4.822x10%  0.448
0.0E+00 -

5.775x10%  0.523

9.549x 10*  0.788
1.326 x 103 1.023
1.692 x 10’3 1.234
2.052x 103 1431
2.407 x 103 1.603
2.757 x 103 1.770
3.101x 103 1.922
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10-HBr and pyrrolidine (10, 0.4 M) in acetonitrile at 20 °C.

3.56-03 ~ Y =3.029E-04x2 +9.501E-04x - 1.376E-05

[10-HBr] G (us) R? = 1.000E+00
(mol L) 3.0E-03
0 0.023 =

2 )5E-03
3.892x10°  0.052 5
9.717x10°  0.110 g 2.08-03
1.939x10*  0.202 8 15E-03

o
2.903x10*  0.293 £ 1.0E-03

©
3.863x10%  0.372 " & oc.0
4.820x 10*  0.456

\ 0.0E+00 '
5.772 x 10 0.534 25
9.545x 10*  0.813
1.326x 103  1.054
1.692x10°  1.271
2.052x103  1.481
2.406 x 103  1.666
2.755x10°  1.838
3.099x10%  1.999
10-HBr in acetonitrile and methanol (90:10 v/v) at 20 °C.

[10-HBr] G (1) 25803 ¢ y = 1.368E-04x? + 8.793E-04x - 1.630E-05
(mol L) R? = 1.000E+00
o 0.019 < 2.0E-03
3.892x10°  0.063 5

= 1.5E-03
9.717x10°  0.127 "

C
1.939x10*  0.234 S 1 0E-03

o
2.903x10*  0.330 Pt

(1]
3.863x10%  0.425 “ 5.0E-04
4.820x10*  0.523

0.0E+00 -

5.772x10%  0.616 * ,

9.583x10*  0.965

1.336 x 103 1.280
1.711x 103 1.584
2.084 x 103 1.850
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10:-HBr in acetonitrile and methanol (80:20 v/v) at 20 °C.

[10-HBr] G (nS)
(mol L)

0 0.017
3.892x10°  0.063
9.717x10°  0.123
1.939x10* 0.234
2.903x10*  0.331
3.863x10*  0.427
4.820x10*  0.528
5.772x10*  0.623
9.583x10*  0.990
1.336x10°  1.327
1.711x10®%  1.657
2.084x103%  1.965

2.5E-03

2.0E-03

1.5E-03

1.0E-03

salt concentration (M)

5.0E-04

0.0E+00

y = 8.410E-05x? + 9.047E-04x - 1.775E-05
R? = 1.000E+00

2.5

For pyrrolidinium hydrobromides (10-HBr) the employed, second order polynomials (y=ax?+bx+c) for
correction have three different parameters a, b and c. These are summarized in the table below

Parameters a, b and c for 10-HBr in pyrrolidine (10) in acetonitrile at 20 °C.

[10], a b C

(mol L)

0.05 7.195 x 10* 8.951 x 10™* -4.906 x 10°°
0.15 4.800 x 10™* 9.139 x 10** -1.213 x 10
0.2 4.012 x 10* 9.524 x 10™* -1.600 x 10~
0.3 3.451 x 10 9.560 x 10™* -1.455 x 10
0.4 3.029 x 10* 9.501 x 10** -1.376 x 10~

Conductance of piperidinium bromide (11-HBr) and the bromide salts 4-11-Br and 7-11-Br
in acetonitrile.

Br H,
N

(J

11-HBr

281



Chapter 4. Kinetic Investigations of Concomitant Sy1 and Sy2 Mechanisms in Menschutkin Reactions

11-HBr and piperidine (11, 0.05 M) in acetonitrile at 20 °C.

o) b
0 0.011
3.320x 10°  0.044
8.289x 10°  0.092
1.655x 10*  0.162
2.477x10*  0.225
3.296x 10*  0.284
4.112x10*  0.335
4.925x 10*  0.383
8.143x10*  0.560
1.131x10°  0.710
1.443x10°  0.840
1.750x 10°  0.959
2.053x 103 1.057
2.351x 1073 1.154
2.644x 1073 1.250
2.933x 1073 1.330

salt concentration (M)

3.5E-03

3.0E-03

2.5E-03

2.0E-03

1.5E-03

1.0E-03

5.0E-04

0.0E+00

y = 9.684E-04x? + 9.196E-04x - 8.415E-06
R? = 1.000E+00

1.5
G (pnS)

11-HBr and piperidine (11, 0.1 M) in acetonitrile at 20 °C.

e <
0 0.018
3.320x 10” 0.047
8.289x 107 0.096
1.655x 10 0.161
2.477x 10" 0.228
3.296x 10 0.286
4.112x 10* 0.342
4.925x 10 0.396
8.143x 10 0.583
1.131x 103 0.743
1.443x 103 0.884
1.750% 1073 1.010
2.053x 103 1.123
2.351x 103 1.229
2.644x 103 1.331
2.933x 10°® 1.425

salt concentration (M)

3.5E-03

3.0E-03

2.5E-03

2.0E-03

1.5E-03

1.0E-03

5.0E-04

0.0E+00

y = 7.694E-04x? + 9.740E-04x - 1.469E-05
R? = 1.000E+00

G (uS)
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g c0
0 0.021
3.446x 10°  0.047
8.605x 10°  0.092
1.718x 10*  0.162
2.571x10*  0.225
3.421x10*  0.276
4.268x10*  0.332
5.112x10*  0.383
8.451x10*  0.560
1.174x10°  0.713
1.497x10°  0.854
1.816x10°  0.967
2.130x 1073 1.081
2.439x 1073 1.187
2.744x 1073 1.284
3.043% 1073 1.371

salt concentration (M)

MeO

3.5E-03

3.0E-03

2.5E-03

2.0E-03

1.5E-03

1.0E-03

5.0E-04

0.0E+00

14b
14b and piperidine (11, 0.1 M) in acetonitrile at 20 °C.

- y = 8.501E-04x? + 1.067E-03x - 2.094E-05
R? = 1.000E+00

1.5
G (puS)
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N2
H
HsC O O CHg,
14c
14c and piperidine (11, 0.1 M) in acetonitrile at 20 °C.
356-03 - Y =7.151E-04x2 + 8.286E-04x + 6.396E-06
m;llrl) G (k) R? = 9.999E-01
3.0E-03
0 0.021 =
2 2.5E-03
1.075x 10*  0.105 s
2.145x 10 0.195 & 20803
c
3.211x10*  0.297 8 1.5E-03
(]
-4 (8]
4.273x 10 0.376 = 10603
5.331x 10*  0.457 4
5.0E-04
6.384x 10*  0.523
8.480x 10*  0.657 0.0E+00 '

1.056x 103 0.768

1.262x10°  0.868
1.467x10°  0.961
1.670x 1073 1.053
1.872x 1073 1.135
2.072x 1073 1.216
2.467% 1073 1.368
2.857x 1073 1.497
3.240% 1073 1.624

Br H, N< N<
iN) : O HO
MeO H5;C CH3
11-HBr 14b 14c

Overlay of the plots of 11-HBr, 14b and 14c (in acetonitrile, 0.1 M piperidine (11) at 20 °C). As stated
before, the effect of the electrophile is negligible as demonstrated by the graph below. Deviations are

attributed to experimental error.

284



Chapter 4. Kinetic Investigations of Concomitant Sy1 and Sy2 Mechanisms in Menschutkin Reactions

3.5E-03
3.0E-03 |
2.56-03 |
2.0E-03 4
1.5E-03 %

1.0E-03 |

salt concentration (M)
o

5.0E-04 0]

0.0E+00 F— - - - -
G (mS)

Orange squares: 14b
Black dots: 11-HBr
Grey triangles: 14c¢

11-HBr and piperidine (11, 0.2 M) in acetonitrile at 20 °C.
3.5E-03

[11-HBr] G (1S) [ y=6.472E-04x? + 9.668E-04x - 1.892E-05
(mol L) 3.0E-03 R? = 1.000E+00
0 0.028 3

2 55603
3.320x10°  0.051 5
8.289x 105  0.098 £ 2.08-03

c
1.655x 10  0.170 S 1.5E-03

o]
2.477x10*  0.238 < 1.0E-03

©
3.296x 10*  0.299 s 5 OF.04
4.112x10*  0.355

0.0E+00 -

4.925x 10 0.412
8.143x 10 0.611

1.131x 103 0.780
1.443x 103 0.933
1.750x 103 1.070
2.053x 1073 1.191
2.351x 1073 1.309
2.644x 103 1.417
2.933x 1073 1.512
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11-HBr and piperidine (11, 0.8 M) in acetonitrile at 20 °C.

[11-HBr] G (uS)
(mol LY)
0 0.062

3.320x10°  0.087
8.289x 10°  0.119
1.655x 10*  0.195
2.477x10*  0.256
3.296x10*  0.319
4.112x10*  0.374
4.925x10*  0.438
8.143x10*  0.646
1.131x10°  0.826
1.443x 103 1.002
1.750x 1073 1.154
2.053x 103 1.298
2.351x 1073 1.432
2.644x 1073 1.558
2.933x10%  1.681

3.5E-03

3.0E-03

M)

2.5E-03

2.0E-03

1.5E-03

1.0E-03

salt concentration (

5.0E-04

0.0E+00

y = 4.052E-04x? + 1.104E-03x - 6.373E-05
R? = 1.000E+00

For piperidinium hydrobromides (11-HBr) not all necessary piperidine concentrations had to be
experimentally determined, as the remaining could be interpolated with the following plots. The
employed, second order polynomials (y=ax*t+bx+c) have three different parameters a, b and c.
Parameter a and b could be interpolated with a linear correlation of the plot of the logarithm of the
piperidine concentration versus a or b respectively. Parameter c could be interpolated by a linear
correlation of the plot of the piperidine concentration versus c. The resulting linear correlations were

used to calculate the interpolated parameters.

Parameters a, b and c for 11-HBr in piperidine (11) in acetonitrile at 20 °C.

[11] log [11] a b c Interpolated?
(mol LY)

0.05 -1.301 9.684 x 10 9.196 x 10™* -8.415 x 10°® No

0.1 -1.000 7.694 x 10 9.740 x 10™* -1.469 x 107 No

0.2 -0.6990 6.472 x 10 9.668 x 10* -1.892 x 10 No

0.8 -0.09691 4.052 x 10 1.104 x 10’3 -6.373 x 107 No

0.15 7.201 x10* 9.843 x 10* -1.646 x 107 Yes

0.3 5.832x10™* 1.028 x 10°3 -2.735x 107 Yes

0.4 5.263 x 10 1.047 x 10’3 -3.460 x 107 Yes

0.6 4.462 x 10 1.072 x 10’3 -4.911 x 10 Yes
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1.2E-03

1.0E-03

8.0E-04

© 6.0E-04

4.0E-04

2.0E-04

0.0E+00

-1.5

0.0E+00
-1.0E-05
-2.0E-05
-3.0E-05
-4.0E-05
-5.0E-05
-6.0E-05

-7.0E-05

1.2E-03

y = -4.549E-04x + 3.453E-04
R2 = 9.854E-01 1.0E-03

8.0E-04
© 6.0E-04
4.0E-04

2.0E-04

0.0E+00

-1.25 -1 -0.75 -05 -0.25 O
log [piperidine]

y =-7.255E-05x - 5.581E-06
R?=9.971E-01

0.5 1
[piperidine] (M)

ly = 1.465E-04x + 1.105E-03
R?=9.081E-01

L /.

-1.5 -1.25 -1 -0.75 -0.5 -0.25
log [piperidine]

Conductance of morpholinium bromide (12:-HBr) in acetonitrile.

Br H,
o
0

12-HBr

12-HBr and morpholine (12, 0.05 M) in acetonitrile at 20 °C.

[12-HBr] G (pS)
(mol LY)

0 0.006
3.574 x 10 0.030
8.916 x 10~ 0.073
1.776 x 10 0.152
2.654 x 10 0.209
3.524 x 10 0.256
4.388 x 10* 0.301
5.245 x 10* 0.339
8.608 x 10™* 0.469
1.187 x 10°3 0.581
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1.503x 10  0.663 3.5E-03 y = 2.311E-03x2 + 7.050E-04x + 1.415E-05
2 _
1.810x 103  0.747 R®=0.9999

3.0E-03
2.108 x 103  0.809 g
£ 2.5E-03
2.398x 103  0.878 S
2.679x10°  0.932 £ 2.08-03
C
2.952x103  0.982 8 1.5E-03
S
= 1.0E-03
a
5.0E-04
0.0E+00 '
1.5
G (uS)
12-HBr and morpholine (12, 0.1 M) in acetonitrile at 20 °C.
2HE - 2.5E-03  y=1.788E-03x? + 7.901E-04x - 1.813E-06
Emo, Lﬂ) (S) R? = 1.000E+00
0 0.008 g 20803
2.077x10°  0.027 5
= 1.5E-03
5.179x10°  0.060 £
C
1.032x10*  0.106 S 1 0E03
o
1.542x10*  0.144 Pt
©
2.047 x 104  0.184 ? 5.0E-04
2.549x10*  0.218
0.0E+00 -
3.047x10*  0.248 1
5.000 x 10*  0.352 G (uS)

6.894 x 10*  0.440
8.731x10* 0.512
1.051x10°  0.578
1.225x10°  0.639
1.556x 103  0.737
1.870x10°  0.826
2.167 x10®%  0.902
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12-HBr and morpholine (12, 0.2 M) in acetonitrile at 20 °C.

e b
0 0.007
3.574x10°  0.037
8.916 x10°  0.082
1.776 x 10*  0.146
2.654x10*  0.197
3.524x10*  0.248
4.388x10*  0.292
5.245x10*  0.329
8.608 x 10*  0.468
1.187x10°  0.583
1.503x 103  0.681
1.810x10°  0.763
2.108x103%  0.841
2.398x 103  0.909
2.679x103%  0.967
2.952x103%  1.031

12-HBr and morpholine (12, 0.4 M) in acetonitrile at 20 °C.

[12-HBr] G (uS)
(mol L)

0 0.009
3.574 x 10° 0.043
8.916 x 10 0.092
1.776 x 10™* 0.161
2.654 x 10 0.219
3.524 x 10* 0.270
4.388 x 10 0.309
5.245 x 10 0.350
8.608 x 10 0.504
1.187 x 103 0.609
1.503 x 103 0.739
1.810x 103 0.815
2.108 x 1073 0.883
2.398 x 103 0.979
2.679 x 103 1.040
2.952 x 103 1.100

salt concentration (M)

salt concentration (M)

3.5E-03

3.0E-03

2.5E-03

2.0E-03

1.5E-03

1.0E-03

5.0E-04

0.0E+00

3.5E-03

3.0E-03

2.5E-03

2.0E-03

1.5E-03

1.0E-03

5.0E-04

0.0E+00

y = 1.843E-03x? + 9.693E-04x - 1.937E-06
R? = 1.000E+00

15
G (us)
y = 1.576E-03x? + 9.515E-04x - 1.124E-05
R? = 9.995E-01
1.5
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12-HBr and morpholine (12, 0.6 M) in acetonitrile at 20 °C.

[12-HBr] G (nS)
(mol L)

0 0.011
2.077x10°  0.032
5.179x10°  0.064
1.032x10*  0.108
1.542 x10*  0.148
2.047 x10*  0.190
2.549x10*  0.229
3.047x10*  0.259
5.000x10*  0.373
8.731x10*  0.557
1.225x10%  0.702
1.556x 103  0.824
1.870x10%  0.930
2.094x 103  0.991

salt concentration (M)

2.5E-03

2.0E-03

1.5E-03

1.0E-03

5.0E-04

0.0E+00

12:-HBr and morpholine (12, 0.8 M) in acetonitrile at 20 °C.

[12-HBr] G (uS)
(mol L)

0 0.014
3.574 x 10 0.037
8.916 x 10~ 0.086
1.776 x 10 0.150
2.654 x 10* 0.204
3.524 x 10 0.264
4.388 x 10* 0.308
5.245 x 104 0.348
8.608 x 10* 0.528
1.187 x 10°3 0.655
1.503 x 10°3 0.766
1.810 x 10°3 0.860
2.108 x 103 0.944
2.398 x 103 1.018
2.679 x 103 1.090
2.952 x 103 1.148

salt concentration (M)

3.5E-03

3.0E-03

2.5E-03

2.0E-03

1.5E-03

1.0E-03

5.0E-04

0.0E+00

r y = 1.223E-03x? + 8.972E-04x - 9.226E-06
R?=9.999E-01
1.5
r y = 1.463E-03x? + 8.524E-04x + 1.343E-05
R?=9.996E-01
15
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For morpholinium hydrobromides (12:-HBr) not all necessary piperidine concentrations had to be
experimentally determined, as the remaining could be interpolated with the following plots. The
employed, second order polynomials (y=ax*+bx+c) have three different parameters a, b and c.
Parameter a could be interpolated with a linear correlation of the plot of logarithm of the morpholine
concentration versus a respectively. Parameter b was obtained from a plot of b versus the logarithm
of the morpholine concentration. A linear correlation was not observed in this case, but a second order
polynomial could be used to describe the relationship sufficiently instead. Parameter c could not be
interpolated by plotting the piperidine concentration versus c in this case. Since parameter c is 2-3
orders of magnitude smaller than parameters a and b and has no influence on the shape/curvature of
the second order polynomial, other than the location of the intercept. An inferior method of
interpolation was thus deemed acceptable and a linear correlation with the 2 adjacent data points only
employed. So parameter ¢ for a 0.15 M morpoline concentration was interpolated from the
experimentally obtained parameters c of a 0.1 M and a 0.2 M morpholine concentration. The same
method was applied for a 0.3 M concentration and the experimentally obtained data pointsof a 0.2 M

and a 0.4 M morpholine concentration.

Parameters a, b and c for 12-HBr in morpholine (12) in acetonitrile at 20 °C.

[12] log [12] a b c Interpolated?
(mol L)
0.05 -1.301 2.311x 103 7.050 x 10 1.415 x 10°° No
0.1 -1.000 2.055 x 103 9.080 x 10 -2.083x10% No
0.2 —0.6990 1.843 x 103 9.693 x 10 -1.937x10%  No
0.4 -0.3979 1.576 x 103 9.515 x 10 -1.124x10°  No
0.6 -0.2218 1.406 x 1073 1.031 x 103 -1.060 x 10°® No
0.8 -0.09691 1.463 x 103 8.524 x 10 1.343 x 10°° No
0.15 1.931x 103 9.594 x 10 -2.010x10®  Yes
0.3 1.703 x 10’3 9.982 x 10 —-6.589x10®  Yes
2.5E-03 1.2E-03
L [ ]
2.0E03 | 1.08-03 .
8.0E-04 | ¢
1.5E-03 | -0
© o 6.0E-04 |
1.0E-03 |Y =-7.584E-04x + 1.306E-03 y = -5.042E-04x2 - 5.477E-04x
R?=9.796E-01 4.0E-04 +8.492E-04
2 - =
5.0E-04 [ > 0E-04 - R? = 8.294E-01
0.0E+00 ! ! . . . ' 0.0E+00 . . . . . '
-1.5-1.25 -1 -0.75-0.5-0.25 O -1.5-1.25 -1 -0.75-0.5-0.25 0
log [morpholine] log [morpholine]
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Conductance of propylaminium bromide (13-HBr) in acetonitrile.

[13-HBr] G (uS)
(mol L)

0 0.013
3.997 x 10° 0.054
9.980 x 107 0.100
1.992 x 10* 0.174
2.982 x 10 0.244
3.968 x 10 0.309
4.950 x 10 0.365
5.929 x 10 0.422
9.804 x 10 0.621
1.362 x 103 0.790
1.737 x 103 0.936
2.107 x 103 1.063
2.471x 103 1.186
2.830x 103 1.290
3.184 x 103 1.391
3.532x 103 1.482

13-HBr and propylamine (13, 0.2 M) in acetonitrile at 20 °C.

[13-HBr] G (uS)
(mol L)

0 0.068
3.997 x 10 0.097
9.980 x 107 0.145
1.992 x 10 0.225
2.982 x 10* 0.290
3.968 x 10* 0.359
4.950 x 10 0.433
5.929 x 10 0.492
9.804 x 10 0.728

salt concentration (M)

Br

4.0E-03
3.5E-03
3.0E-03
2.5E-03
2.0E-03
1.5E-03
1.0E-03
5.0E-04
0.0E+00

+
HaN -~

13-HBr
13-HBr and propylamine (13, 0.001 M) in acetonitrile at 20 °C.

y = 9.242E-04x? + 1.008E-03x - 7.131E-06
R? = 1.000E+00
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1.362x 103  0.935 4.0E-03 y = 4.462E-04x2 + 1.111E-03x - 6.899E-05
2 =
1.737x103  1.119 3.5E-03 R”=1.000£+00
2.107x10%  1.294 g 3.0E-03
2.471x10°  1.450 § 2.5E-03
3 ©
2.830x 10 1.596 5 2.0E.03
[}
-3 (8]
3.184 x 10 1.729 £ 15603
3.532x103  1.850 -
* 5 1.0E-03
5.0E-04
0.0E+00 '
2
13-HBr and propylamine (13, 0.5 M) in acetonitrile at 20 °C.
3.56-03 - y = 3.147E-04x2 + 1.190E-03x - 1.760E-04
Eﬁ;r&]) G (uS) R2 = 1.000E+00
3.0E-03
0 0.145 =
2 25E-03
3.997x 105  0.174 5
9.980x10°  0.215 § 20803
C
1.992 x 10*  0.289 § 1.5E-03
(o]
- [8)
3.968x10*  0.436 e
5.0E-04
4950 x 10*  0.497
5.929x 104  0.567 0.0E+00 ,

9.804x10*  0.804
1.362x10%  1.018
1.737x103%  1.215
2.107x10%  1.397
2.471x10%  1.571
2.830x10%  1.733
3.184x 103  1.885
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13-HBr and propylamine (13, 1.0 M) in acetonitrile at 20 °C.
3.5E-03

[13-HBr] G (nS) y = 2.719E-04x? + 1.234E-03x - 3.367E-04
(mol L) 3.0E03 - R? = 1.000E+00
0 0.262 s »se.03 |
3.997x10°  0.287 S
9.980x105  0.331 g 20803 F
c
1.992x10*  0.396 S 1.56-03 |
(]
2.982x10*  0.465 % 1.0E-03 |
3.968x10%  0.530 2 s o4 |
4.950x10*  0.597
5.929x10*  0.656 0.0E+00 0 0'5 1 1'5 2

1.373x103%  1.112
1.758x10°  1.320
2.140x 103  1.506
2.519x103%  1.685
2.896 x10°  1.859

13-HBr and propylamine (13, 2.0 M) in acetonitrile at 20 °C.

3.06-03 - 042 03x - ]
[13.11] G () V= 2.295E:04¢" + 1.319E-03x - 6.653E-04
(mol L) R2 = 1.000E+00

2.56-03
0 0.464 =
3.997x10°  0.492 § 20803
9.980x 10°  0.530 S 15803 |
1.992x10%  0.595 S
o L
2.982x10*  0.658 o LOEDS
©
3.968x10%  0.724 " 50604 |
4.950x10%  0.773
0.0E+00 ' ' '
5.929x10%  0.829 0 0.5 1 15 2
9.843x 10  1.059 G (uS)

1.373x 103 1.261
1.758 x 103 1.466
2.140x 103 1.653
2.519%x 103 1.831
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For propylaminium hydrobromides (13:-HBr) not all necessary propylamine concentrations had to be
experimentally determined, as the remaining could be interpolated with the following plots. The
employed, second order polynomials (y=ax*+bx+c) have three different parameters a, b and c.
Parameter a and b could be interpolated with a linear correlation of the plot of the logarithm of the
propylamine concentration versus a or b respectively. Parameter c could be interpolated by a linear
correlation of the plot of the propylamine concentration versus c. The resulting linear correlations

were used to calculate the interpolated parameters.

Parameters a, b and c for 13-HBr in propylamine (13) in acetonitrile at 20 °C.

[13] log [13] a b c Interpolated?
(mol LY)

0.001 —3.000 9.684 x 10 9.196 x 10** -8.415x10°® No
0.2 —0.6990 7.694 x 10 9.740 x 10** -1.469 x 10°® No
0.5 —0.3010 6.472 x 10 9.668 x 10* -1.892 x 10°® No
1.0 0.000 4.052 x 10** 1.104 x 10’3 —6.373 x 107 No
2.0 0.3010 7.201x10* 9.843 x 10* -1.646 x 10°® No
0.02 6.438 x 10™* 9.063 x 10™* —1.340 x 10 Yes
0.04 5.790 x 10** 9.670 x 10™* —2.000 x 107 Yes
0.06 5.411 x 10 1.003 x 10’3 —2.659 x 10 Yes
0.08 5.142 x 10** 1.028 x 10’3 —3.319 x 107 Yes
0.25 4.076 x 10™* 1.128 x 10’3 —8.924 x 107 Yes
0.3 3.906 x 10™* 1.144 x 10’3 —-1.057 x 10** Yes
0.4 3.637 x 10 1.169 x 10’3 —1.387 x 10 Yes
0.6 3.258 x 10 1.204 x 10’3 —2.046 x 10™* Yes
0.75 3.049 x 10** 1.224 x 10’3 —2.541 x 10 Yes
0.8 2.989 x 10* 1.229x 103 —2.706 x 10** Yes
0.9 2.879x10* 1.240x 10°3 -3.035x10* Yes
1.2 2.610x 10 1.265 x 10’3 —-4.025 x 10 Yes
15 2.401x10* 1.285x 103 -5.014 x 10 Yes
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1.0E-03

8.0E-04 |

6.0E-04 |

4.0E-04

2.0E-04 |

R? =9.956E-01

0.0E+00
-4

0.0E+00
-1.0E-04
-2.0E-04
-3.0E-04
o
-4.0E-04
-5.0E-04
-6.0E-04

-7.0E-04

log [propylamin]

y =-3.297E-04x - 6.810E-06
R?=9.999E-01

y =-2.153E-04x + 2.780E-04

[propylamin] (M)

1.35E-03

1.30E-03

1.25E-03

1.20E-03

1.15E-03

1.10E-03

1.05E-03

y = 2.017E-04x + 1.249E-03

R?=9.857E-01

-0.5 0
log [propylamin]

0.5

Conductance of N,N,N-triethyl-1-(4-methoxyphenyl)ethan-1-aminium bromide (14e) in

acetonitrile.

MeO

BF/\,\?/\
+

14e

14e and NEt; (0.025 M) in acetonitrile at 20 °C.

[14e] G (pus)
(mol L)

0 0.006
3.137 x 10 0.042
7.832 x 10 0.076
1.563 x 10 0.135
2.340 x 10 0.188
3.114 x 10* 0.237
3.885 x 10 0.283
4.653 x 10 0.326
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-4
7.694x10%  0.489 3.0E-03 y = 4.591E-04x2 + 1.460E-03x - 4.182E-05
1.069x10%  0.632 R? = 9.997E-01
2.5E-03
1.364x10°  0.766 S
1.654x 103  0.897 S 2.0E-03
3 ©
1.940x10°  1.021 2 1se.03
2221x10%  1.135 g
o
2.498x10%  1.251 S 10E03
©
2.772x10°  1.361 ® 5 0E-04
0.0E+00 ;
1.5
G (ps)
14e and NEt; (0.04 M) in acetonitrile at 20 °C.
[14e] G (1S) 30803y - 4.619E-04x + 1.451E-03x - 4.380E-05
(mol L) R? =9.997E-01
2.5E-03
0 0.01 s
3.137x10°  0.038 § 2.0E-03
5 ©
7.832x10°  0.08 5 15603
[J]
1.563x10*  0.139 9
(]
2.340x10*  0.189 S 10803
©
3.114x10*  0.242 " 5.0-04
3.885x10*  0.283
0.0E+00 '
4.653x10%  0.331
15
7.694x10*  0.488 G (uS)

1.069 x10°  0.633
1.364 x 103  0.772
1.654x10°% 0.9

1.940 x 10’3 1.027
2.221x103 1.137
2.498 x 10’3 1.254
2.772 x 103 1.364
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14e and NEt; (0.1 M) in acetonitrile at 20 °C.
3.0E-03

ae] &S] [ y=4.528E-04x2 + 1.489E-03x - 5.351E-05
(mol L) R? = 9.997E-01
2.5E-03
0 0.017 s
3.137x105  0.044 § 20E-03
5 ©
7.832x10°  0.085 £ 156038
1.563x10*  0.143 g
o
2.340x10*  0.191 - 1.08-03
o
3.114x10*  0.238 ® 5 0E-04
3.885x10*  0.286
0.0E+00 '
4.653x10%  0.327
15
-4
7.694x10*  0.483 G (uS)

1.069x10°  0.627
1.364x10°  0.765
1.654x 103  0.895
1.940x10°  1.019
2221x10% 1131
2.498x10%  1.242
2.772x 103  1.354
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Conductance of 1,4-diazabicyclo[2.2.2]octan-1-ium chloride (9-HCI) in
acetonitrile/methanol solutions.

%)

9-HClI
9-HCl and methanol (10% (v/v)) in acetonitrile at 20 °C.
3.5E-03
[9-H|Cl11 G (pS) y = 3.106E-04x2 + 9.995E-04x - 1.662E-05
(mol L) 3.0E03 | R2 = 1.000E+00
0 0.012 =
2 2.5(-03
4.162x10°  0.051 <
1.039x10%  0.113 ¢ 20803
C
2.075x10%  0.216 8 1.5E-03
o
3.106 x 10*  0.307 % 1.0E-03
4.133x10*  0.385 2
5.0E-04
5.155x 10%  0.468
.Ot+ )
6.174 x 10%  0.548 0.0E+00 5
1.021x10%  0.823
1.418x10%  1.070
1.809 x 103 1.300
2.195x10°  1.507
2.574x10°  1.698
2.947x 103  1.875
9-HCl and methanol (20% (v/v)) in acetonitrile at 20 °C.
[9-HCI] G (1S) 2.58-03 | -1 390E-04x2 + 1.026E-03x - 1.450E-05
(mol L) R2 = 1.000E+00
0 0.011 = 2.0E-03
4.162x10°  0.052 S
= 1.5E-03
1.039x10%  0.117 5
(]
2.075x10*  0.212 e 1.0E-03
o
3106 x 10  0.304 P
o
4133x10%  0.393 ? 5.0E-04
5.155x 104 0.489
0.0E+00 -
6.174x 10*  0.573 2

1.021x10°  0.899
1.418 x 103 1.199
1.809 x 10’3 1.478
2.195%x 103 1.744
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Conductance of pyrrolidinium chloride (10-HCI) in acetonitrile/methanol solutions.

Cl  H,
O
10-HClI
10-HCl and methanol (10% (v/v)) in acetonitrile at 20 °C.
[10-HCl] G (1S) 3.08:03 y = 2.179E-04x2 + 9.282E-04x - 1.318E-05
(mol L) = 1.000E+00
2.5E-03
0 0.013 S
4.049x10°  0.054 § 20803
4 ©
1.011x10%  0.119 5 15603
Q
2.018x10%  0.221 o
o
3.021x 10" 0.317 Pt 1.08-03
©
4.019x10*  0.412 " 5.06-04
5.014 x 10*  0.497
0.0E+00 '

6.005x 10"  0.584
9.933x10*  0.894

1.380x 103  1.175
1.761x10%  1.429
2.136x 103  1.664
2.505x 103  1.883

10-HCl and methanol (20% (v/v)) in acetonitrile at 20 °C.

10-HC G (LS 2.5E-03 y = 1.037E-04x2 + 9.595E-04x - 1.632E-05

[mol L‘J (1) =1.000E+00
. 2.0E-03

0 0.012 s

4.049 x 105  0.055 5 L 5e03

1.011x10*  0.121 s
o

. Q

2.018x10*  0.227 § 1.0E-03

3.021x10*  0.320 e
T

4.019x10*  0.423 Y 5.0E-04

5.014x 10*  0.513

0.0E+00

6.005x 10*  0.607
9.933x10* 0.951

1.380x 103 1.272
1.761x 103 1.582
2.136x 103 1.869
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Conductance of piperidinium chloride (11-HCl) in acetonitrile/methanol solutions.

Cl H,
iNJ
11-HCI
11-HCl and methanol (10% (v/v)) in acetonitrile at 20 °C.
3.0E-03
[#101*5—1] G (usS) y = 2.234E-04x2 + 9.441E-04x - 1.661E-05
2.5E-03 | R? = 1.000E+00
0 0.012 =
3.997x10°  0.051 § 20803
5 ©
9.980 x 10 0.126 5 15603
Q
1.992 x 10*  0.221 o
o]
2.982x10* 0316 S 1.0E-03
(1]
3.968x10%  0.399 ? 5.06-08
4950x10%  0.494
0.0E+00 '
5.929x 10*  0.565 )
9.804x10%  0.873
1.362x10°%  1.145
1.737x103  1.395
2.107x 103  1.626
2.471x103  1.838
11-HCl and methanol (20% (v/v)) in acetonitrile at 20 °C.
2.5E-03
[11- HCIJ G (pS) y = 1.128E-04x2 + 9.571E-04x - 1.307E-05
(mol L~ = 1.000E+00
0 0.011 = 2.08-03
3.997 x10°  0.052 s
5 1.5E-03
9.980x 10°  0.115 5
Q
1.992 x 10*  0.220 e 1.0E-03
o
2.982x10*  0.315 -
T
3.968x 104  0.414 ? 5.0E-04
4.950x 10%  0.501
0.0E+00 )
5.929x 10*  0.591 5

9.804x 10*  0.936
1.362x 103 1.249
1.737 x 103 1.543
2.107 x 10’3 1.827
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Conductance of morpholinium chloride (12-HCI) in acetonitrile/methanol solutions.

Cl
H,
)
(@]

12-HCI

12-HCl and methanol (10% (v/v)) in acetonitrile at 20 °C.

[12-HCl J G (nS)
(mol L
0 0.011
3.997x10°  0.049
9.980x 10°  0.103
1.992 x 10*  0.193
2.982x10*  0.282
3.968 x10*  0.361
4,950 x 10  0.435
5.929x10*  0.506
9.804x10*  0.772
1.362x 103  1.004
1.737x10%  1.215
2.107x103%  1.401
2.471x103%  1.579
2.830x103%  1.742
3.184x 103  1.899

salt concentration (M)

3.5E-03

3.0E-03

2.5E-03

2.0E-03

1.5E-03

1.0E-03

5.0E-04

0.0E+00

y = 3.547E-04x? + 1.011E-03x - 1.116E-05
R? = 1.000E+00

12-HCl and methanol (20% (v/v)) in acetonitrile at 20 °C.

[12- HCIJ G (pS)
(mol L~

0 0.013
3.997x10°  0.042

9.980x 10°  0.106
1.992x10*  0.199
2.982x10*  0.290
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3.968x10*  0.383 3.0E-03
- | 2 | _ _
4950x10%  0.462 y = 1.605E-04x? + 1.014E-03x - 9.510E-06
2.5E-03 R? = 1.000E+00
5.929x10%  0.550 S
9.804x 10*  0.855 S 2.0E-03
3 B
1.362x 10 1.145 S lstos
1.737x 103 1.409 g
(]
2.107x10%  1.653 S 10803
©
2.471x10°  1.885 ® 5 0E-04
0.0E+00 .
2
Conductance of propylaminium chloride (13-HCI) in acetonitrile/methanol solutions.
cl
+
H3N\/\
13-HCI
13-HCl and methanol (10% (v/v)) in acetonitrile at 20 °C.
3.0E-03
[13-Hcl] G (puS) y = 1.819E-04x2 + 9.708E-04x - 1.023E-05
(mol L) 2_
5 SE-03 R? = 1.000E+00
0 0.011 =
4.638x10°  0.059 § 2.0E-03
4 &
1.158 x 10 0.129 £ 15603
2312x10* 0238 8
o
3.460x10*  0.342 S 10E03
©
4.605x 10"  0.444 ? 5.0E-04
5.745x10*  0.545
0.0E+00 .
6.880 x 10  0.644 5

1.138x103  0.997

1.580 x 10’3 1.317
2.016x 103 1.604
2.445 x 103 1.872
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13-HCl and methanol (20% (v/v)) in acetonitrile at 20 °C.

[13-HCI) G (nS)
(mol L)

0 0.015
4.638x10°  0.061
1.158 x 10*  0.140
2.312x10*  0.255
3.460x10*  0.359
4.605x10*  0.465
5.745x10*  0.563
6.880x 10*  0.666
1.138x10°  1.050
1.580x 103  1.394
2.016 x10%  1.729

salt concentration (M)

2.5E-03

2.0E-03

1.5E-03

1.0E-03

5.0E-04

0.0E+00

y = 1.125E-04x? + 9.857E-04x - 1.978E-05
R?=9.999E-01

Conductance of triethylaminium chloride (HNEtsCl) in acetonitrile/methanol solutions.

Cl
AR
+
~

HNEt,CI

HNEtsCl and methanol (10% (v/v)) in acetonitrile at 20 °C.

[HNEtsCI] G (uS)
(mol L)

0 0.012
4.855 x 10° 0.054
1.212 x10* 0.114
2.420 x 10 0.222
3.623 x 10* 0.314
4.821 x 10* 0.408
6.014 x 10 0.491
7.202 x 10 0.571
1.191x 103 0.854
1.654 x 103 1.108
2.111x 103 1.339
2.560 x 103 1.552
3.002 x 103 1.737

salt concentration (M)

3.0E-03

2.5E-03

2.0E-03

1.5E-03

1.0E-03

5.0E-04

0.0E+00

y = 1.819E-04x? + 9.708E-04x - 1.023E-05
R? = 1.000E+00
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HNEt;Cl and methanol (20% (v/v)) in acetonitrile at 20 °C.

[HNEtsCl], G (nS)
(mol L)

0 0.013
4.855x10°  0.057
1.212x10*  0.135
2.420x10*  0.246
3.623x10*  0.355
4.821x10*  0.472
6.014x10*  0.570
7.202x10*  0.675
1.191x10%  1.046
1.654 x10°  1.385
2.111x103%  1.698

salt concentration (M)

2.5E-03

2.0E-03

1.5E-03

1.0E-03

5.0E-04

0.0E+00

y = 1.125E-04x? + 9.857E-04x - 1.978E-05
R?=9.999E-01
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Conductance of pyrrolidinium tosylate (10-HOTSs) in acetonitrile.

OTs +H2
O
10-HOTs
10-HOTs and pyrrolidine (10, 0.1 M) in acetonitrile at 20 °C.
[10-HOTs] G (uS) 40B-03 . 5793E-04x® + 1.044E-03 - 8.315E-06
(mol L) 3.56-03 | R? = 1.000E+00
0 0.013 S 3.0£-03
3.946 x10°  0.047 § 2.5E-03
5 E
9.854x10°  0.097 £ 50603
[}
-4 o
1.967 x10*  0.181 2 1 5603
2.945x10*  0.253 Pt
= 1.0E-03
3.918x10%  0.326
5.0E-04
4.888x 104  0.393
., 0.0E+00 -
5.854x10%  0.463 0.0 0.5 1.0 1.5 2.0
9.680x 10  0.688 G (uS)

1.345x10°  0.893
1.716x10®  1.073
2.081x103%  1.232
2.440x103% 1.381
2.795x 103  1.517
3.143x103%  1.648
3.487x103% 1.763

10-HOTs and pyrrolidine (10, 0.2 M) in acetonitrile at 20 °C.

10-HOT, G (uS
Emol L—l)S] (uS)

0 0.014
3.946 x10°  0.043
9.854x 10°  0.094
1.967 x10*  0.180
2.945x10*  0.253
3.918 x10*  0.332
4.888x10*  0.398
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-4
>.854x 107 0.474 3.5E-03 y = 3.856E-04x2 + 1.085E-03x - 9.486E-06
9.680x 104  0.714 30503 R2 = 1.000E+00
1.345x10%  0.937 =
2 25E-03
1716 x10%  1.137 <
2.081x10%  1.313 g 2.0E-03
C
2.440x10°  1.478 g 1.5E-03
(o]
2.795x10%  1.634 % 1.0E-03
3.143x10%  1.780 2
5.0E-04
0.0E+00 )
0.0 05 1.0 15 2.0

G (nS)

10-HOTs and pyrrolidine (10, 0.3 M) in acetonitrile at 20 °C.

3.5E-03 y = 3.214E-04x? + 1.109E-03x - 1.552E-05
[10-HOTS] G (us) R? = 1.000E+00
(mol L) 3.0E-03 '
0 0.018 =

2 75603
3.946 x10°  0.047 S
9.854x10°  0.098 g 20803

c
1.967x10%  0.179 g 1.5E-03

o
2.945x10*  0.260 < 1.0E-03

[¢°]
3.918x10*  0.336 " s ok0a
4.888x 104  0.408

0.0E+00 :

5.854x10% 0477 0.0 05 1.0 15 20
9.680x 104  0.729 G (pS)

1.345x10°  0.961
1.716 x 10’3 1.167
2.081x 103 1.355
2.440 x 10’3 1.532
2.795x 103 1.700
3.143x 103 1.852
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10-HOTs and pyrrolidine (10, 0.4 M) in acetonitrile at 20 °C.

o
0 0.019
3.946 x 10°  0.049
9.854 x10°  0.098
1.967 x10*  0.181
2.945x10*  0.264
3.918x10*  0.340
4.888x10*  0.412
5.854x10*  0.483
9.680x10*  0.741
1.345x10%  0.979
1.716x103  1.192
2.081x103%  1.389
2.440x103% 1.573
2.795x 103  1.746
3.143x103%  1.905

3.5E-03

3.0E-03

2.5E-03

2.0E-03

1.5E-03

1.0E-03

salt concentration (M)

5.0E-04

0.0E+00

_ y=2.867E-04x? + 1.111E-03x - 1.696E-05
R2 = 1.000E+00
0.0 0.5 1.0 1.5 2.0 2.5
G (nS)

For pyrrolidinium tosylates (10-HOTs) the employed, second order polynomials (y=ax*+bx+c) for

correction have three different parameters a, b and c. These are summarized in the table below

Parameters a, b and c for 10-HOTs in pyrrolidine (10) in acetonitrile at 20 °C.

10] b o

(mol L)
0.1 5.293 x 10* 1.044 x 1073 —8.315 x 10°®
0.2 3.856 x 10™* 1.085 x 1073 —9.486 x 10°°
0.3 3.214 x 10* 1.109 x 1073 —1.552 x 10~
0.4 2.867 x 10* 1.111 x 1073 —1.696 x 10~
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Conductance of piperidinium tosylate (11-HOTSs) in acetonitrile.

OTs ini
11-HOTs
11-HOTs and piperidine (11, 0.1 M) in acetonitrile at 20 °C.
6.0E-03
Er];’l].o.rll_o’;r)s‘] G (1) y =9.077E-04x2 + 1.053E-03x - 1.054E-05
5.0E-03 | R? = 1.000E+00
0 0.015 =
3.946x10°  0.049 § 4.0E-03
5 ©
9.854 x 10 0.094 £ 3.0£-03
(O]
1.967 x 10 0.174 e
o
2.945x10%  0.238 Pt 2.08-03
©
3.918x10*  0.303 ® 1.0E-03
4.888 x 10* 0.359

0.0E+00

5.854 x10*  0.415
9.680 x 10*  0.604

1.345x10°  0.769
1.716 x10°  0.918
2.081x 103 1.048
2.440x 103 1.165
2.795x 103 1.271
3.143x 103 1.372
3.487 x 103 1.468
3.826 x 103 1.554
4.159 x 103 1.643
4.488 x 103 1.717
4.812 x 103 1.797

11-HOTs and piperidine (11, 0.2 M) in acetonitrile at 20 °C.

[11-HOTs] G (uS)
(mol L)

0 0.023
3.946 x10°  0.051
9.854x10°  0.104
1.967 x10*  0.172
2.945x10%  0.240
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3.918 x 10*
4.888 x 10
5.854 x 10
9.680 x 10
1.345x 103
1.716 x 103
2.081x 103
2.440x 103
2.795x 103
3.143x 103
3.487 x 103

0.303
0.361
0.423
0.623
0.801
0.959
1.100
1.229
1.348
1.460
1.563

salt concentration (M)

4.0E-03
3.5E-03
3.0E-03
2.5E-03
2.0E-03
1.5E-03
1.0E-03
5.0E-04

0.0E+00

y = 7.029E-04x? + 1.143E-03x - 2.201E-05
R? = 1.000E+00

11-HOTs and piperidine (11, 0.4 M) in acetonitrile at 20 °C.

[11-HOTs] G (uS)
(mol L)

0 0.039
3.946 x 10 0.063
9.854 x 10° 0.115
1.967 x 10 0.182
2.945 x 10 0.249
3.918 x 10* 0.312
4.888 x 10 0.366
5.854 x 10 0.428
9.680 x 10 0.638
1.345x 103 0.821
1.716 x 103 0.995
2.081x 103 1.147
2.440x 103 1.284
2.795x 103 1.415
3.143x 103 1.540
3.487 x 103 1.652

salt concentration (M)

4.0E-03
3.5E-03
3.0E-03
2.5E-03
2.0E-03
1.5E-03
1.0E-03
5.0E-04
0.0E+00

y = 5.426E-04x? + 1.238E-03x - 4.556E-05
R? = 1.000E+00
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11-HOTs and piperidine (11, 0.4 M) in acetonitrile at 20 °C.

o o
0 0.060
3.946 x 10°  0.087
9.854x10°  0.127
1.967 x 10*  0.197
2.945x10*  0.265
3.918 x10*  0.322
4.888x 10  0.382
5.854x10*  0.438
9.680 x 10*  0.652
1.345x 103  0.846
1.716 x10®  1.020
2.081x10%  1.177
2.440x 103  1.324
2.795x 103  1.458
3.143x103%  1.590
3.487x103% 1711

4.0E-03
3.5E-03
3.0E-03
2.5E-03
2.0E-03
1.5E-03

salt concentration (M)

1.0E-03
5.0E-04
0.0E+00

y = 4.621E-04x? + 1.290E-03x - 7.479E-05
R? = 1.000E+00

For piperidinium tosylates (11:HOTs) not all necessary piperidine concentrations had to be

experimentally determined, as the remaining could be interpolated with the following plots. The

employed, second order polynomials (y=ax*+bx+c) have three different parameters a, b and c.

Parameter a and b could be interpolated with a linear correlation of the plot of the logarithm of the

piperidine concentration versus a or b respectively. Parameter c could be interpolated by a linear

correlation of the plot of the piperidine concentration versus c. The resulting linear correlations were

used to calculate the interpolated parameters.

Parameters a, b and c for 11-HOTs in piperidine (11) in acetonitrile at 20 °C.

[11] log [11] a b c Interpolated?
(mol L)

0.1 —-1.000 9.077 x 10™* 1.053 x 103 -1.054 x 10°® No

0.2 —0.6990 7.029 x 10 1.143 x 10’3 -2.201x10° No

0.4 -0.3979 5.426 x 10 1.238 x 10’3 —4.556 x 10°® No

0.8 —-0.09691 4.621 x 10 1.290 x 10’3 -7.479 x 10°® No

0.3 6.409 x 10** 1.190 x 10’3 —3.138 x 10 Yes

0.6 4,913 x 10 1.271x 103 —5.868 x 107 Yes
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1.0E-03 1.4E-03
e 12603
8.0E-04
1.0E-03 +
6.0E-04 | =2.677E-04x + 1.328E-03
N 8.0e-04 Y /=
© ° e 6 0E-04 R?=9.856E-01
40B-04 - _ 4973E-04x +3.811E- '
04 4.0E-04
2.0E-04
R?=9.662E-01 2.0E-04 |
0.0E+00 . . . . 0.0E+00 . . . .
-1.2 -09 -06 -0.3 0 -1.2 -0.9 -0.6 -0.3 0
log [piperidine] log [piperidine]
0.0E+00  y=-9.104E-05x - 4.084E-06
° R? =9.846E-01
-2.0E-05 |
-4.0E-05 |
°
o
-6.0E-05 |
-8.0E-05 |
-1.0E-04 . . )
0 0.3 0.6 0.9
[piperidine]

Conductance of morpholinium tosylate (12-HOTSs) in acetonitrile.

Ts i“zj
(0]
12-HOTs
12-HOTs and morpholine (12, 0.1 M) in acetonitrile at 20 °C.

(0]

[12-HOTs] G (uS)
(mol L)

0 0.004
3.946 x10°  0.039
9.854x10°  0.080
1.967 x10*  0.139
2.945x10*  0.188
3.918x10*  0.237
4.888x 10*  0.276
5.854x10%  0.313
9.680x 10*  0.444
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1.345x 103
1.716 x 10’3
2.081x 103
2.440x 103
2.795x 103
3.143x 103
3.487 x 103
3.826 x 103
4.159 x 103
4.488 x 103
4.812 x 103
5.132x 103

0.546
0.642
0.722
0.800
0.867
0.925
0.983
1.036
1.090
1.139
1.182
1.227

salt concentration (M)

6.0E-03

5.0E-03

4.0E-03

3.0E-03

2.0E-03

1.0E-03

0.0E+00

y = 2.570E-03x? + 1.017E-03x + 4.774E-06
R? = 1.000E+00

0.0 0.5 1.0 1.5
G (uS)

12:-HOTs and morpholine (12, 0.2 M) in acetonitrile at 20 °C.

[12‘HOTs] G (usS)
(mol LY)

0 0.005
3.946 x 10 0.035
9.854 x 10~ 0.086
1.967 x 10 0.146
2.945 x 104 0.195
3.918 x 10 0.244
4.888 x 104 0.287
5.854 x 10* 0.326
9.680 x 10™* 0.460
1.345x 10°3 0.569
1.716 x 10°3 0.666
2.081 x 103 0.757
2.440 x 103 0.831
2.795 x 103 0.903
3.143 x 103 0.973
3.487 x 103 1.028
3.826 x 103 1.088
4.159 x 1073 1.144
4.488 x 1073 1.195
4.812 x 1073 1.246
5.132 x 103 1.292

salt concentration (M)

6.0E-03

5.0E-03

4.0E-03

3.0E-03

2.0E-03

1.0E-03

0.0E+00

y = 2.240E-03x? + 1.080E-03x - 4.852E-06
R? = 1.000E+00

0.0 0.5 1.0 1.5
G (uS)
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12:-HOTs and morpholine (12, 0.3 M) in acetonitrile at 20 °C.

6.0E-03
[12-HOTs] G (uS) y = 2.038E-03x2 + 1.149E-03x - 3.728E-07
2 H
(mol L) 5 0E.03 R? = 1.000E+00
0 0.006 s
3.946x10°  0.035 S 4.0E-03
9.854x10°  0.076 Z 3.0E-03
c UL~
1.967 x10*  0.142 8
o]
2.945x10*  0.191 S 20803
©
~ (%]
4.888x10*  0.277
5.854x10*  0.322 0-0E+00 '
0.0 0.5 1.0 1.5
9.680 x 10*  0.460 G (1S)

1.345x10°  0.580
1.716 x10®  0.677
2.081x103% 0.765
2.440x103%  0.845
2.795x 103  0.927
3.143x103%  0.992
3.487x 103  1.058
3.826x103%  1.121
4159 x 103  1.174
4.488x10%  1.230
4.812x10%  1.280
5.132x 103  1.326

12-HOTs and morpholine (12, 0.4 M) in acetonitrile at 20 °C.

12-HOT. G (uS
Emol L—l)S] (kS)

0 0.012
3.946 x10°  0.032
9.854x10°  0.079
1.967 x10*  0.137
2.945x10*  0.191
3.918 x10*  0.237
4.888x10*  0.282
5.854x10*  0.327
9.680x10*  0.471
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1.345x 103
1.716 x 10’3
2.081x 103
2.440x 103
2.795x 103
3.143x 103
3.487 x 103
3.826 x 103
4.159 x 103
4.488 x 103
4.812 x 103
5.132x 103

0.585
0.687
0.779
0.863
0.942
1.014
1.077
1.140
1.199
1.257
1.310
1.362

salt concentration (M)

12-HOTs and morpholine (12, 0.6 M)

[12-HOTs] G (uS)
(mol L)

0 0.011
3.946 x 10° 0.035
9.854 x 10° 0.080
1.967 x 10* 0.140
2.945 x 10 0.191
3.918 x 10* 0.241
4.888 x 10 0.285
5.854 x 10 0.330
9.680 x 10 0.474
1.345 x 103 0.591
1.716 x 103 0.702
2.081x 103 0.794
2.440 x 1073 0.882
2.795 x 103 0.963
3.143 x 103 1.034
3.487 x 1073 1.102
3.826 x 103 1.170
4.159 x 103 1.232
4.488 x 103 1.293
4.812 x 103 1.346
5.132x 103 1.396

salt concentration (M)

6.0E-03

5.0E-03

4.0E-03

3.0E-03

2.0E-03

1.0E-03

0.0E+00

y = 1.889E-03x? + 1.202E-03x - 6.004E-06
R? = 1.000E+00

1.5
G (nS)

in acetonitrile at 20 °C.

6.0E-03

5.0E-03

4.0E-03

3.0E-03

2.0E-03

1.0E-03

0.0E+00

y = 1.735E-03x? + 1.251E-03x - 1.088E-05
R? = 1.000E+00

15

G (us)
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12:-HOTs and morpholine (12, 0.6 M) in acetonitrile at 20 °C.

6.0E-03
[12HOTs] G (uS) y = 1.679E-03x2 + 1.294E-03x - 9.777E-06
(mol L™) 5 0E.03 R? = 1.000E+00
0 0.013 s
3.946x10°  0.034 S 4.0E-03
9.854x10°  0.074 " 3.0E-03
c 5.UE-
1.967x10*  0.139 8
o
2.945x10*  0.189 S 20803
©
3.918x10"  0.234 ® 1.0E-03
4.888x10%  0.282
5.854x 10  0.321 0-0E+00 '
' : 0.0 0.5 1.0 15
-4
9.680x 10*  0.472 G (1)

1.345x10°  0.592
1.716 x10°  0.697
2.081x103% 0.798
2.440x 103 0.884
2.795x103%  0.963
3.143x103% 1.039
3.487x103%  1.108
3.826x103%  1.172
4159 x10%  1.237
4.488x103  1.297
4.812x10%  1.354
5.132x 103  1.406

For morpholinium tosylates (12:HOTs) the employed, second order polynomials (y=ax*+bx+c) for

correction have three different parameters a, b and c. These are summarized in the table below

Parameters a, b and c for 12-HOTs in morpholine (12) in acetonitrile at 20 °C.

[12] a b C

(mol L)

0.1 2.570x 103 1.017 x 103 4,774 x 10°°
0.2 2.240x 10 1.080 x 1073 —4.852 x 10°®
0.3 2.04 x 103 1.15x 103 —-3.73x 107
0.4 1.889 x 1073 1.202 x 1073 —-6.004 x 10°®
0.6 1.735 x 1073 1.251x 103 -1.088 x 10°°
0.8 1.679 x 1073 1.294 x 1073 -9.777 x 10°®
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Conductance of propylaminium tosylate (13-HOTSs) in acetonitrile.

OTs +
H3N\/\
13-HOTs
13-HOTs and morpholine (13, 0.3 M) in acetonitrile at 20 °C.
[13HOTs] G (uS) 40803y 4.833E-04x7 + 1.201E-03x - 1.084E-04
(mol LY) 3.56-03 | R? = 1.000E+00
3.946 x 10° 0.117 g 3.0E-03
4 ©
1.967 x 10 0.231 £ 2.0E-03
4 g
2.945 x 10 0.298 € 1.5E-03
3.918 x10%  0.361 Pt
© 1.0E-03
4.888 x 10 0.428
5.0E-04
5.854 x 10 0.486
0.0E+00 )

9.680x 10*  0.691
1.345x10°  0.894

1.716 x 103 1.064
2.081x 103 1.221
2.440x 103 1.369
2.795x 103 1.507
3.143x 103 1.632
3.487 x 10’3 1.754

13-HOTs and morpholine (13, 0.6 M) in acetonitrile at 20 °C.

13-HOT, G (uS
Emol L—l)S] (uS)

0 0.162
3.946x10°  0.189
9.854x10°  0.233
1.967 x10*  0.302
2.945x10*  0.364
3.918 x10*  0.428
4.888x 10*  0.487
5.854x 10*  0.544
9.680x 10*  0.762
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1.345x 103
1.716 x 10’3
2.081x 103
2.440x 103
2.795x 103
3.143x 103
3.487 x 103

0.964
1.146
1.314
1.470
1.619
1.752
1.882

salt concentration (M)

4.0E-03
3.5E-03
3.0E-03
2.5E-03
2.0E-03
1.5E-03
1.0E-03
5.0E-04
0.0E+00

y = 3.797E-04x% + 1.247E-03x - 2.104E-04

13:-HOTs and morpholine (13, 0.9 M) in acetonitrile at 20 °C.

[13-HOTs] G (uS)
(mol L)

0 0.236
3.946 x 10 0.261
9.854 x 10~ 0.296
1.967 x 10 0.357
2.945 x 10 0.422
3.918 x 10 0.481
4.888 x 104 0.538
5.854 x 104 0.601
9.680 x 10* 0.824
1.345x 10°3 1.022
1.716 x 10°3 1.203
2.081 x 103 1.385
2.440 x 103 1.544
2.795 x 103 1.693
3.143 x 103 1.840

salt concentration (M)

3.5E-03

3.0E-03

2.5E-03

2.0E-03

1.5E-03

1.0E-03

5.0E-04

0.0E+00

L R? = 1.000E+00
2
r y = 3.058E-04x? + 1.317E-03x - 3.185E-04
R? = 1.000E+00
0 2
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13-HOTs and morpholine (13, 1.2 M) in acetonitrile at 20 °C.

3.56-03
[13-HOTS] G (uS) y = 2.846E-04x2 + 1.348E-03x - 4.441E-04
(mol L) 3.0E-03 | R? = 1.000E+00
0 0.310 <

2 75603 |
3.946x10°  0.333 5
9.854x10°  0.378 g 20803

C
1.967x10*  0.437 8 15E-03

o]
2.945x10*  0.496 £ 10603 |

©
3.918x10*  0.554 " cokoa L
4.888x10%  0.612

0.0E+00 -

5.854x10%  0.664 0 5

9.680x 10*  0.883
1.345x10°  1.083
1.716 x 103  1.264
2.081x103%  1.437
2.440x103%  1.601
2.795x103%  1.756
3.143x103%  1.897

For propylaminium tosylates (13-HOTs) the employed, second order polynomials (y=ax?*+bx+c) for

correction have three different parameters a, b and c. These are summarized in the table below.

Parameters a, b and c for 13-HOTs in propylamine (13) in acetonitrile at 20 °C.

13 a b c

(mol L)
0.3 4.833 x 10* 1.201x 103 -1.084 x 10*
0.6 3.797 x 10* 1.247 x 1073 —-2.104 x 10
0.9 3.058 x 10* 1.317 x 103 -3.185x 10*
1.2 2.846 x 10 1.348 x 103 —4.441 x 10*
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4.2.5 Copies of NMR Spectra
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1 | INTRODUCTION
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Abstract

The dynamics of the allylic rearrangement of the (1,3-diphenylallyl)
dimethylsulfonium ion in CD,Cl,,
1,3-diphenylallyl cations, has been investigated by variable temperature 'H

which proceeds via intermediate
NMR spectroscopy. At low temperature, the three allylic protons give rise to
an AMX system, and the two diastereotopic S-methyl groups resonate at
different frequencies. At higher temperature, an AX, system for the allylic
protons and a single signal for the S-methyl groups are observed. The resulting
exchange rate constant of (364 + 2) s at 25°C, which corresponds to the rate
of the heterolytic cleavage of the C-S bond, was used to explore the range of
validity of the linear free energy relationship log kie(25°C) = s¢ (N; + Ey),
which describes the rates of heterolytic cleavages by the electrofugality
parameter E¢ and the solvent-dependent nucleofuge-specific parameters Ny and
si. The observed rate constant corroborates a previous conclusion that two
different sets of Ny and s; parameters may exist for the same nucleofuge.
Knowledge of whether the reverse bond-forming reaction occurs under
activation or under diffusion control is crucial for the choice of the appropriate
set of nucleofugality parameters.
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rise to the high speed of the reverse reactions, that is, the
fast heterolytic scissions of sulfonium ions.*~*! In other

Dialkyl sulfides are strong nucleophiles, comparable with
pyridine and N-methylimidazole."! On the other hand,
dialkyl sulfides are much weaker Lewis bases than these
N-heterocycles, which makes their Lewis adducts with
carbocations R™ less stable than those generated by reac-
tions of R* with N-heterocycles of comparable nucleophi-
licity.!"?! The combination of both properties, low
intrinsic barriers and weak Lewis basicities, gives also

words, dialkyl sulfides are characterized by high nucleo-
philicity as well as by high nucleofugality (leaving group
ability),!"! which explains their ability to act as
organocatalysts.!®11)

Recently, we derived rate constants kye for the
carbon-sulfur bond cleavage of dialkyl (diarylmethyl)sul-
fonium ions (Ar,CH-"SR,) from the ratio ky/K, where k¢
is the second-order rate constant for the reaction of
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benzhydrylium ions with dialkyl sulfides (Equation 1)
and K (= k¢g/kpey) is the equilibrium constant for the
corresponding reaction in dichloromethane. !

ke +
Ar,CH' + SR, == AnCH-SR,
‘het

(1)

It has been reported that the rates of Syl reactions
can generally be calculated by Equation (2), where E; rep-
resents an solvent-independent electrofugality parameter
for the carbocation and the solvent-specific parameters N¢
and s; characterize the nucleofuges.!'>4!

log knet(25°C) = s¢(E¢ + N¢) (2)

When trying to quantify N and s¢ of these dialkyl sul-
fides in the common way by plotting the rate constants of
the heterolytic cleavages (kne in CH,Cl,) of alkoxy-
substituted benzhydrylsulfonium ions 17 against the
corresponding electrofugalities of the benzhydrylium
ions, we arrived at nucleofugality parameters N; for
dialkyl sulfides that were more than two orders
of magnitude larger than those previously derived
by Juri¢, Denegri, and Kronja from solvolysis
rates of unsubstituted and halogen-substituted
benzhydrylsulfonium ions 2*.3-!

We rationalized this observation by the differences of
the transition states of the two reaction series
(Figure 1)M: The carbocationic character of the
benzhydrylium ions is only partially developed in

AG AG
in dichloromethane in ethanol
1007 at 20 °C 1007 “at25°C
50 T 50 T
for RO =
MeO
RO
9
Me
RO @+ S R
P <" ”
Me
S® RO Ph
D

1*
RO

the heterolyses of 1", which give highly stabilized
benzhydrylium ions (Figure 1A). In solvolysis reactions
of 2%, which proceed via non-stabilized benzhydrylium
ions, carbocationic character is fully developed in the
transition state (Figure 1B; subsequent reaction with sol-
vent not drawn).

Because this observation is of fundamental signifi-
cance for the applicability of Equation (2) to predict abso-
lute heterolysis rate constants of C-X bonds from the
electrofugality parameter E; of carbenium ions and
the solvent-dependent nucleofuge-specific parameters N
and s; of leaving groups,"'*'*! we have now investigated
the heterolysis rates of the (1,3-diphenylallyl)
dimethylsulfonium ion 47 by dynamic NMR spectros-
copy (DNMR).!'5-17!

2 | EXPERIMENTAL

2.1 | 1,3-Diphenylallyl chloride (3)

(E)-1,3-Diphenylprop-2-en-1-ol (0.172 g, 0.818 mmol)!*®!
was dissolved in dichloromethane (3 ml) at 0°C. After
adding thionyl chloride (0.136 g, 1.14 mmol, 1.4 equiv),
the solution was stirred for 2 h at 0°C. Subsequently, the
solvent was removed under reduced pressure. The color-
less solid residue (0.186 g, 99%) was analyzed by 'H NMR
spectroscopy and used without further purification. 'H
NMR (400 MHz, CDCL,)": § 7.50-7.47 (m, 2 H, Ph),
7.42-7.27 (m, 8 H, Ph), 6.64 (d, J = 15.6 Hz, 1 H, 5-H),
6.53 (dd, J = 15.6, 7.7 Hz, 1 H, 6-H), 5.66 (d, J = 7.7 Hz,
1 H, 7-H); in accord with reported data in ref.[>"!

\ 7/ Me
@ + 8
Ph Me
forR=H
R = Me, H, Hal
S'“ée FIGURE 1 Gibbs energy profiles for
Me heterolyses of differently substituted
2 benzhydryldimethylsulfonium ions yielding

(A) highly stabilized or (B) non-stabilized
benzhydrylium ions
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2.2 | Dynamic NMR spectroscopy
2.21 | Sample preparation

(1,3-Diphenylallyl)dimethylsulfonium triflate (4™ TfO")
was generated by dissolving the allyl chloride 3, dimethyl
sulfide (5, 1.5 to 4.5 equiv), and trimethylsilyl triflate
(TMSOT, 1.05 equiv) in CD,Cl,. The "H NMR spectrum
(400 MHz) of the resulting solution at —=70°C (Supporting
Information) showed the quantitative consumption of
3 and the exclusive formation of 4T TfO™: 'H NMR
(400 MHz, -70°C, CD,CL)"*: § 7.59-7.55 (m, 2 H, Ph),
7.48-7.44 (m, 5 H, Ph), 7.35-7.31 (m, 3 H, Ph), 7.09 (d,
J=15.5 Hz, 1 H, 5-H), 6.43 (dd, J = 15.4, 10.6 Hz, 1 H,
4-H), 5.71 (d, J = 10.5 Hz, 1 H, 3-H), 2.95 (s, 3 H, 1-H or
2-H), 2.66 (s, 3 H, 1-H or 2-H), 2.04 (s, 6 H, free Me,S).

2.2.2 | Temperature-dependent NMR
measurements

'H NMR spectra (400 MHz) of CD,Cl, solutions of 4"
TfO™ and variable amounts of dimethyl sulfide (5) were

measured at variable temperature (5 K increments). Line
shape analysis (LSA) of broadened resonances in the tem-
perature range between -10 and +20°C was performed
by manual fitting with simulated spectra generated by
the DNMR6 algorithm of the iNMR software.*!! The
obtained rate constants were analyzed by the Eyring
equation (3) to determine the activation parameters AH*
and AS*.

In(k/T)=(-AH?/R) x (1/T) +1n (kg/h) +AS*/R (3)

The activation parameters AH' and AS* from
Equation (3) were used to extrapolate the rate constant k
(25°C).

3 | RESULTS

When 1,3-diphenylallyl chloride (3) was treated with tri-
methylsilyl triflate (1.05 equiv) and 3 equivalents of
dimethyl sulfide (5) in CD,Cl,, the 'H NMR spectra
depicted in Figure 2 were obtained. At -70°C, one can
assign three resonances to different S-methyl groups; two

(A) Me,S (3 equiv) “@Me ®) (C)
cl .
by TMSOTf Meés@ T10® , Me. Me Experimental
Ph Ph g7 1 °
CD,Cl, PO 4 O Ph (@equiv) H NMR spectrum at 0 °C (400 MHz)
3 4* TfO" 5
(B) prcoscmsmesmwssss,  pesstwesio

coalescence of

! coalescence of !

» ‘iog

(U

DNMR6 simulation
for the allylic protons

(D)Coalescence of allylic protons caused by Me,S exchange

® 85.71 ®
Me,S H HB87.09 Kex H H SMe,
] Ph” 7 “Ph Ph)Y(Ph
: H H
56.43
— 4(a)* 4(b)*

via

&)
Ph Ny, + MesS

allylic protons 1S-methyl protons
Q5 O .O}
L | ,i,‘,,_f,&,; 17 N
VU o | =10°C E ]J
| :
e 1 0°c AN
AL i +10°C a4
nd l | +20°C P A
| E
J'J\\:h_ﬂj_ l +30 °C L
76 70 65 60 55 50 45 40 35 30 25 20
& (ppm)

FIGURE 2

6" 5

(A) Synthesis of 47 TfO™ with excess Me,S (5). (B) 'H NMR spectra (400 MHz) of a mixture of 4 with Me,S (5) (2 equiv) in

CD,Cl, at variable temperatures. Protons used for line shape analysis are marked by colored circles. (C) Experimental and simulated 'H
NMR (400 MHz) spectra at 0°C used to determine ke, from resonances of allylic protons. (D) Mutual exchange reaction observed in the
DNMR studies of 4*/5 mixtures in CD,Cl, (chemical shifts refer to ~70°C)
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of them are the diastereotopic S-methyl groups in the sul-
fonium ion 4 (5 2.95 and 2.66 ppm), and one resonance
is due to the unbound 5 (8 2.04 ppm). When raising the
temperature, the resonances of the diastereotopic S-
methyl groups of 41 and that of external Me,S (5) coa-
lesce. Simultaneously, the AMX pattern of the allylic res-
onances (marked with green, red, and blue dots in
Figure 2) converges into an AX, spectrum. At +20 and
+30°C, only the well-resolved triplet of the central 2-CH
group (red) can be seen, whereas the coalesced signal for
1-H and 3-H protons is still broadened to an extent that it
cannot be spotted in Figure 2B.

Because free 1,3-diphenylallyl cations 6" were not
observable in any of the experiments, one can conclude
that the equilibrium is always on the side of the sulfo-
nium ions 4. Consequently, the heterolytic cleavage of
the sulfonium ion 4" must be slower than the recombi-
nation of allyl cation 6" with Me,S (5). Accordingly, the
rate of the exchange of the SCH; signals as well as that of
the allylic protons must be controlled by the heterolysis
of 4*. The broadening of the resonances for the dia-
stereotopic S-methyl groups in 4" is coupled with the
exchange with Me,S from the solution, however, and
cannot be analyzed straightforwardly. We have, there-
fore, considered the allylic region of the temperature-
dependent '"H NMR spectra to derive information on the
rate of the C-S bond-breaking reaction.

Hence, allylic proton signals of 4% at § 7.09, 6.43, and
5.71 ppm were analyzed by LSA (Figure 2C) in the tem-
perature range between -10 and +20°C (5 K increments;
only a selection of spectra is shown in Figure 2B). Line
broadening of the allylic protons is caused by mutual
exchange between 4(a)" and 4(b) " (Figure 2D). The fre-
quency of this exchange reaction between sulfonium ions
47" is described by the temperature-dependent exchange
rate constant Key (s™).

Analogous DNMR studies of solutions with 3.5, 2.0,
or 0.5 equivalents of non-bound Me,S (5) gave almost

identical k. values at each of the investigated tempera-
tures (Table 1). Given that the Me,S concentration does
not influence the rate of the exchange process, the occur-
rence of Sy2 (or Sy2') mechanisms can be excluded. From
the Eyring activation parameters [AH* = (69.4 + 0.2) kJ
mol™, AS* = (37.0 + 0.7) J mol™* K] for the combined
kex(T) data of the three independent series of measure-
ments at different Me,S concentrations, an exchange rate
constant ke,(25°C) = (364 + 2) s~ was determined. On a
molecular level, we assign ke to the rate constant kye, for
the heterolytic C-S bond cleavage in 4™ to give Me.S (5)
and the allyl cation 6 as depicted in Figure 2D.

We could not analyze in detail the exchange processes
that caused the coalescence phenomena for the S-methyl
groups. Nevertheless, the broadening of the resonance for
the excess Me,S (5) occurs in the same temperature range
as the evaluated allyl isomerization, which indicates com-
parable exchange rates and a significant participation of
free Me,S (5) in the dynamics. We, therefore, exclude that
intramolecular 1,3-migrations of the Me,S group in 4"
contribute significantly to the observed exchange
reaction.

4 | DISCUSSION

Recently, it was found that heterolysis rate constants for
the benzhydryldimethylsulfonium ions 1" and 2%, in
which the electrofugalities of the benzhydryl moieties are
varied over a wide range, cannot be described by a single
set of nucleofugality parameters N; and sy for the Me,S
nucleofuge.!*!

In general, Ny and s; parameters in Equation (2)
describe the leaving group ability of a certain nucleofuge
in a certain solvent."># It has long been known that the
leaving group abilities of anionic nucleofuges
(e.g., chloride, bromide, and tosylate anions) vary over
several orders of magnitude in protic solvents of variable

TABLE 1 Temperature-dependent

ke (57) DNMR exchange rate constants key(T)

T (°C) 4" + 5 (0.5 equiv)® 4% 4 5 (2.0 equiv)® 4" 4 5 (3.5 equiv)© for mixtures of 47 and Me,S (5) in
-10 7.7 7.7 7:7 CDLCl

-5 143 14.3 14.3

0 26.0 26.0 26.0

+5 46.0 46.0 46.0

+10 76.0 78.0 76.0

+15 132 132 132

+20 225 225 225

“Generated by mixing 3 (0.077 mmol), TMSOTS (1 equiv), and Me,S (5, 1.5 equiv) in CD,Cl, (0.7 mL).
®Generated by mixing 3 (0.077 mmol), TMSOTf (1 equiv), and Me,S (5, 3.0 equiv) in CD,Cl, (0.7 mL).
“Generated by mixing 3 (0.077 mmol), TMSOTS (1 equiv), and Me,S (5, 4.5 equiv) in CD,Cl, (0.7 mL).

341



Chapter 5. Effects of the Diffusion Limit on the Mayr-Kronja Equation

JUSTEL ET AL.

Joumnal of Physical

Sreamcremsry— W1 LE y_| sof7

dependence
[12]

composition. Generally, the solvent
decreases with decreasing need for anion solvation.
Benzhydryldimethylsulfonium ions generate the neutral
leaving group Me,S, and the corresponding solvolysis rate
constants have been studied in detail by Kevill and
coworkers in 35 solvents.”? When reactions in the
slightly acidic solvent mixtures of fluorinated alcohols
(i.e., aq TFE or aq HFIP mixtures) are disregarded, solvol-
ysis rate constants for the [Ph,CH-SMe,]" ion fluctuated
by about one order of magnitude when the solvents were
varied from 95/5 dioxane/water mixtures
(keow =0.75x10* s to  pure  methanol
(ksory = 7.88 x 107 s71). Destabilization of the reactant
ground state of [Ar,CH-SMe,]" in less polar solvents has
been suggested to rationalize why the nucleofugality of
Me,S tends to increase mildly with decreasing solvent
polarity in aqueous alcohol mixtures.!*23]

Figure 3 illustrates the separation of the two data sets
reported in ref."'l: Based on previously reported solvent
effects on the carbon-sulfur bond cleavage rates of
benzhydryldimethylsulfonium ions,*??! it is not surpris-
ing that extrapolation of the ethanolysis rate constants of
the benzhydryldimethylsulfonium ions 2a*-2e* on the
left does not perfectly merge with the correlation line for
the heterolysis rates of the benzhydryldimethylsulfonium
ions 1lat-1c* in dichloromethane on the right. Because
the nucleofugalities of neutral leaving groups are only
marginally affected by the solvent,>~>1422-24]  however,
the large separation by almost a factor of thousand could
not be due to the fact that the heterolyses of the

® Knet @
R-SMe, —> R+ SMe,
1* 7 5 6
2+ 8+
+ +
4 6 4
H
YO g’
2 =
Z 2\
R R 12
R R' Knet (s™1) E £o
H £
o
7a* 375x 105  +1.07 2 2
o} (o}
7b*  4-OMe 4-OMe 5.77x10° 0.00 3
7¢t  4-OMe 4-OPh  1.32x10* -0.86
8a*  4-Me H 128x 102 -4.63
8b*  4-F H 1.52x107% -572 6
8c* H H 485x10* -6.03
8d*  4-Cl H 346 x 10 -6.44
8e*  3-Cl H 2.81x105 -7.69
FIGURE 3

sulfonium ions 2a™-2e™ were investigated in ethanol but
the heterolysis reactions of la™-1ct refer to di-
chloromethane solution. Rather, this difference was
explained by the fact that the solvolysis reactions of sulfo-
nium ions derived from non-stabilized benzhydrylium
ions on the left (i.e., 2at-2e™") proceed via transition
states, which equal the separated products,
benzhydrylium ions 8a*t-8e* and Me,S (cf. Figure 1B),
whereas in the heterolyses of sulfonium ions derived
from alkoxy-substituted benzhydrylium ions 7a™-7¢* on
the right (i.e., 1at-1c™), the benzhydrylium ion charac-
ter is not yet fully developed in the transition state
(cf. Figure 1A). Why does the heterolysis rate constant of
4 (with formation of 61, Er = -0.46!>)) better match the
correlation line defined by the sulfonium ions 2at-2e™
(deviation by a factor of 7.6) than that of the alkoxy-
substituted analogues la*-1c™ with similar elec-
trofugalities (deviation by a factor of 1/55)?

One reason might be that Equation (2), which was
derived from solvolysis rates of benzhydryl-model com-
pounds, is less reliable when applied to solvolysis reac-
tions that generate structurally different types of
carbocations. It has been shown, however, that electro-
fugality parameters E; for aryl-substituted carbocations
that were calculated from individual solvolysis reactions
with different leaving groups in different solvents scatter
only slightly around the optimum E; value (0.4 at maxi-
mum; for the 1-phenylallylium ion: +0.24).1"*! The opti-
mized E; parameter for carbenium ion 6 was obtained
from a series of solvolysis kinetics that comprised three

®
Me\S.Me

in CH,Cl,

-4

R ——

Electrofugality E; of R*

Correlation of the heterolysis rate constants of benzhydryldimethylsulfonium ions 1* and 2" and the (1,3-diphenylallyl)

dimethylsulfonium ion 4 with the electrofugality parameters Ey of the resulting carbenium ions 61, 7, and 8™ (kpe at 20 or 25°C from

refs.!"?l: E; from refs.'2%))
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different leaving groups and seven solvent mixtures and
covered an overall reactivity range of more than six
orders of magnitude. Nevertheless, none of the individual
rate constants deviated more than by a factor of 3.2 from
the solvolysis rate constants calculated by Equation (2)
and the optimized E; = -0.46.%!

Notably, the electrophilicity of allyl cation 6%
(E = 2.70)"*! is almost 3 orders of magnitude greater
than that of 7b™ (E = 0.0) though the electrofugalities E;
of these two carbenium ions are very similar (abscissa of
Figure 3). From the electrophilicity E = 2.70 for 6% and
the recently published nucleophilicity parameters
N = 12.32, sy = 0.72 for Me,S (5) in dichloromethane,™
one can calculate (by Equation 4) a second-order rate
constant of k, = 6.5 x 10'® M s7* for the reaction of 6™
with Me,S, that is, this bond-forming reaction is
diffusion-controlled.

log k3(20°C) =sn(N +E) (4)

Application of the principle of microscopic reversibil-
ity leads to the conclusion that the heterolysis of the all-
ylsulfonium ion 4 proceeds through a transition state
that corresponds to the products like the benzhydryl-
substituted sulfonium ions 2% illustrated in Figure 1B,
but unlike the sulfonium ions 1" depicted in Figure 1A.
For that reason, the heterolysis rate of the allylsulfonium
ion 4% is better described by the nucleofugality
parameters Ny/s; for Me,S (5) derived from the solvolysis
rates of 2%, which form non-stabilized benzhydrylium
ions 81,324 than by those determined from the solvol-
ysis rates of 1, which give stabilized alkoxy-substituted
benzhydrylium ions 77+.1*!

5 | CONCLUSIONS

Investigations of the kinetics of numerous bond-forming
reactions of carbenium ions with nucleophiles have
shown that Equation (4) is well suited for predicting
second-order rate constants k, (at 20°C), if k, is smaller
than 10®* M~! 577! Equation (4) does not hold for faster
reactions, however, where the diffusion rates become
dominant.'?”?*! Because Syl reactions must proceed
through the same transition states as the reverse
reactions (principle of microscopic reversibility), we had
previously reported that the linear correlations between
the rate constants of Syl reactions and Lewis acidities
of the resulting carbenium ions break down when the
reverse reactions (reactions of carbocations with the leav-
ing groups) change from diffusion to activation con-
trol.'*”?’l Only recently we have observed that the
switchover from activation to diffusion control of the

reverse (bond-forming) reactions also limits the range of
validity of Equation (2).!"!

The heterolysis rate constant of the allylsulfonium
ion 4™ reported in this work is in line with this interpre-
tation and underlines the role of the rate of the reverse
reaction, that is, recombination of the carbocation with
the leaving group, for defining the applicability of
Equation (2) to describe the heterolytic scission of C-X
o-bonds.

Whereas the limitation of Equation (4), which
describes the rate constants of the electrophile
nucleophile combinations, can easily be recognized by
the fact that calculated rate constants >10"°M™" s
cannot exist because of the diffusion limit (k approx.
10'°M™ s7'), the situation is more complex for
Equation (2), because its application requires consider-
ation of the reverse reaction.
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Chapter 5. Effects of the Diffusion Limit on the Mayr-Kronja Equation

5.2 Intrinsic Barriers, an Unsolved Limitation for LFERs

Just recently we have noted that switching from activation control to diffusion control in addition
reactions introduces constraints not only for the applicability of the Mayr-Patz equation log k, = sy (N
+ E) (eql), but also for the Mayr-Kronja equation log knet = st (Nf + Ef) (eq 2) (Chapter 5.1).1 In Scheme
1 the forward, addition reaction proceeds with the rate constant k, and the reverse, heterolysis
reaction proceeds with the rate constant knet. These rate constants can be predicted with equations 1
and 2 respectively, if the required electrophile (E) and nucleophile (sn, N) specific parameters are
known (eql) or the required electrofuge (Ef) and nucleofuge (sr, Nf) specific parameters are known
(eg2). Furthermore, the equilibrium constant of this reaction can be predicted with log K = LA + LB
(eg3), where LA is the Lewis acidity parameter of the Lewis acid and LB the Lewis basicity parameter

of the Lewis base.

ko
E® + Nu®

E-Nu

khet

log kp = sN(N + E)  (eq1)
log Khet = Si(Nf + Ey) (€q2)
logK=LA+ LB (eq3)

Scheme 1: Nucleophilic addition reaction of an anionic nucleophile (Nu) to a carbocation electrophile (E) to form a covalent

product (E-Nu).

The three solvent independent electrophile/Lewis acid specific parameters (E, Es and LA) correlate
linearly with each other only in some areas, as shown in Figure 1, but not in other areas. For example,
electrophilicity E does no longer correlate linearly with electrofugality Es when the electrofugality was
determined under activation control for the reverse addition reaction in one case and under diffusion
control for the reverse addition reaction in another (Figure 1).2

Due to the principle of microscopic reversibility, the transition states resemble the carbocations in the
case of activation control, while the carbocations are also the transition state itself in the case of
diffusion control, as the reaction is without activation barrier in the reverse reaction. We have
explained how this results in different sets of s and N¢ nucleofugality parameters, depending on
whether the reverse addition reaction is diffusion-controlled or activation-controlled (Chapter 5.1).
Electrofugality Ef stops correlating linearly with electrophilicity £ (Figure 1a), when the addition
reaction changes from activation control to diffusion control. This border is in between nitrogen and
oxygen substituted benzhydrylium ions, due to the nucleofuge combinations that were employed to

determine E and E;. Electrophilicity parameter E, however, appears to correlate linearly with Lewis
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acidity parameter LA (Figure 1 right), consequently Ef and LA also do not correlate linearly (Figure 1c).
The explanation why the kinetic parameter E correlates with the thermodynamic parameter LA while
the kinetic parameter Ef does not is simple: no E parameters were acquired under diffusion control, as
the problem is instantly apparent during the experiment, unlike for similar heterolysis reactions. We
have also noted before, that the Mayr-Patz equation log k, = sy (N + E) (eql) can no longer accurately
predict rate constants when the diffusion limit (k, > 2 x 108 s* M) is approached. In plots of log k;
versus E a characteristic curvature becomes apparent in such cases. This is displayed exemplarily in

Figure 2 for the reactions of the chloride anion with benzhydrylium ions in acetonitrile.?

(a) i (b)
8 E;=-1.08 E + 0.024

E=0.75LA-0.132

»

2
T B
ur 0r w _o
_4 - _6
_8 i i i i 1l _10 |
-12 -8 -4 0 4 8 -15 -10 -5 0 5 10
E——m LA ——
(c) )
8
E;=-0.75 LA + 0.035
ie. R%=0.989
4 -
ur
0 -
_4 I i

Figure 1: (a) Linear correlation of electrofugality parameter E; versus electrophilicity parameter E of benzhydrylium ions. The
borderline, where correlation breaks down, is between the nitrogen and the oxygen substituted benzhydrylium ions. (b)
Linear correlation of electrophilicity parameter E versus Lewis acidity parameter LA of benzhydrylium ions. (c) Linear

correlation of electrofugality parameter E¢ versus Lewis acidity parameter LA of benzhydrylium ions.

Now one might ask, what is the point of these examples, that do not seem connected at all? To answer
this question, we first need to ask another question: If heterolysis rate constants can be described with
the equation log knet = s¢ (Nf + E) (€qg2), equilibrium constants with log K = LA + LB (eq3) and addition
rate constants with log k> = sy (N + E), then what happens when these 3 equations are linked with the

equation K = ky/knet (€q4) and equation 1 breaks down at the diffusion limit?
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Ar Ar Ar

-6 4 -2 0 2 4 6

Figure 2: Plot of the logarithmic rate constant k, of the reactions of chloride with benzhydrylium ions versus the

electrophilicity parameter E of the benzhydrylium ions.

Will the prediction of equilibrium constants (eq3) or heterolysis constants (eq2) fail? Or both? To
answer this question, equation 4 was plotted for the reaction of the nucleophile/Lewis base chloride
with known or calculated data (calculated with eq 1 and 2) for substituted benzhydrylium ions in

Figure 3.

ka cl

N

Knet Ar Ar

@ ©
Ar

Ar

_log (ko/knet) = 1.18(LA + LB)
20 ~1.76
15 | R?=0.9965

log (Ko/Knet) >
(é)]

-5 0 5 10 15 20

LA+L[B ———>

Figure 3: Linear correlation of log (ka/knet) versus LA + LB in acetonitrile. Double logarithmic plot of two different ways to
predict equilibrium constants. Black dots represent data points with measured rate constants for k; and knet. Red dots have
reached the diffusion limit (k. = const.). The green dot has only an experimentally measured rate constant k3, khet has been
calculated with eq 2. Blue dots consist only of calculated data for k; (calculated with eql) and knet (calculated with eq2). N,
sn, Ng, sfand LB of CI~ are constant. There are only 3 variables in this plot: E, E;, and LA. Depiction/axis was chosen this way to

show the relation to eq 4. Data is compiled in Table 1.
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In Figure 3 the black dots represent data points with experimentally determined k; and knet, while the
green dot has experimentally determined k; but knet has been calculated by eq2 (Table 1). The data of
the blue dots consist only of calculated rate constants, by eql and eq2 respectively. The red dots are
remarkable, because k; is constant for these and no longer increasing with stronger electrophiles, due
to the diffusion limit (red dots: k,=2.2x10° M1 s?). In spite of this fact, the linear correlation still holds
for the red dots, which is only possible if knet is also acting differently under diffusion control. The linear
correlation works exceptionally well, especially given the fact that a range of 22 orders of magnitude
for the equilibrium constants is covered. In theory, since Figure 3 plots essentially log K versus log K,
the linear correlation should go through the origin and have a slope of 1. The intercept different from

zero hints at an incorrect LB for chloride in acetonitrile.

Table 1. Reactivity parameters for benzhydrylium ions and rate constant with chloride as nucleophile or nucleofuge in MeCN. Black entries

are experimentally acquired, entries are calculated with various methods (see footnote below).
Benzhydrylium khet (25 °C) /st El k2 (20°C) /st M? Eb] LA(MeCN)[ log (ka/knet)
ion
Ph -6.03 5.47 18.31
Tol, -3.44 3.63 14.71
PopPh -3.52 29 14.82
AniPh 3.60x1073M1 -2.09 2.20x10%0M 211 12.79
AniTol 3.77x1021 -1.32 2.44x10%0M 1.48 11.81
AniPop 1.47x10710 -0.86 0.61
Aniz 2.401 0 1.50x10%0 0 9.80
FurAni 1.70x100 0.61 -0.81
Fur, 9.51x10 1.07 9.39x10°" -1.36 7.99
Pfaz 1.79 9.70x108M -3.14 6.08
Mfa, 3.13 1.61x108MN -3.85 3.44
Dpaz 1.78 1.76x107N -4.72 4.35
Morph: 3.03 -5.53 -7.52 2.37
Dmaz 4.84 -7.02 -9.82 -1.04
Pyr, 5.35 -7.69 -10.83 -2.15
Thaza 5.22 -8.22 -11.27 -2.28
Indz 4.83 -8.76 -11.46 -2.07
Jul 5.61 -9.45 -12.61 -3.56
Lil 5.05 -10.04 -12.76 -3.14

[a] from ref* [b] from ref* [c] from ref?? [d] Calculated with equation 2 (log knet = st (Nf + Ef)), N+=0.3, st =1.39 for Chloride in MeCN [e] rate
constant assumed to equal the rate constant of AniPh (strongest electrophile measured) with chloride [f] Calculated with equation 1 (log k
=sn (N + E)), N=17.2, sy =0.6 for Chloride in MeCN. Due to lack of nucleophilicity parameters in CHzClz, parameters gained in MeCN were
used instead. Error is most likely small and systematic. [g] calculated from methyl anion affinities [h] from ref? [i] from ref®
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This is not surprising, as this value was not deemed overly accurate before and might now be changed
from LA =11 to LA = 9.5. For the slope the only solution would be to introduce another factor into eq
3, which we deem not necessary since the deviation from 1 is only minor. Also, this might be an artifact
due to the calculated values (blue and green dots in Figure 3) and not actually represent the true
equilibrium constants.

But now to answer the pending question: Figure 3 shows, that the diffusion limit has no effect on the
prediction of equilibrium constants, because while the addition rate constants k, can no longer
increase with stronger electrophiles after the diffusion limit is reached (red points), the heterolysis rate
constants also change their behavior accordingly. This is also what is observed in Figure 1:
electrophilicity E and electrofugality Er do only correlate linearly up to a certain degree. Interestingly,
and much to our surprise the curvature of Figure 1 and Figure 2 are canceled out exactly by the
invariable k> under diffusion control in Figure 3. This is not only true in acetonitrile, but also holds true

for chloride in dichloromethane (Figure 4).

ka cl
® ©
~~,. *+ Cl
Art A Knot Ar)\Ar
20 1 109 (Kolknet) = 1.02(LA + LB)
+1.61
15 + R? =0.9949
10
%
£ 57
<
g o
_5 . . . L d

-5 0 5 10 15 20

LA+LB ——=

Figure 4: Linear correlation of log (ka/knet) versus LA + LB in dichloromethane. Double logarithmic plot of 2 different ways to
predict equilibrium constants. Due to the lack of rate constants k; in dichloromethane, rate constants in acetonitrile have
been used instead. Black dots represent data points with measured rate constants for k and knet. Red dots have reached the
diffusion limit (k; = const.). The green dots have only experimentally measured rate constants k,, ket has been calculated
with eq 2. Blue dots consist only of calculated data for k; (calculated with eql) and ket (calculated with eq2). LB is constant.

Data is compiled in Table 2.

The linear correlation in Figure 4 is still excellent, even despite the fact that rate constants k; acquired
in acetonitrile have been used due to the lack of such data in dichloromethane. The error introduced
in this way should be small and systematic due to the similarity of the polar aprotic solvents acetonitrile

and dichloromethane. Here the slope is negligibly deviating from 1, but this can be attributed to error.
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The intercept however is again different from zero, but this is likely due to rate constants k; in

acetonitrile being used instead of (the non-existent) rate constants in dichloromethane.

Table 2. Reactivity parameters for benzhydrylium ions and rate constant with chloride as nucleophile or nucleofuge in CH2Cl,. Black entries

are experimentally acquired, entries are calculated with various methods (see footnote below).
Eenzhydrylium khet (25 °C) /st Ef1 k2(20°C) /st M Eb] LA(CH,Cl,) log (k2/knet)
ion
Ph; -6.03 5.47 18.79
Tol, -3.44 3.63 4.82 15.48
PopPh -3.52 2.9 4.42 15.58
AniPh -2.09 2.20x10%0mM 2.11 3.1 13.75
AniTol 4.00x10-3(1 -1.32 2.44x10%w0M 1.48 2.0 12.79
AniPop 1.54x10°20 -0.86 0.61 0.9
Ani 2.72x1010 0 1.50x10%0h 0 0 10.94
FurAni 1.020 0.61 -0.81
Furz 4,841 1.07 9.39x10°M -1.36 -1.29 9.29
Pfa, 1.79 9.70x108M -3.14 -4.47 7.43
Mfa, 3.13 1.61x108M -3.85 -5.39 4.93
Dpa2 1.78 1.76x107MN -4.72 -5.72 5.70
Morph: 3.03 -5.53 -6.82 3.85
Dmaz 4.84 -7.02 -9.3 0.64
Pyr2 5.35 -7.69 -10.46 -0.41
Thqg, 5.22 -8.22 -10.92 -0.56
Ind2 4.83 -8.76 -11.16 -0.39
Julz 5.61 -9.45 -12.62 -1.80
Lil, 5.05 -10.04 -12.76 -1.44

[a] from ref* [b] from ref> [c] from ref?? [d] Calculated with equation 2 (log knet = st (Nf + Ef)), Ni=-0.57, st =1.28 for Chloride in CH:Cl: [e] rate
constant assumed to equal the rate constant of AniPh (strongest electrophile measured) with chloride [f] Calculated with equation 1 (log k.
=sn (N + E)), N=17.2, sn =0.6 for Chloride in MeCN. Due to lack of nucleophilicity parameters in CH>Cl,, parameters gained in MeCN were
used instead. Error is most likely small and systematic. [g] extrapolated from Figure 1 top right [h] rate constants measured in MeCN, error
is most likely small and systematic. Data from ref? [i] from ref®

The linear correlations depicted in Figure 3 and 4 in combination with the available data on
benzhydrylium ions (E, Es and LA parameters) now enable to determine an estimate for LB with sy/N
and s¢/Ns. Eql and eq2 only predict accurate rate constants, when the addition reaction remains below
the diffusion limit. Eq2 can predict rate constants, when the addition reaction has exceeded below the
diffusion limit, but a different set of fugality parameters are required to do this (Chapter 5.1). For
addition reactions, only activation-controlled reactions are of interest, as the prediction of rate

constants at the diffusion limit is pointless. For heterolysis reactions, often both types (activation and
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diffusion controlled) of reverse addition reactions are of interest. This arises the question, what is the
difference in heterolysis reactions between an activation-controlled and a diffusion-controlled reverse
addition reaction? And why does one obtain different sets of linear correlations depending on
activation of diffusion control (Chapter 5.1)?

As mentioned before, the transition state is becoming ever more like the two separated species,
carbocation and halide ion in this case, when approaching the diffusion limit. According to Marcus
theory, up to the diffusion limit the activation barrier (AG*) can be described by the intrinsic barrier

(AGo?) and the free Gibbs energy (AG°, eq 5).

AG? = AGo* + 0.5 AG® + (AG®)?/16AG,* (equation 5)

Importantly, the influence of the intrinsic barrier on the activation barrier becomes minimal and
constant once the diffusion limit is reached (Figure 5). At that point the activation barrier (AG* ) for
the heterolysis reaction equals AG® in approximation because of the principle of microscopic
reversibility. This is the effect, that causes the bend in the linear correlations of E¢ versus E and LA
(Figure 1) and the different Nf and s; parameters determined for dimethyl sulfide. In other words, the
intrinsic barrier becomes irrelevant once the diffusion limit for addition reactions is reached and thus
LFER work only up to the diffusion limit (activation controlled reactions) and past the diffusion limit
(diffusion controlled reactions), but cannot cross over. There is no sharp boundary in between, but a
transition region. This insight can also be gained from Figure 1. If electrophilicity E, that is kinetics,
correlates linearly with Lewis acidity LA, that is thermodynamics, then the logarithm of addition rate
constants correlate linearly with the logarithm of equilibrium constants as a consequence. This in turn
results in the linear correlation of AG* and AGC. If AG* and AG® correlate linearly, then the intrinsic
barriers AG,* either do not change at all or increase/decrease proportionally to the Gibbs reaction
energy AG’. We consider the latter more likely for activation-controlled reactions. Consequently,
electrofugality E; also must correlate with LA due to equal AG® and AGy* (principle of microscopic
reversibility) just like in the aforementioned case. As was demonstrated in Chapter 5.1, linear
correlations for heterolysis reactions are possible, even if the addition reactions are diffusion
controlled. Figure 1 shows the effect of the transition from activation to diffusion control on

correlations.
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Ph
AG A >C>+ c®
PH
AGO = AGH

Ph

)—cl

Ph

Figure 5: Qualitative energy diagram of the heterolysis of benzhydryl chloride. The reverse recombination reaction is

barrierless and thus diffusion-controlled. As a consequence: AG® = AG*.

Conclusion

As the diffusion limit in addition reactions is approached, the effect of intrinsic barriers (AAGy*)
becomes minimal. At the diffusion limit, the Mayr-Patz equation (eq1l) loses its predictive power. At
the same time, almost unnoticed, the reverse heterolysis reactions are equally affected: Since the
intrinsic barrier is equal in both directions of the reaction, its contribution to heterolysis reactions
becomes negligible at this point. From here on (for larger E/LA), E: does have a different correlation
line with LA, because adding stronger electron withdrawing groups to a benzhydrylium ion (i.e.
increasing E and LA) now only increases AG® and the contribution of the intrinsic barrier is rendered
irrelevant. To put it in a nutshell: for activation-controlled reactions LFERs have to take changes of the
Gibbs reaction energy (AAG®) and changes to intrinsic barriers (AAGo?) into account, while for diffusion-
controlled reactions LFERs only have to take changes to the Gibbs reaction energy (AAG®) into account
(Figure 5), resulting in 2 separate linear correlations. Also we could show that the problem we
described in earlier studies! (Chapter 5.1) is a structural problem and not specific to the investigated
case.

Now one could assume, that equilibrium constants are also affected at this point and LFERs would have
trouble predicting equilibrium constants beyond the diffusion limit. Interestingly, one variable (k) in
equation 4 (K = ka/knet) becoming a constant does not influence the linear correlation (Figure 3 and 4),
because ket is exactly compensating this change. This also tells us, that nucleofugality parameters s/ Nt

only change, once plots of log k; versus E start becoming curved (Figure 2) due to the diffusion limit
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and not before. The plot in Figure 3 would also allow to calculate the change in heterolysis reactions if
all parameters from equations 1, 2 and 3 are known, as well as the rate limit induced by diffusion. Since
these parameters are all known only in rare cases and the resulting equation would be quite unwieldy,
we do not consider this as useful for predicting rate constants.

Intrinsic barriers being the cause of the problem is also the reason why Figure 3 and 4 show excellent
linear correlation, despite the bends in the linear correlations of Figure 1. Since Figure 3 and 4 actually
plot log K against log K, intrinsic barriers are irrelevant to this type of plot and only thermodynamic

effects matter.
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5.3 Supporting Information

5.3.1 General

Chemicals

(E)-1,3-Diphenyl-2-propen-1-ol was obtained by reduction of chalcone with NaBH; in methanol
according to a reported procedure.! This allyl alcohol was used to prepare 1,3-diphenylallyl chloride
(3) as described in the main text. Dimethylsulfide (5) was purchased from Sigma-Aldrich (>99%).
Trimethylsilyl triflate was purchased from Fluka (>98%). Thionyl chloride was purchased from Merck

(>99%). CDCl; and CD,Cl, were obtained from Eurlsotop.

Analytics

A 400 MHz nuclear magnetic resonance (NMR) spectrometer was used to acquire *H NMR spectra.
Abbreviations used for reporting NMR data: s = singlet, d = doublet, m = multiplet, br = broad. Chemical
shifts are denoted as parts per million (ppm). The internal reference was set to the residual signals of

CD,Cl; (84 = 5.32 ppm, 6c = 54.00 ppm) and CDCls (64 = 7.26 ppm, ¢ = 77.16 ppm).2

Dynamic NMR spectroscopy

The 'H NMR spectra (400 MHz) were recorded at different temperatures (+ 1 K) and fitted manually
with simulated spectra of the DNMR6 algorithm as part of the iINMR software.® The obtained rate

constants were converted into activation parameters according to the Eyring equation:

In (k/T) = (<AH*/R) x (1/T) + In (ke/h) + AS*/R  (Eyring equation)

with k= rate constant (in s7%)
R = gas constant
ks = Boltzmann constant
h = Planck constant
T = temperature (in K)
AH? = activation enthalpy (in kJ mol™)

AS* = activation entropy (in J mol™ K™2)

354



Chapter 5. Effects of the Diffusion Limit on the Mayr-Kronja Equation

5.3.2 Dynamics of the Me:S Exchange at the Trialkylsulfonium ion 4*

Generation of the Sulfonium Triflate 4* TfO™ in CD,Cl; Solution
1,3-Diphenylallyl chloride 3 (1 equiv.), dimethylsulfide 5 (>1 equiv.), and trimethylsilyl triflate (TMSOTH,
1.05 equiv.) were dissolved in CD,Cls.

Me,S (n+1 equiv
25 quiv) Me_+.Me

cl TMSOTf S TfO™ Me Me
/ + \S/
Ph)\/\Ph A~
CD,Cl, Ph Ph (n equiv.)
3 4* TfO~ 5

The *H NMR spectrum (400 MHz) acquired at —70 °C showed the quantitative consumption of 3 and

the exclusive formation of the trialkylsulfonium triflate 4*-TfO".

_ 1 2
7 5 11
s 6 10 b 14
RO GG
4 S
9 13
4*-TfO~ 5

1H NMR (400 MHz, =70 °C, CD,Cl,): & 7.59-7.55 (m, 2 H, Ph), 7.48—7.44 (m, 5 H, Ph), 7.35-7.31 (m, 3 H,
Ph), 7.09 (d, J = 15.5 Hz, 1 H, 5-H), 6.43 (dd, / = 15.4, 10.6 Hz, 1 H, 4-H), 5.71 (d, / = 10.5 Hz, 1 H, 3-H),
2.95(s, 3 H, 1-H or 2-H), 2.66 (s, 3 H, 1-H or 2-H), 2.04 (s, 6 H, 14-H, 2.4 equiv Me,S).
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Dynamic NMR Studies

Samples, prepared as described above, were used to acquire *H NMR spectra (400 MHz) at variable
temperature. Line shape analysis of broadened resonances in the temperature range between -10 and
+20 °C was performed by manual fitting with simulated spectra generated by the DNMR6 algorithm of
iNMR software.?

Determined exchange rate constants kex(T) are gathered in Tablel (main text).

Eyring activation parameters were determined by applying the combined set of temperature-
dependent rate constants kex (s72) in the Eyring equation. Figure S1 shows the resulting Eyring plot for
the data in Table 1, which comprises the exchange rate constants ke for the three different 4*-Tf0O7/5

mixtures in CD,Cl, at seven temperatures.

00
In(ke,/T) = —8352(1/T) +28.2
r*=0.9998
Lo r n=21
g
£-20 F
<
3.0 |
-4.0 L L .
0.0033 0.0035 0.0037 0.0039

1T (K™

Figure S1. Eyring plot for the combined kex(T) from Table 1.
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5.3.3 'H NMR spectrum of 3

i

—

—_—

IH NMR (400 MHz),
20 °C, CDCls

1.00=
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