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Chapter 0: Summary

Chapter 0

Summary

1. General

Carbanions and metallorganic reagents belong to the most important intermediates in
synthetic organic chemistry, allowing numerous types of transformations. Though their
reactions have been studied thoroughly during the last decades, a systematic ordering of their
reactivity in dependence of the structure or the nature of the carbon—metal bond (separated

ions/o-bonded organometallics) has not been achieved so far.

As previously shown, the linear-free energy relationship (1), where E is an electrophile-
specific parameter, and N and sy are nucleophile-specific parameters, can be applied to
characterize the reactivities of nucleophiles and electrophiles. Eq. (1) is based on the reactions
of 7-, n-, and o-nucleophiles with benzhydrylium ions, and structurally related Michael
acceptors (reference electrophiles) covering a range of 40 orders of magnitude of reactivity,
and therefore facilitates the comparison of reagents even when they do not have common

reaction partners.

Igk,(20°C)=s, (N +E) (1)

In this thesis, Eq. (1) was applied to characterize the nucleophilic reactivity of carbanions
with the goal to achieve a systematic ordering in dependence on their structure. Furthermore,
the dependence of the reactivity on the counter ion as well as the transition from solvent-
separated ions to organometallics with covalent metal-carbon bonds were studied using Eq.
(1). The ambident reactivity of enolate ions was studied in the last part of this thesis. Thereby,
the influence of the solvent on the alkylation reactions as well as on the reactivity of

carbanions was analyzed kinetically.

2. Quantification of the Nucleophilic Reactivities of Ethyl Arylacetate
Anions
The second-order rate constants (k) for the reactions of differently substituted ethyl

arylacetate anions with quinone methides and diethyl benzylidenemalonates were determined

in DMSO solution at 20 °C. The measured rate constants correlated linearly with the
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electrophilicity parameters of the respective electrophile allowing us to derive their

nucleophilicity parameters N and sy (Figure 1).
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Figure 1: Left: Correlation of 1g k, for the reactions of ethyl arylacetate anions with quinone methides
and diethyl benzylidenemalonates with the electrophilicity parameters of the electrophiles. Right: N
(sn) Parameters of the ethyl arylacetate anions.

The nucleophilic reactivities of the ethyl arylacetates cover a range of 4 orders of magnitude

and are more reactive than analogously substituted benzyl anions as shown in Figure 2.

R R R R R R
O\/coza O\/CN O\/sozph O\/COPh O\/ NO, \Ej\/sozw3
o S S] S S ©

kre(R = H) 1.0 6.5x 102 1.0x10° 1.6x 10

krel(R = CN) 1.0 9.6 x 107 9.1x 1072 6.6 x 10°° 1.5x10°M@

Figure 2: Comparison of the relative second-order rate constants for the reactions of different benzyl
anions with the Me,N-fBu-quinone methide (structure shown in Figure 1). The reactions of the ethyl
arylacetates were set to unity. [a] Rate constant was calculated by Eq. (1).

The experimental and calculated [by Eq. (1)] rate constants for the reactions of the anion of
ethyl 4-nitro-phenylacetate and different types of electrophiles, such as 1,2-diaza-1,3,-dienes
or trans-[-nitrostyrenes, were within a factor of three in a good agreement. As the ethyl
arylacetate anions are highly reactive nucleophiles, they can be applied for the

characterization of the reactivity of weak electrophiles.

2
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3. Quantification of Ion-Pairing Effects on the Nucleophilic Reactivity of

Benzoyl- and Phenyl-Substituted Carbanions in Dimethylsulfoxide

The kinetics of the reactions of acceptor substituted phenacyl and benzyl anions with
benzhydrylium ions and structurally related Michael acceptors (reference electrophiles) were
studied in DMSO solution at 20 °C. The influence of the counter ion on the kinetics was
studied by varying the concentration of the metal cation in solution while the concentration of
the nucleophile and the electrophile were kept constant. It was found that the structure of the
carbanion has a considerable influence on the strength of the counter ion effects as shown for

some representative examples in Figure 3.

100
80
60
100 k

40

20

0 3 6 9 12 15 18 21
[K*]/ mmol Lt ———e

Figure 3: Plots of the relative first-order rate constants for the reactions of the anions derived from a
monoketone, a fS-diketone, a Sketoester and a f-ketoamide ([carbanion] =~ 10* mol L") with
reference electrophiles ([electrophile] ~ 10~ mol L™") versus the total concentration of potassium
(varied by addition of KBPh,) in DMSO solution at 20 °C.

As all studied carbanions were derived from ketones, esters or f-dicarbonyls, counter ion
effects were found in all experiments. However, while the reactivity of the anions of
monoketones and monoesters decreased only to 60-80% of the reactivity of the free
carbanions by increasing the potassium concentration to 10 mmol L™, the rate constants of the
[-diketon-derived anions decrease to 40—60% of the original value and the reactivity of the
anions of fketoesters or the fketoamide decreased even to 10-20% of the reactivity of the

free carbanions.
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Analogous experiments increasing the concentration of sodium (by addition of NaBPhy) or
lithium (addition of LiBF4 or LiCl) in the solution showed that the counter ion effect increases
in the order potassium < sodium < lithium (Figure 4). Again, the anions derived from /-

ketoesters showed the strongest counter ion effects.

100k,

0 10 20 30 40 50 60
[Alkali] / mmol L1

Figure 4: Plots of the relative first-order rate constants for the reactions of the anion of deoxybenzoin
([carbanion] = 10™* mol L") with the Me,N-rBu-quinone methide ((QM] = 10~ mol L") versus the
total concentration of alkali salt (varied by addition of KBPh,, NaBPhy or LiBF,) in DMSO solution at
20 °C.

Experiments as shown in Figures 3 and 4 and kinetic experiments in presence of 18-crown-6
revealed that, at concentrations < 10~ mol L™, the potassium salts behave as free carbanions
in DMSO solution. Exceptions were the potassium salts derived from f-ketoesters or f-
ketoamides, which already show interactions with potassium at 10~ mol L™'. By addition of

18-crown-6, we could also obtain the rate constants of the free carbanions in these cases.

The second-order rate constants of the reactions of the free carbanions with benzhydrylium
ions and Michael acceptors correlated linearly with the electrophilicity parameters of the
electrophiles (shown for some examples in Figure 5) and from these correlations, the

nucleophilicity parameters N and sy were determined (Figure 6).
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Figure 5: Correlation of Ig k, for the reactions of benzoyl- and phenyl-substituted carbanions with
benzhydrylium ions and Michael acceptors with the electrophilicity parameters of the electrophiles.
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Figure 6: Nucleophilicity parameters N (sy) of the benzoyl-substituted carbanions (top) and phenyl-
substituted carbanions (bottom).

As the phenyl-substituted carbanions are much more reactive than analogously substituted

benzoyl carbanions, different reference systems had to be used when the reactivities in both

series are compared (Figure 7). However, the illustration in Figure 7 reflects the saturation

effect, as the differences in the relative reactivities are more pronounced for the phenyl-

substituted carbanions than for the benzoyl-substituted carbanions.
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Figure 7: Relative rate constants for the reactions of the benzoyl-substituted carbanions with (1il),CH"
(left) and the phenyl-substituted carbanions with the NMe,-tBu-quinone methide in DSMO at 20 °C
(right). Rate constants of the nitro-substituted carbanions were set to unity. [a] Eur. J. Org. Chem.
2013, 4255-4261. [b] J. Org. Chem. 2004, 69, 7565-7576.

Furthermore, Breonsted-plots showed once more that basicity is not a reliable parameter to

predict relative reactivities of carbanions.

4. Quantification of the Nucleophilic Reactivities of Cyclic S-Ketoesters

The rate constants for the reaction of the potassium salts of cyclic f-ketoesters with quinone
methides (reference electrophiles) were determined in DMSO solution at 20 °C. Thereby, the
ring-size of the fketoester was varied studying the 5-8- and the 12-membered rings. Like the
anions derived from acyclic fketoesters, the studied potassium salts showed counter ion
effects at low concentrations (10 *~10~ mol L™"). However, it was found that the strength of
the counter ion effect depends on the ring size. As shown in Table 1, the ratio between the
second-order rate constants for the reactions of the anions of the cyclic fketoesters with the
NMe,-Ph-quinone methide (for structure see Table 1) in presence of 18-crwon-6 (free

carbanions) and in absence of 18-crown-6 (potassium salts) decrease with increasing ring size.
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Table 1: Secon-order rate constants for the reaction of the anions of cyclic fketoesters with the
NMe,-Ph-quinone methide in presence and in absence of 18-crown-6 (DMSO, 20 °C).

)n

o N Ph o COzEt
éo/coza N _ka Ph
w2 T
h Me,N o

Ph

n P
C o k, /L mol s ky(K*/crown)
Ring Size K*/crown K* [ kx(Kh)
5 1.69 x 10* 1.39 x 10* 1.22
6 1.33 x 10* 1.14 x 10* 1.17
7 1.09 x 10° 9.55 x 10* 1.14
8 9.38 x 10* 8.09 x 10* 1.16
12 3.09 x 10* 2.97 x 10* 1.04

As shown in Figure 8, the relative rate constants of the reactions of the anions of the cyclic /-
ketoesters with the NMe,-Ph-quinone methide at variable potassium concentrations (by
addition of KBPh4) behave differently with respect to the ring size. While the reactivities of
the 6-membered ring decrease to 10-15% of the reactivity of the free carbanion, the rate
constants of the 12-membered ring remain at 80% with respect to the free carbanion at [K'] =
102 mol L.
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Figure 8: Plots of the relative first-order rate constants for the reactions of the anions of cyclic £
ketoesters (¢ = 10™* mol L") with the NMe,-Ph-quinone methide (¢ ~ 10> mol L ™) versus the total
concentration of potassium (varied by addition of KBPh,) in DMSO solution at 20 °C.

From kinetic experiments in the presence of 18-crown-6, the second-order rate constants for
the reactions of the free carbanions of the cyclic f~ketoesters with quinone methides were
determined in DMSO solution at 20 °C. The left part of Figure 9 shows two examples how the

rate constants of these reactions vary with the ring size.
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From linear correlations of the second-order rate constants of the reactions of the anions of the
cyclic f-ketoesters with quinone methides with the electrophilicity parameters of the quinone
methides, the nucleophilicity parameters N and sy were derived (Figure 9, right). As shown in

the right part of Figure 9, the sensitivities (sn) decrease with the ring size of the carbanions.
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Figure 9: Left: Plots of the second-order rate constants for the reactions of the anions of the cyclic £
ketoesters with quinone methides versus their ring size. Right: nucleophilicity parameters, N (sx), of
the free carbanions.

5. From Carbanions to Organometallic Compounds: Quantification of

Metal-Ion-Effects on Nucleophilic Reactivities

The kinetics of the reactions of organometallic derivatives of cyclopentadiene, indene and
fluorene with benzhydrylium ions and structurally related Michel acceptors (reference

electrophiles) were studied in DMSO and CH,Cl, solution at 20 °C.

The kinetic experiments of the alkali metal derivatives (K, Na, Li) were performed in DMSO
solution and show that the potassium salts of cyclopentadiene, indene and fluorene behave as
free carbanions at concentrations of 10°~10~ mol L™ and that the reactivity of these alkali
metal derivatives increase from cyclopentadiene — indene — fluorene due to
benzoannelation. Furthermore, it was found that the counter ion effect increased in the same

order as the reactivity: cyclopentadiene — indene — fluorene.

As the second-order rate constants of the reactions of the alkali derivates with Michael
acceptors correlated linearly with the E-parameters of the electrophiles, the nucleophilicity

parameters N and sy could be calculated according to Eq. (1) (Figure 10).

8
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Figure 10: Left: Correlations of the second-order rate constants for the reactions of the potassium salts
(free carbanions) of cyclopentadiene, indene and fluorene with Michael acceptors with their
electrophilicity parameters. Right: nucleophilicity parameters N and sy of the alkali derivatives of
cyclopentadiene, indene and fluorene.

The zinc derivatives of cyclopentadiene, indene and fluorene were generated by treating the

neutral compounds with TMP-bases as shown in Scheme 1.

O e, &

DMSO
ZnCI'LiCl ZnCI'LiCl ZnBrLiBr ZnlLil ZnCI'LiCl

Scheme 1: Generation of the zinc derivatives of cyclopentadiene, indene and fluorene. TMP = 2,2.6,6-
tetramethylpiperidine.

The kinetics of the reactions of the organozinc reagents from Scheme 1 with benzhydrylium
ions were performed in DMSO solution at 20 °C. These second-order rate constants correlated
linearly with the electrophilicity parameters of the benzhydrylium ions allowing us to

calculate the nucleophilicity parameters N and sy of the organozinc derivatives (Figure 11).

14.05 (o 66)  14.37 (o 49) 1552 (0.51) 16.46 (0.48) 18.09 (0.43)
ZnCILICI . __ ZnlLil ZnBrLiBr Qlum ZnCILiCI
7 | | |
| l ] | ] | N
1 1 1 1 T —
13 14 15 16 17 18

Figure 11: Nucleophilicity parameters, N (sn), of the zinc derivatives of cyclopentadiene, indene and
fluorene.
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Figure 11 shows how the reactivity of the organozinc derivatives of indene depend on the
halide anion, being indenlyzinc iodide the least reactive, while indenylzinc chloride is the
most reactive nucleophile in this series. While the alkali derivatives of fluorene are
considerably more reactive than the corresponding indenyl and cyclopentadienyl compounds,
Figure 11 shows that the zinc derivative of fluorene is less reactive that the corresponding
indenyl and cyclopentadienyl compounds. This reactivity ordering is explained by different
reaction mechanisms: the zinc derivatives of cyclopentadiene and indene react with the
benzhydrylium ions via a Sg2’ mechanism whereas the zinc derivative of fluorene via a Sg2

mechanism.

Kinetic experiments of the reactions of indenyl-zinc-reagents with benzhydrylium ions in
presence of additives (LiCl, LiBr, BuyNCIl, MgCl,) showed that the nucleophilic reactivity
increases with the concentration of the additives, which is explained by halide exchange and
the formation of zincates. However, the magnitude of these effects depended on the

organozinc reagent as well as on the additive.

The reactions of the tin and silicon derivatives of indene with benzhydrylium ions were
studied kinetically in CH,Cl, solution at 20 °C. The second-order rate constants correlated
linearly with the electrophilicities of the benzhydrylium ions. The nucleophilicity parameters
of the organotin and organosilicon compounds were calculated according Eq. (1) from these

correlations (Scheme 2).

sy = 0.81 sy=1.05
SnMej SiMes

Scheme 2: Nucleophilicity parameters N and sy of the tin- and silicon-derivates of indene.

This work allowed us to investigate the changes in the reactivity of C-nucleophiles by metal-
coordination as shown for indene in Figure 12. The nucleophilic reactivities of the different

organometallic derivatives of indene cover a range of about 20 orders of magnitude.

10
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Figure 12: Correlation of the second-order rate constants for the reactions of different organometallic
derivatives of indene with benzhydrylium ions and quinone methides with the electrophilicity
parameters of the electrophiles.

6. Ambident Reactivity of Enolates in Polar Aprotic Solvents

The ambident reactivities of enolate ions have been studied for decades concluding that their
regioselectivity depends on the nature of the nucleophile and the electrophile, the solvent, the
counter ion, temperature and concentration. In this work, we studied systematically the
influence of these parameters on the alkylation reactions of the anion of deoxybenzoin

(Scheme 3).

o o o8 X=F Solvent=DMSO  M°= K®®
= BuX u cl DMF Na
ph)@/F’h " Solvent Ph)l\(Ph * Ph)\/Ph Br THF Li®
® Temperature Bu I Acetone
M OTs Et,0
OMes
0S0,Bu
OP(OBu);

Scheme 3: Alkylation reaction of the anion of deoxybenzoin.

The synthetic experiments show that the oxygen-alkylation was favored when the solvent
polarity increased. However, no linear relationships were found between the product ratios
and various solvent polarity parameters (Er", acceptor number, relative permittivity).
Influenced by the solvent polarity, the amount of oxygen-alkylated product increased when
the counter ion was better solvated (Li — Na — K — K/crown). Furthermore we found that
the regioselectivity decreased with increasing temperature, and C-alkylation became more

favored with decreasing concentrations.

11
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The reactions of the anion of deoxybenzoin with quinone methides (reference electrophiles)
were studied kinetically in DMF, THF, and acetone solution at 20 °C. The obtained second-
order rate constants for these reactions allowed us to calculate, according to Eq. (1), the

nucleophilicities of the anion of deoxybenzoin in different solvents (Scheme 4).

fe) DMSO DMF THF Acetone
)K/ph N=2315 N=2669 N=2436 N=2194
Ph™ sN=060 sy=039 sy=050 sy=0.60

Scheme 4: Nucleophilicity parameters of deoxybenzoin in different solvents.

The measured second-order rate constants for the reactions of the anion of deoxybenzoin with
quinone methides did not correlate with different solvent parameters (Er", acceptor number,
relative permittivity). Moreover, the product ratios (C/O-alkylation) did not correlate with the

nucleophilic reactivities in the respective solvent.

Introducing electron withdrawing groups in the anion of deoxybenzoin favored C-alkylation,
while introducing electron demanding substituents favored O-alkylation. The nucleophility
parameters of the anions of the substituted deoxybenzoins were derived from kinetic
experiments of the carbanions with quinone methides in DMSO solution at 20 °C according to

Eq. (1) (Scheme 5).

wOMe w )CL/©/CN )CL/@NOZ
Ph 5 Ph 3 Ph 35 Ph 35

N =27.46 N =23.15 N =20.20 N=19.14
SN = 0.41 SN = 0.60 SN = 0.70 SN = 0.64

Scheme 5: Nucleophilicity parameters of the anions of substituted deoxybenzoins in DMSO.

The product ratios of the alkylation reactions of the anions of the substituted deoxybenzoins
with butyl iodide and butyl tosylate correlated linearly with Hammett’s o}, parameters as well

as with the nucleophilicities of the carbanions (Figure 13).

Kinetic studies of the reactions of deoxybenzoin with butylation agents were performed.
However, the product ratios for the alkylations of the anion of deoxybenzoin with Bul in
different solvents did not correlate with the second-order rate constants of these reactions.
Analogously, no correlation was obtained when the product rations of the alkylations of
deoxybenzoin with different electrophiles (butyl halides, -tosylate) in THF were correlated

with the second-order rate constants of these reactions.

12
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Figure 13: Correlation of the product ratios of the alkylations of the anions of substituted
deoxybenzoins with butyl iodide and butyl tosylate in DMSO with o, -parameters (left) and the
nucleophilicities of the carbanions in DMSO (right).

The data from the synthetic experiments and the kinetic measurements were compared with
analogous experiments reported in the literature, which partly confirm and partly contradict
the results of this work. Thus, it does not seem to be general rules which can predict the

regioslectivity of enolate ions and each system has to be treated individually.
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Chapter 1

Introduction

1. General

Organometallic compounds generally contain a more or less polar carbon-metal bond.!"
Since Frankland’s synthesis of diethyl zinc®! and Grignard’s synthesis of organo-magnesium
compounds™ in the middle of the nineteenth and in the early twentieth century, a wide range
of organometallic compounds have been studied and numerous applications in synthetic
chemistry have emerged from organometallic chemistry.**! The formation of new carbon—
carbon bonds is one of the central aims of organic chemistry, and organometallic compounds
have been shown to be excellent nucleophiles for this approach as they can undergo

practically unlimited transformations with all kinds of electrophiles.*®

The reactivity of organometallic reagents depends strongly on the nature of the metal. Highly
polarized carbon—-metal bonds, such as in organo-lithium, organo-sodium or organo-
magnesium compounds, are highly reactive, but often show low selectivity."”) Lower
reactivity, associated with higher stability and remarkable tolerance towards functional groups
is found when the carbon—metal bond becomes more covalent, as it is in organo-zinc

[5,6d,e,8

reagents. I Transition metals often enhance the reactivity of organometallic reactants

without negative consequences for the selectivity."”’

1.1. Carbanion Chemistry

Carbanions belong to the most useful intermediates in synthetic organic chemistry which
undergo numerous reactions as substitutions or additions as shown for some examples in

Scheme 1.1

RG: + R Ha ——> R7CR, + Halo

R'_~_0 R %
)
RSC: + \/\ﬁ - . W
R RiC R
R\ R R
Q RsC R
RsCt ¥ °c — = 09
R

R’ R R
R R o
RgC(? + \/.:O e R3C+O
R' R'
Scheme 1: Examples of reactions of carbanions with different electrophiles.
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Depending on their structure, the stability and reactivity of carbanions reach from highly
reactive intermediates with short live-times to carbanions which are even stable in aqueous
solutions. One of the factors which affect the stability of carbanions is the hybridization of the
carbanionic center. The increasing stabilization in the row sp’ to sp” to sp hybridization'"" is
demonstrated by the gas-phase acidities (heat of dissociation AH°) for ethane
(1759 kJ mol "), ethene (1714 kJ mol ') and ethyne (1582 kJ mol ). A further factor which
influences the stability and the reactivity, is the Hiickel aromaticity. Comparison of the pK,
values in DMSO shows that the stability of the carbanions decreases from the

cyclopentadienyl anion to the indenyl anion to the fluorenyl anion (Figure 1).['"""*!

Lo e B o

pKy = 18.0 20.1 22.6 10.5 17.9

Figure 1: Cyclopentadiene and derivatives with their pK, values in DMSO.!"""*! Figure adapted from
ref.l']

Another important factor contributing to the stability and reactivity of carbanions, is also
shown in Figure 1: the substitution at the carbanionic center. Whereas the acidity decreases
from cyclopentadiene to fluorene, 9-phenylfluorene has a similar pK, value as
cyclopentadiene and fluoradene is that acidic that its conjugated base is even stable in
water."!  The gas-phase acidities of methane, toluene, diphenylmethane, and
triphenylmethane (Table 1),'* show that the more highly substituted center is more likely to
give up a proton, hence triphenylmethanide is the most stable carbanion in this series. As gas-
phase acidities do not always describe the same situation as solution acidities,"'*™ Table 1 also
depicts the pK, values in DMSO. However, not only the number of substituens (primary,
secondary, tertiary carbanions), but the electron withdrawing ability of the groups adjacent to
the anionic center influence the stability and the reactivity of a carbanion. As Table 1 shows,
the gas-phase and solution acidities change by introducing electron withdrawing groups in
methane, increasing the acidity in the series toluene — acetonitrile — acetone —

nitromethane.
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Table 1: Gas-phase acidities of a-substituted methanes.

AH° / pK, AH° / pK,
kJ mol”! (DMSO) kJ mol”! (DMSO)
H,C-H 174401 56T PhCH,-H 15961 <430
PhCH,-H 1596  ~43[ NCCH,-H 15571 313
Ph,CH-H 1526 3230 CH;COCH,-H 1549 2650
Ph,C-H 1503 306 0,NCH,-H 149901 172U

[a] From ref."¥ [b] From ref.!" [¢] From ref.""® [d] From ref.["*

Especially when the negative charge of the carbanion is stabilized by resonance, as it is in
nitromethane or in enolate ions (Scheme 2), remarkably stable carbanions can be obtained.
? o o
® 0 o 5 2 - >
_CH N=CH o
CH, og CH, R)J\CHZ R/gCHZ

Scheme 2: Possible resonance structures of nitromethanide and of an enolate ion.

Such carbanions, in particular nitromethanides and enolate ions, can, due to the charge
delocalization over more centers, attack possible electrophiles by different atoms (here carbon
or oxygen); they are ambident nucleophiles."”) The ambident reactivity of a ketone-derived
enolate is shown in Scheme 3, where different conditions, such as counter ion, temperature

and solvent lead to different reaction products.!"®!

CH O (0]
2 M=kt MY M* = Li*
0 -~ ——
é tBuOH Hexane é
reflux Br

—60 °C

Scheme 3: Reactions of potassium 6-bromo-2-oxohexan-1-ide (left) and lithium 6-bromo-2-oxohexan-
1-ide (right).!""!

However, the influence of counter ions, solvent, and temperature, which affect the ambident
reactivity of enolates, have been studied for a variety of alkylation reactions of carbanions
derived from ketones, esters, f-diketones, [-ketoesters and phenolates concluding that all
these factors influence the regioselectivity of the alkylation reactions.'” Furthermore, NMR
experiments showed that the 'H and "*C chemical shifts of carbanions are affected by solvent,
temperature and counter ion as well.?”! Lithium indenide in dimethyl ether, for example,
undergoes a gradual conversion from contact ion pairs into solvent separated ion pairs by
decreasing the temperature, as it was concluded from up filed shifts of the resonances in
'H NMR experiments.'*” The interactions of the carbanion and the counter ion, depending on

the structure of the carbanion and the nature of the metal cation, can have consequences for
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the configuration of the carbanion and/or lead to formation of dimers and aggregates having
consequences to their reactivity.”") Lithium enolates, for example, are know to form dimmers
and tetramers in ethereal solution, however, the reactive species in those solutions is the

monomeric carbanion.'#!

1.2. Organozinc Compounds

Organozinc reagents are characterized by polar o-bonds between metal and carbon and
consequently, their reactivity is more moderate than that of the corresponding organoalkali
compounds. The low toxicity and price of zinc are not insignificant factors which promoted
its applications in synthetic chemistry.[****¢! As shown in Scheme 4, organozinc compounds
are ecasily accessible by different routes as metal insertion in alkyl- and aryl-halides, by

halogen/metal-exchange or by direct metallation using zinc-amine-bases.'*"!

Zn

Metal Insertion \

Y, Y,
Fel D x Fel D z0x
S )

V4 Z

R»Zn, 10% Li(acac) /

L Halogen/Metal-Exchange

28 TMP-ZnCILiCl AN
FG{ }H FG{ }chmm
v Vi

Scheme 4: Different routes for the synthesis of organozinc reagents. Figure adapted form ref.!*

As mentioned above, organozinc reagents allow a wide range of transformations and
reactions, however, additives such as lithium, magnesium, copper, etc., can influence their
regioselectivity, enhance their nuleophilic reactivity or improve the yields in transition metal

catalyzed reactions (Scheme 5).1*4¢%2!
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O O 1) MgCl, (0]
| _ 1) TMP-ZnCI'LiCl 2) TMP-ZnCI-LiCl
| 2)1, |31, |
O (@) (@) |
7% 84%
)?\ Zn-Reagent HO FEt
—_—
Ph CF3 Ph CF3
Zn-Reagent  Conversion
EtZnClI 4%

EtZnCl + LiCI  60%
EtZnMgCl, + LiCl ~ 72%

+ - =
o~ Additive Additive Conversion
Ph Br none 0%
MgCl,  15%

LiCl  quantitative

Scheme 5: Transformations of organozinc reagents with different additives.

1.3. Organotin and Organosilicon Compounds

Organotin and organosilicon compounds are characterized by a even less polar carbon—metal
bond, which makes them air and temperature stable.!'! Organotin reagents are versatile tools

in organic synthesis including allylations or palladium catalyzed cross-couplings, such as the

Stille-reaction (Scheme 6).*
~ A ~_-SnBug Ar—SnMe; R\/\SnBus
J X e
R Ar'” >Cl [Pd]

OH

o)
RSN
R)\(\ Ar)J\Ar'

Scheme 6: Examples for reactions of organotin reagents.

Organosilicon compounds are the most stable organometallic reagents, finding important
industrial applications as in silicones and silanols.** Furthermore, silicon plays a significant
role in synthetic chemistry as protecting-group for alcohols or as reagent in the Hosomi-

[2 [27]

Sakurai-,[zs] Mukaiyama-aldol-reaction, %1 or the Peterson-olefination.
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2. Objectives

As explained above, the structure of a carbanion is one of the principal factors influencing its
stability and reactivity. However, the acidities (pK, values) of their conjugate acids give only

a rough idea about their reactivities.**

By application of the linear-free energy relationship (1), where E is an electrophile-specific
parameter, and N and sy are nucleophile-specific parameters which are derived from the rates
of the reactions of 7-, n-, and o-nucleophiles with benzhydrylium ions and structurally related
Michael acceptors (reference electrophiles), a variety of reagents have previously been

characterized.””

Igk,(20°C)=s (N + E) (1)
This methodology allows the comparison of nucleophiles and electrophiles in a wide range of
reactivity. Therefore, this method is applied for the characterization of the nucleophilic

reactivities of carbanions of variable structure (Scheme 7). Thereby, the influence of - and

remote substituents on the reactivity of carbanions is studied.

0]
S

©

substituents at electron a-alkylation:

aromatic moiety withdrawing groups Ring size
R=H X=Ph X, Y =Ph

OMe COPh CO,Et

Cl CN

Br COMe

CN COPh

NO, SO,Ph

NO,

Scheme 7: General structures of carbanions studied in this thesis.

Kinetic experiments with carbanions in the presence of different counter ions as well as at
high concentration of metal cations will show how the carbanion/metal ion interactions

depend on the nature of the metal and the constitution of the carbanion.

The linear-free energy relationship (1) allows the characterization and comparison of
nucleophiles and electrophiles towards their reactivity over a range of 40 orders of magnitude.
Therefore the nucleophilic reactivities of free carbanions as well as organozinc, -tin and -

silicon reagents can directly be compared.

The ambident reactivity of enolate ions is studied in the last part of this thesis. Thereby, the

influences of solvent, counter ion, temperature and concentration on the regioselectivity, are
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studied sytematicaly. The effect of the solvent on the nucleophilic reactivity of carbanions is

also analyzed in this part.

As parts of this thesis have already been published or will be submitted for publication,

individual introductions will be given at the beginning of each chapter. In order to identify my

contributions to multiauthor publications/chapters, the experiments which were not performed

by me are marked in the respective Experimental Sections.
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Chapter 2

Quantification of the Nucleophilic Reactivities of

Ethyl Arylacetate Anions

Francisco Corral Bautista and Herbert Mayr

Eur. J. Org. Chem. 2013, 42554261

1. Introduction

The anions of ethyl arylacetates are frequently used as nucleophiles in Michael additions!"

and Claisen condensations.'”! Furthermore, they can easily be alkylated or added to carbonyl
groups, imines, or acetylenes leading to a wide variety of products of biological and medicinal

interest.'43-)

During the last decades, we have constructed a comprehensive nucleophilicity scale, which is
based on reactions of 7-, n-, and o-nucleophiles with benzhydrylium ions, structurally related
quinone methides, and diethyl benzylidenemalonates.”'"! The second-order rate constants of
these reactions have been described by Equation (1), where E is an electrophile-specific

parameter, and N and sy are nucleophile-specific parameters.!'!

lgkr (20°C)=sn (N+E) (1)

We now report on the kinetics of the reactions of the anions of ethyl arylacetates 1 (Scheme 1)
with the reference electrophiles 2 and 3 (Table 1) in DMSO solution and use these data to
include the anions 1a—f in our nucleophilicity scale.”” Subsequently, we determine the rate
constants for the reactions of the ethyl 4-nitrophenylacetate anion (1e) with different types of

electrophiles and compare the results with the rate constants calculated by Equation (1).

[a]
X R S(CH) Amax

)Sv 12 CH H Bl 340
R b CH 3-Cl 379 348
AN COE o 0 oy 4B 376 352

© K 1d CH 4CN 403 405
fe CH 4-NO, 462 550
1#f N H 380 350

Scheme 1: Anions of the ethyl arylacetates 1, the '"H NMR chemical shifts of the corresponding
benzylic protons and Ap. (in nm) of the anions in DMSO solution. [a] 'H NMR in [Ds]-DMSO
solution at 200 MHz. [b] Due to H-D-exchange with the solvent J (1a) was not observable.
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Table 1: Quinone methides 2 and diethyl benzylidenemalonates 3 as reference electrophiles employed
in this work.

Electrophile R' R® E "
NN R! Ph 4-OMe 2a -12.18
R2-+ Bu 4-NO, 2b 1436
Z o /Bu 3-F 2¢  -15.03
R! Bu 4-Me 2d  -15.83

Bu 4-OMe 2¢e -l6.11
OMe 4-OMe 2f  -16.38
Bu 4-NMe, 2g -17.29

I N l tBu 2h 1790
N O
tBu
AN COE R = 4-NO, 3a®  —17.67
Rm)ﬁ R=3-Cl 3b 1898

R=H 3¢ -20.55
R =4-Me 3d  21.11
[a] Electrophilicity parameters from refs.[™%“3I [b] Used only for

product studies.

2. Results and Discussion

2.1. Product Studies

Solutions of the anions 1 were generated by treatment of the esters 1-H with potassium tert-
butoxide (KO7Bu ~1.05 equiv.) in DMSO and combined with solutions of 2 in DMSO (with
5-10 % dichloromethane as cosolvent). After aqueous, acidic work-up, the crude reaction
products 4 were purified by chromatography and characterized by NMR spectroscopy and
mass spectrometry. In all cases, the products 4 were obtained in good to excellent yields as

mixtures of two diastereoisomers (Scheme 2).

Ar<__CO,Et

1-H

o 0 L
u 1 A CO,Et
lDMSO e o ' 2
) tBu tBu
Ar__CO,Et -
© R OH

2)H*
1 tBu
4
1 Ar 2 R 4 Yed ar®
1a  CgHs- 29 NMe, 4a 83% 113
1b  3-Cl-CgHy- 29 NMe, 4b 86% 1:1.1
1c  4-Br-CgHy- 29 NMe, 4c 97% 1:1.1
1d  4-CN-CgH,- 29 NMe, 4d 95% 1:1.5
1e  4-NO,-CgHy- 2b NO, de 84% 12
1f  Pyridin-4-yl 2g NMe, 4f 94% 1:1.3

Scheme 2: Products of the reactions of the anions of ethyl arylacetates (1) with quinone methides 2 in
DMSO at 20 °C. [a] Determined by 'H NMR after purification by chromatography.
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Only 14% of 5a was obtained, when 1a was combined with the benzylidenemalonate 3a in
DMSO even when 10 equiv. of 1a were employed. Combinations of 1a with less reactive
electrophiles such as 3d, gave complex product mixtures, from which the addition products 5§
could not be separated. The adducts S could be isolated as the only products after acidic work-
up, however, when the reactions where carried out in THF (Scheme 3). While the reactions of
the unsubstituted anion 1a and the m-chloro-substituted anion 1b with 3a gave around 45% of
Sa and S5b respectively, almost quantitative yields of 5d and 5f were obtained from the
reactions of the less reactive anions 1d and 1f with 3a. Methylation of the initially formed
anionic Michael adducts (5 and 5°”) yield different types of products, 6a for Ar = Ph, and 6d
for Ar = 4-CN-C¢H4. The HMBC-spectra of both diastereoisomers of 6a show 3JCH couplings
of the methyl group to the two carbonyl carbons of the malonate group. On the other hand, the
HMBC-spectra of both diastereoisomers of 6d show *Jcy-couplings from the Me-group to
only one carboxyl-carbon and “Jcy-couplings of the CH-group to the two carboxyl-carbons of
the malonate group (Scheme 3). Though it is quite likely that the formation of 6a and 6d
indicates that 1a and 3a yield an adduct with a malonate anion structure (5”), while 1d and 3a
yield an ester-stabilized p-cyano-substituted benzyl anion (5°’), this conclusion is not

unequivocal because we do not know the relative rates of methylation and proton transfer.

The reaction of ethyl 4-nitrophenylacetate (1e-H) with the trans-fS-nitrostyrene 7a catalyzed
by 10 mol% of 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) in dichloromethane gave 52% of 8 as

a 1:1.1 mixture of two diastereoisomers (Scheme 4).

From the reaction of 1e (generated from le-H and KO7Bu) with the 1,2-diaza-1,3-diene 9a in

DMSO, 10 was obtained in 87% yield as a 1:1 mixture of diastereoisomers (Scheme 5).

As the reactions of the anions 1 with the benzylidene malononitrile 11 in DMSO are highly
reversible, the addition products could not be isolated. However, when the CH acid 1e-H was
mixed with 1 equiv. of KO7Bu and 1 equiv. of 11 in [Ds]-DMSO, the formation of the adduct
12 (as a mixture of two diastereisomers) was observed by NMR spectroscopy (Scheme 6).
Though not all "H NMR signals could be assigned to the reaction product 12, the signals of
the benzylic protons and carbons could unequivocally be assigned. With >J = 12 Hz, the
vicinal coupling constant between the benzylic doublets is of similar magnitude as in the

structurally analogous products 4 and 5.
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EtozcW EtO,C.__CO,Et
Ar EtO,C N
1-H | - R
Ar Pz
KOtBu H* 5 \_p
EtO,C.__CO,Et EtO,C . © CO,Et EtO,C CO,Et
EtO,C |
e N EtO,C N =M. EtOC N
Ar TR - o0
¥z Ar | _ R ¥z
1 3 5
¢Me2804
¥ VY
EtO,C. | CO,Et
EtO,C N
| R
Ar Pz
6a
1 Ar 3 R work-up 5 Yield ar®
1a CeHs- 3a  4-NO, H;0* 5a 42% 1:1.7
1a CeHs- 3d  4-Me H,0* 5a-Me  48% 1:3.7
1b  3-Cl-CgH,- 3a  4-NO, H,O* 5b 47% 1:1.2
1d  4-CN-CgH,- 3a  4-NO, H,O* 5d 84% 1:1
1f  Pyridin-4-yl 3a  4-NO, H,0* 5f 90% 1:1.2
1a 6Hs- 3a  4-NO, Me, SO, 6a 50% 1:1.2
1d  4-CN-CgHy- 3a  4-NO, Me,SO, 6d 83% 1:1.1

Scheme 3:

Products of the reactions of the anions of ethyl arylacetates 1 with diethyl

benzylidenemalonates 3 in THF at ambient temperature and HMBC correlations (double-headed
arrows in formula of 6). [a] Determined by 'H NMR after purification by chromatography.

02N /@/\/
T coos”
COOEt MeO

1e-H 7a

O,N
NO, DBN (10 mok-%) ‘ COoEt

CH2C|2 NOZ

MeO I

8 (52%) dr ~ 1:1.1 @l

Scheme 4: Reaction of le-H with the trans-f-nitrostyrene 7a with catalytic amounts of DBN in
dichloromethane at 20 °C. [a] Determined by 'H NMR-spectroscopy.
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Scheme 5: Reaction of the anion 1e with the 1,2-diaza-1,3-diene 9a in DMSO at ambient temperature.

[a] Determined by 'H NMR-spectroscopy.
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O,N
OoN xCN  KOtBu O CO,Et
\©\/ ' ©/\( CN
COOEt e N CN  4s-DMSO O 6
MezN

CN

1e-H 11
e 12 dr~1:132

Scheme 6: Reaction of the anion 1e with 11 in [Dg]-DMSO.

2.2. Kinetic Investigations

The reactions of the ethyl arylacetate anions 1a—f with the electrophiles 2, 3,7, 9, and 11 were
performed in DMSO solution at 20 °C and monitored by UV-Vis spectroscopy at or close to
the absorption maximum of one of the reagents (compare Table 2 and Experimental Section).
Due to their low stability, the potassium salts of the ethyl arylacetates (1a—f)-K were not
isolated, but were generated by deprotonation of the corresponding CH acids (1a—f)-H with
KOBu (typically 1.05 equiv.) in DMSO prior to the measurements. The complete
deprotonation of the CH acids was demonstrated by combining solutions of (1la—f)-H with
1.05 equivalents of KOsBu in DMSO. After completion of the deprotonation, the
concentration of the carbanions (determined by UV-Vis-spectroscopy) remained constant and

did not even increase when 2—5 additional equiv. of KO7Bu were subsequently added.

To simplify the evaluation of the kinetic experiments, one of the reactants, either the
nucleophile or the electrophile, depending on their absorption spectra, was used in large
excess (> 10 equiv.). Thus, the concentrations of the major components remained almost
constant throughout the reactions, and pseudo-first-order kinetics were obtained in all runs.
The first-order rate constants kq,s were derived by least-squares fitting of the exponential
function 4, = Apexp(—kobst) + C to the time-dependent absorbances A; of the minor component.
Second-order rate constants were obtained as the slopes of plots of ks versus the

concentrations of the compound used in excess (Figure 1).

For all reactions described in Tables 2 and 3, second-order rate constants were derived as the

slopes of the linear plots of ks vs. the concentrations of the compounds used in excess.
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Figure 1: Plot of the absorbance 4, (521 nm) vs. time for the reaction of 1a (1.77 x 10> mol L") with
2h (1.95 x 10* mol L™") in DMSO at 20 °C (left). Plot of the first-order rate constants ko, vs. the
concentration of 1a (right).

Table 2: Second-order rate constants k, for the reactions of the carbanions la—f with the reference
electrophiles 2 and 3 in DMSO at 20 °C.

. N . ky/ A Excess
Nucleophile Sx Electrophile L mols™ am'® of
@\ﬁ 27.54 2f 221 x10° 407 1a
< oEt  0.57 2g 551x10° 486 la
1a 2h 2.86x10° 521 la
3b 7.43 x 10° 340 3b
3c 1.00 x 10* 340 3c
3d 391 x10° 345 3d
cl 27.57 2f 9.06 x 10° 407 1b
@\ﬁ 0.53 29 233x10° 486 1b
S OE 2h 124x10° 521 1b
1b 3b 229x10* 350 3b
3c 6.09 x 10° 350 3c
3d 249 x10° 350 3d
Brm 27.62 2f 9.89 x 10° 407 1c
Hoer  0.53 2g 321 % 102 486 1c
10 2h 1.53 x 10 521 1c
NC o 23.64 2g 1.14 x 10* 486 1d
\©\/‘L0Et 0.65 2h 590x10° 521 1d
" 3b 9.65x 10> 405  3b
ON ) 20.00 2a 263x10° 422 le
©\/‘L0Et 0.71 2b 1.35x 10" 374 le
to 2¢ 3.68x10° 354 le
2d 8.80 x 10° 371 le
2e 490 x 10> 393 1le
2g 721 x10" 450 le
NEe 23.27 2d 1.54x10° 371 1f
O\e)*oa 0.70 2e 9.46 x 10 393 1f
1 2g 1.51 x 10* 486 1f
2h 6.77x10° 521 1f
3b 8.74 x 10> 351 3b

[a] Monitored wavelength.
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For all investigations in DMSO solution, the CH acids (1a—f)-H were deprotonated with
KO#Bu leading to anions with potassium as counter ion: (1la—f)-K. It was found that the first-
order rate constants kqps obtained in the presence and in the absence of 18-crown-6 ether were
on the same kobs vs. concentration plots (see Experimental Section) indicating that the nature
of the counterion does not play a role, i.e., that the determined rate constants reflect the

reactivities of the free carbanions.

2.3. Correlation Analysis

Plots of lg k, for the reactions of the carbanions 1 with the reference electrophiles 2 and 3
against the electrophilicity parameters £ were linear, as shown for some representative
examples in Figure 2. As depicted in the Experimental Section, all reactions studied in this
work followed analogous linear correlations, indicating that Equation (1) is applicable to these
reactions. From the slopes of these correlations, the nucleophile-specific parameters sy are
derived, and the negative intercepts on the abscissa (Ig k&, = 0) correspond to the

nucleophilicity parameters N (Table 2).

lg k,

-22 -20 -18 -16 -14 -12
Electrophilicity E

Figure 2: Correlation of the rate constants Ig k, for the reactions of the nucleophiles 1 with the
electrophiles 2 and 3 in DMSO with their electrophilicity parameters E.

In order to examine the applicability of the N and sy parameters thus derived to predict rate
constants for reactions with other classes of electrophiles, we investigated the rate constants

for the reactions of the ethyl 4-nitro-phenylacetate anion (1e) with the frans-f-nitrostyrenes
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7a,b, the 1,2-diaza-1,3-dienes 9a,b, and the benzylidene malononitrile 11 in DMSO at 20 °C
by the photometric method used above. Table 3 shows that in all cases the experimental rate
constants agreed within a factor of 3 with those calculated by Equation (1), confirming the
applicability of the reactivity parameters N and sy reported in Table 2 for predicting rate

constants with other types of electrophiles.

Table 3: Experimental and calculated [by Equation (1)] second-order rate constants for the reactions of
ethyl 4-nitrophenylacetate anion (1e) with various electrophiles 7, 9 and 11 in DMSO at 20 °C.

Electrophiles E" I /Lmol’s’ k™ ™/ Lmol's™ K,/ k™M
N2 R=0Me 7a -14.70 3.15 % 10° 5.79 x 10° 0.54
Rm R=Br 7b -13.37 1.66 x 10* 5.10 x 10* 0.33
JU H R=NMe, 9a -15.38 5.43 % 10° 1.91 x 10° 2.8
RN Men R=OEt  9p 1328 1.34x10° 5.90 x 10 23
(e}

mCN 11 -13.30 1.85 x 10* 5.71 x 10* 0.32
MezN CN

[a] Electrophilicity parameters from refs.!"*'® [b] Calculated with Equation (1) from E in this Table and N
and sy from Table 2.

2.4. Structure-Reactivity Relationships

The narrow range of sy for all nucleophiles listed in Table 2 (0.53 < sy < 0.71), which is
illustrated by the almost parallel correlation lines in Figure 2, implies that the relative
reactivities of these anions depend only slightly on the electrophilicities of the reaction
partners. The reactivities towards the quinone methide 2g, for which rate constants with all
carbanions 1a—f were determined, therefore reflect general structure-reactivity trends. The m-
chloro- (1b) and p-bromo-substituted (1¢) ethyl phenylacetate anions react approximately
two-times more slowly with the electrophile 2g than the unsubstituted ethyl phenylacetate
anion (la) indicating only a little stabilization of the negative charge by the halogen
substituents. The anion of the p-cyano substituted ethyl arylacetate (1d), which is as reactive
as the ethyl 2-(pyridin-4-yl)-acetate anion (1f), is more than one order of magnitude less
reactive than the unsubstituted anion 1a. The influence of the p-nitro-group is tremendous: 1le

is 7600 times less reactive than the unsubstituted anion 1a.

As previously reported for the reactivities of other aacceptor substituted benzyl anions,!"'®!

only a poor correlation between nucleophilic reactivities of la—e and Hammett’s o,

[17]

substituent constants" ' was observed (Figure 3). The downward curvature of the graph

indicates that the conjugative interaction between the nitro group and the carbanionic reaction
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center is much stronger than in the phenoxides which were employed for calibrating the o,
values. Accordingly Kiyooka et al.!"®! reported that the 'H- and "*C-chemical shifts of the
anionic center of ethyl arylacetates and the corresponding infrared absorption maxima are
affected more strongly by acceptor substituents in p-position than expected from the
correlations with o and o, parameters. Obviously, the nonlinearities of the Hammett
correlations depicted in Figure 3 and reported by Kiyooka have the same origin, as Figure 4
shows a good linear correlation between the nucleophilic reactivities of the carbanions 1b—e

and their 'H-chemical shifts in DMSO solution

e R=4-Br
= [
[ ]
5| 1@ 1cRr-3C
1b
4 | [
o K R=4-CN
g K, 1d
=
St R | i
S OEt
o | R=4-NO,
1e
1 1 1 1 1 1 1 ]

-01 014 03 05 07 09 11 13

Op

Figure 3: Correlation of the lg &, values for the reactions of la—e with the quinone methide 2g in
DMSO at 20 °C with Hammett’s substituent constants oy, .

6 r

R=4-Br

1c R=3-Cl lgk,=-4225+21.3
5 F
4 +

lg k,
3}
2 |
1e

1 1 1 1 1 1

3.6 3.8 4.0 4.2 4.4 4.6
s/ ppm ————

Figure 4: Correlation of the Ig k, values for the reactions of 1b—e with the quinone methide 2g in
DMSO at 20 °C vs. the 'H-chemical shifts (from Scheme 1) of the benzylic proton of the anions.

Scheme 7 shows how the reactivities of benzyl anions are affected by a-acceptor substituents

(reference quinone methide 2g): the anion of ethyl phenylacetate has a similar nucleophilicity
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as the anion of phenylacetonitrile. While the phenylsulfonyl group reduces the nucleophilic
reactivity by one order of magnitude relative to ethoxycarbonyl, a benzoyl group reduces the
reactivity by more than two orders of magnitude. Benzyl anions with an a-nitro-group or an

a-trifluoromethylsulfonyl group, are five orders of magnitude less reactive.

Krel(R = H) krel(R = CN)

R
\O\/002Et 1.0 1.0
©
R
\©\/CN 9.6x 10
)
R
\©\/302ph 9.1x 1072
)
R
\©\/COPh 6.5x 107
)
R
\©\/N02 1.0x10° 6.6x10°
)
R
\©\/SOZCF3 1.6x 107 1.5x10°ME
©

Scheme 7: Comparison of the relative second-order rate constants for the reactions of different benzyl
anions with the quinone methide 2g in DMSO at 20 °C. Refs.['"™*"%] The rate constants for the
reactions of the ethyl arylacetates with 2g were set to unity. [a] Rate constant was calculated by
Equation (1).

The Brensted correlation in Figure 5 depicts that the nucleophilic reactivities of a-acceptor
substituted carbanions correlate only poorly with their Brensted basicities in DMSO,
indicating the important role of the intrinsic barriers.”” It is obvious, however, that the a-
ethoxycarbonyl-substituted benzylanions are among the most nucleophilic as well as most

basic carbanions of the series depicted in Figure 5.
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Figure 5: Correlation of lg k, for the reactions of the anions of the ethyl arylacetates 1a and 1le and
other benzyl anions!''™**""*! with the quinone methide 2g in DMSO at 20 °C versus the pK, values®"
of their conjugated acids.

3. Conclusions

The rate constants for the reactions of the anions of ethyl arylacetates with quinone methides
and diethyl benzylidenemalonates in DMSO follow the linear free-energy relationship
[Equation (1)] allowing us to include these compounds in our comprehensive nucleophilicity
scale and compare their nucleophilicities with those of other nucleophiles. Variation of the
substituents in the arene ring from X = H to X = 4-NO, decreases the reactivities by four
orders of magnitude. Their nucleophilic reactivities are comparable to those of analogously
substituted o-cyano substituted benzyl anions, 10°-times higher than those of the
corresponding a-nitro- and co-trifluoromethyl-substituted benzyl anions with the same
substituents at the arene ring. The agreement of the experimental and calculated [by Equation
(1)] rate constants for the reactions of 1e with the electrophiles 7a,b, 9a,b, and 11 within an
factor of three demonstrates the applicability of the N and sy parameters in Table 2 for
predicting the rates of their reactions with various electrophiles. The ethyl arylacetate anions
la—c belong to the most reactive nucleophiles studied so far and, therefore, they should be

applicable for deriving reactivity parameters of very weak electrophiles.
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4. Experimental Section

4.1. General
Materials

Commercially available DMSO (H,O content < 50 ppm) was used without further
purification. The reference electrophiles used in this work were synthesized according to

[60e3] The ethyl arylacetates 1b-H and 1d-H were synthesized as

literature procedures.
described below. The ethyl arylacetates 1a-H, 1c-H, 1le-H and 1f-H were purchased from

ABCR, Karlsruhe (Germany).

NMR spectroscopy

In the 'H and "*C NMR spectra chemical shifts are given in ppm and refer to tetramethylsilane
(8= 0.00, 5¢ = 0.0), [Dg]-DMSO (Jy; = 2.50, d¢c = 39.5) or to CDCl; (o = 7.26, dc = 77.0),1**
as internal standards. The coupling constants are given in Hz. For reasons of simplicity, the
'H-NMR signals of AA’BB’-spin systems of p-disubstituted aromatic rings are treated as
doublets. Signal assignments are based on additional COSY, gHSQC, and gHMBC
experiments. Chemical shifts marked with (*) refer to the minor isomer when the product was

obtained as a mixture of two diastereomers.

Kinetics

As the reactions of colored quinone methides 2 with colorless nucleophiles 1 or of colored
anions 1 with colorless diethyl benzylidenemalonates 3 yield colorless products (or products
with a different absorption range than the reactants), the reactions could be followed by UV-
Vis spectroscopy. As all reactions were fast (73, < 10 s), the kinetics were monitored using
stopped-flow techniques. The temperature of all solutions was kept constant at 20.0 = 0.1 °C
by using a circulating bath thermostat. In all runs the concentration of the colorless compound
was at least 10 times higher than the concentration of the colored compound, resulting in
pseudo-first-order kinetics with an exponential decay of the concentration of the minor
compound. First-order rate constants k.s were obtained by least-squares fitting of the
exponential function 4; = Ay exp(-kobst) + C to the time-dependent absorbances. The second-
order rate constants k, were obtained from the slopes of the linear plots of 4, against the

concentration of the excess components.

35



Chapter 2: Quantification of the Nucleophilic Reactivities of Ethyl Arylacetate Anions

4.2. Synthesis of the Ethyl Phenylacetates (1-H)

4.2.1. Ethyl 3-Chlorophenylacetate (1b-H)

3-Chlorophenylacetic acid (1.50 g, 8.79 mmol) was dissolved in 25 mL of ethanol with 4
droplets of sulfuric acid and heated to reflux for 12 h. After purification by flash
chromatography, ethyl 3-chlorophenylacetate (1b-H) was obtained in 97 % (1.70 g,
8.56 mmol) yield.

'H NMR data is in agreement with the literature.'*!

4.2.2. Ethyl 4-Cyanophenylacetate (1d-H)"**!

Ethyl 4-bromophenylacetate (1.30 g, 5.34 mmol), sodium cyanide (316 mg, 6.45 mmol),
potassium iodide (180 mg, 1.08 mmol), copper (I) iodide (106 mg, 0.557 mmol) and N,N’-
dimethyl ethylenediamine (60 pL) were mixed with 3 mL of toluene and heated under argon
atmosphere for 21 h to 130 °C. The reaction was followed by GC/MS. After cooling, 20 mL
aqueous ammonia (10 %) was added and the mixture was extracted (4 x 20 mL) with ethyl
acetate. The combined organic layers were washed with brine and dried over sodium sulfate.
After evaporation of the solvent, the crude product was purified by flash chromatography on
silica with pentane/ethyl acetate as eluent. Ethyl 4-cyanophenylacetate (582 mg, 3.08 mmol,

58 %) was obtained as colorless solid.

Mp.: 93.2-93.8 °C. '"H NMR data is in agreement with the literature.**!

4.3. Reaction Products

4.3.1. Reactions of Ethyl Phenylacetates (1) with Quinone Methides (2)

General Procedure 1 (GP1):

The anions 1 were generated by addition of the ethyl arylacetate 1-H (50-70 mg, 1 equiv.) to a
solution of KO7Bu (30-40 mg, 1.05 equiv.) in 5 mL of dry DMSO. Subsequently, a solution
of the quinone methide 2 in DMSO (ca 5 mL with 5-10 % dichloromethane as cosolvent) was
added. The mixture was stirred for 5 minutes before 0.5 % aqueous acetic acid (ca 50 mL)
was added. The mixture was extracted with ethyl acetate (3 x 20 mL) and the combined

organic phases were washed with brine (2 X 20 mL), dried over sodium sulfate and the
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solvent was evaporated under reduced pressure. The crude reaction products were purified by
column chromatography on silica (pentane/ethyl acetate) and subsequently characterized by

NMR spectroscopy and mass spectrometry.

4.3.1.1. Reaction of Ethyl Phenylacetate (1a) with the Quinone Methide 2g

According to GPI, ethyl phenylacetate (1a-H, 50.1 mg, 0.305 mmol), KO/Bu (36.1 mg,
0.322 mmol), and 2g (103 mg, 0.305 mmol) yielded ethyl 3-(3,5-di-tert-butyl-4-
hydroxyphenyl)-3-(4-(dimethylamino)phenyl)-2-phenylpropanoate 4a (127 mg, 0.253 mmol,
83 %, dr ~ 1:1.3) as colorless solid.

'H-NMR (CDCl;, 300 MHz) §=0.92 (t, >J = 7.1 Hz, 3 H, 17-H),
1.02* (t, °J = 7.2 Hz, 3 H, 17-H), 1.24*, 1.42 (s, 18 H, 19-H),
2.79, 2.90% (s, 6 H, 20-H), 3.80-4.04 (m, 2H, 16-H, both
isomers), 4.19* (d, °J = 12.0Hz, 1H, 10-H), 432 (d, *J =
12.3 Hz, 1H, 10-H), 4.40-4.48 (m, 1 H, 9-H, both isomers),
4.82*% 4.98 (s, 1 H, OH), 6.47, 6.70* (d, °J = 8.7 Hz, 2 H, 7-H),
6.92, 7.29% (d, °J = 8.7 Hz, 2 H, 6-H), 7.17, 6.70* (s, 2 H, 3-H), 7.09-7.20 and 7.31-7.35 (m,
5H, 12-H, 13-H and 14-H, both isomers). *C-NMR (CDCls, 75.5 MHz) 5= 13.8, 14.0* (q,
C-17), 30.2*, 30.4 (q, C-19), 34.1*, 34.3 (s, C-18), 40.4, 40.8* (q, C-20), 54.3, 54.5* (d, C-9),
57.9, 58.3* (d, C-10), 60.3, 60.4* (t, C-16), 112.5, 112.9* (d, C-7), 124.3, 124.9* (d, C-3),
126.8*, 126.9 (d, C-14), 128.0*, 128.1, 128.72*, 128.8 (d, C-12 and C-13, both isomers),
128.5%, 128.67 (d, C-6), 130.6, 131.4* (s, C-5), 132.7*, 134.0 (s, C-11), 134.9*, 135.4 (s, C-
2), 137.8, 138.0% (s, C-4), 148.7, 149.3* (s, C-8), 151.6*, 152.1 (s, C-1), 173.0*, 173.1 (s, C-
15). HR-MS (EI): m/z calcd for [C33H43N03]'+: 501.3237 found: 501.3229.

4.3.1.2. Product of the Reaction of Ethyl 3-Chlorophenylacetate (1b) with the Quinone
Methide 2g

According to GP1, ethyl 3-chlorophenylacetate (1b-H, 59.6 mg, 0.300 mmol), KOsBu (35.6
mg, 0.317 mmol), and 2g (103 mg, 0.305 mmol) yielded ethyl 2-(3-chlorophenyl)-3-(3,5-di-
tert-butyl-4-hydroxyphenyl)-3-(4-(dimethylamino)phenyl)propanoate 4b (140 mg,
0.261 mmol, 86 %, dr ~ 1:1.1) as an orange oil.

37



Chapter 2: Quantification of the Nucleophilic Reactivities of Ethyl Arylacetate Anions

'H-NMR (CDCls, 600 MHz) §= 0.92, 1.03* (t, *J=7.1 Hz, 3 H,
19-H), 1.26*, 1.42 (s, 18 H, 21-H), 2.81, 2.90* (s, 6 H, 22-H),
3.83-3.95 (m, 2 H, 18-H, both isomers), 4.17* (d, *J = 12.0 Hz,
1 H, 10-H), 4.29 (d, °J = 122 Hz, 1 H, 10-H), 4.37* (d, *J =
12.0 Hz, 1 H, 9-H), 4.41 (d, J = 12.2 Hz, 1 H, 9-H), 4.86*, 5.00
(s, 1 H, OH), 6.48 (d, °J = 9.0 Hz, 2 H, 7-H), 6.68*-6.71* (m,
4 H, 3-H and 7-H), 6.92, 7.27* (d, *J = 9.0 Hz, 2 H, 6-H), 7.06-
7.11 and 7.16-7.19 (m, 14-H, 15-H and 16-H, both isomers), 7.15 (s, 2 H, 3-H), 7.39 (s, 1 H,
12-H). "C-NMR (CDCls, 150 MHz) 5= 13.8, 14.0* (q, C-19), 30.2*, 30.3 (q, C-21), 34.1%,
34.3 (s, C-20), 40.6, 40.8* (g, C-22), 54.3, 54.6* (d, C-9), 57.6, 57.9* (d, C-10), 60.6, 60.7*
(t, C-18), 112.6, 112.9* (d, C-7), 124.2, 124.7* (d, C-3), 128.4*, 128.6 (d, C-6), 128.8 (d, C-
12), 130.0, 130.8* (s, C-5), 135.2*, 135.4 (s, C-20), 148.9, 149.3* (s, C-8), 151.8*, 152.2 (s,
C-1), 172.5%,172.6 (s, C-17), 126.7, 126.9, 127.16, 127.20, 129.0, 129.2, 129.3 (d, C-12* and
C-14, C-15, C-16, both isomers), 132.3, 133.6, 133.8, 133.9, 139.8, 140.4 (s, C-4, C-11, C-13,
both isomers). HR-MS (EI): m/z calcd for [C33H42C1N03]'+: 535.2853 found: 535.2848.

4.3.1.3. Reaction of Ethyl 4-Bromophenylacetate (1c) with the Quinone Methide 2g

According to GP1, ethyl 4-bromophenylacetate (1c-H, 74.2 mg, 0.305 mmol), KOsBu (35.7
mg, 0.318 mmol), and 2g (99.8 mg, 0.296 mmol) yielded ethyl 2-(4-bromophenyl)-3-(3,5-di-
tert-butyl-4-hydroxyphenyl)-3-(4-(dimethylamino)phenyl)propanoate 4c (168 mg,
0.289 mmol, 97 %, dr ~ 1:1.1) as an orange oil.

'H-NMR (CDCls, 300 MHz) §=0.91, 1.02* (t, °*J = 7.1 Hz, 3 H,
17-H), 1.26%, 1.41 (s, 18 H, 19-H), 2.81, 2.90* (s, 6 H, 20-H),
3.81-4.04 (m, 2 H, 16-H, both isomers), 4.15* (d, 3J=12.0 Hz, 1
H, 10-H), (4.26-4.42 (m, 2 H, 9-H, 10-H), 4.87*, 4.99 (s, 1 H,
OH), 6.48 (d, *J = 8.7 Hz, 2 H, 7-H), 6.67-6.71* (m, 4 H, 3-H, 7-
H), 6.91 (d, *J=7.8 Hz, 2 H, 6-H), 7.05 (d, °J = 8.7 Hz, 2 H, 13-
H), 7.14 (s, 2 H, 3-H), 7.20-7.32 (m, 8 H, 6*-H, 12-H, 12*-H). ?C-NMR (CDCls, 75.5 MHz)
8= 13.8, 14.0* (q, C-17), 30.2*, 30.4 (q, C-19), 34.1*, 34.3 (s, C-18), 40.6, 40.8* (q, C-20),
54.3, 54.5% (d, C-9), 57.9, 58.3* (d, C-10), 60.3, 60.4* (t, C-16), 112.5, 112.9* (d, C-7),
124.3, 124.7* (d, C-3), 126.8*, 126.9 (d, C-6), 128.0, 128.1* (d, C-13), 135.4, 135.4* (s, C-
2), 148.7, 149.3 (s, C-8), 151.6%, 152.1 (s, C-1), 173.05%, 173.09 (s, C-15), 128.5, 128.66,
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128.71, 128.8 (C-5, C-12), 120.9, 121.0, 132.6, 134.0, 137.8, 138.0 (s, C-4, C-11, C-14). HR-
MS (ESI): m/z calcd for C33H43BrNO; ™ 580.2421 found: 580.2411.

4.3.1.4. Reaction of Ethyl 4-Cyanophenylacetate (1d) with the Quinone Methide 2g

According to GP1, ethyl 4-cyanophenylacetate (1d-H, 62.2 mg, 0.329 mmol), KO7Bu (38.7
mg, 0.345 mmol), and 2g (101 mg, 0.299 mmol) yielded ethyl 2-(4-cyanophenyl)-3-(3,5-di-
tert-butyl-4-hydroxyphenyl)-3-(4-(dimethylamino)phenyl)propanoate 4d (149 mg,
0.283 mmol, 95 %, dr ~ 1:1.5) as orange crystals.

'H-NMR (CDCls, 300 MHz) §= 0.93, 1.02* (t, *J=7.1 Hz, 3 H,
17-H), 1.41, 1.26* (s, 18 H, 19-H), 2.81, 2.91* (s, 6 H, 20-H),
3.83-4.02 (m, 2 H, 16-H, both isomers), 4.26-4.44 (m, 2 H, 9-H,
10-H, both isomers), 4.89*, 5.02 (s, 1 H, OH), 6.47 (d, 3 =
8.7 Hz, 2 H, 7-H), 6.68*-6.71* (m, 4 H, 3-H, 7-H), 6.88 (d, *J =
8.7 Hz, 2 H, 6-H), 7.15 (s, 2 H, 3-H), 7.25-7.34 (m, 4 H, 6*-H,
12-H), 7.46 (d, °J = 1.5 Hz, 2 H, 13-H). *C-NMR (CDCls, 75.5 MHz) 6= 12.8, 12.9* (q, C-
17), 29.2*, 29.3 (q, C-19), 33.1*, 33.3 (s, C-18), 39.5, 39.7* (q, C-20), 53.6, 53.7* (d, C-9),
57.0, 57.3* (d, C-10), 59.8, 59.9* (t, C-16), 109.7*, 109.8 (s, C-14), 111.5, 111.8* (d, C-7),
117.7*, 117.8 (s, CN), 123.6%, 123.1 (d, C-3), 127.3*, 127.5 (d, C-6), 128.49*, 128.55 (d, C-
12), 129.1, 129.3* (s, C-5), 130.7*, 130.9 (d, C-13), 131.2, 132.1* (s, C-4), 134.4*, 134.6 (s,
C-2), 142.3, 142.6 (s, C-11), 147.9, 148.4* (s, C-8), 150.9%, 151.3 (s, C-1), 171.0%, 171.1 (s,
C-15). HR-MS (EI): m/z calcd for [C34H4oN,03]": 526.3190 found: 526.3200.

4.3.1.5. Reaction of Ethyl 4-Nitrophenylacetate (1e) with the Quinone Methide 2b

According to GP1, ethyl 3-chlorophenylacetate (1e-H, 67.7 mg, 0.324 mmol), KOsBu (38.1
mg, 0.340 mmol), and 2g (101 mg, 0.299 mmol) yielded ethyl 3-(3,5-di-tert-butyl-4-
hydroxyphenyl)-2,3-bis(4-nitrophenyl)propanoate 4e (137 mg, 0.250 mmol, 84 %, dr ~ 1:2)
as light yellow solid.

'H-NMR (CDCls, 300 MHz) 6= 0.96, 1.02* (t, °J = 6.0 Hz, 3 H, 17-H), 1.22*, 1.41 (s, 18 H,

19-H), 3.88-4.04 (m, 2 H, 16-H, both isomers), 4.40*, 4.49 (d, *J* = 12.1 Hz, °J = 12.3 Hz,

1 H, 9-H), 4.63*, 4.71 (d, *J* = 12.1 Hz, *J = 12.3 Hz, 10-H), 5.00%, 5.14 (s, 1 H, OH), 6.64*,

7.12 (s, 2 H, 3-H), 7.22, 7.36* (d, °J = 9.0 Hz, 2 H, 6-H), 7.51, 7.58* (d, >*J = 9.0 Hz, 2 H, 12-
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H), 7.93, 8.04* (d, °J = 9.0 Hz, 2 H, 7-H), 8.05, 8.19* (d, °J =
9.0 Hz, 2 H, 13-H). "C-NMR (CDCls, 75.5 MHz) &= 14.0,
14.1% (g, C-17), 30.3*, 30.5 (q, C-19), 34.4*, 34.6 (s, C-18),
55.1, 55.3* (d, C-10), 57.0, 57.3* (d, C-9), 61.6, 61.8* (t, C-16),
123.6* (d, C-7), 123.9-124.0 (m, C-4, C-4*, C-7, C-13), 124.1*
(d, C-13), 124.4, 124.9% (d, C-3), 129.0, 129.6* (d, C-6), 128.8*
(d, C-12), 129.69-129.71 (m), 130.5, 130.9 (C-5, C-11, C-12), 136.4*, 136.5 (s, C-2), 146.7,
147.0* (s, C-8), 147.6, 147.5% (s, C-14), 152.9%, 153.3 (s, C-1), 171.3, 171.5* (s, C-15). HR-
MS (EI): m/z calcd for [C31H36N207]'+: 548.2517 found: 548.2519.

4.3.1.6. Reaction of Ethyl Pyridine-4-acetate (1f) with the Quinone Methide 2g

According to GP1, ethyl pyridine-4-acetate (1f-H, 55.0 mg, 0.333 mmol), KOsBu (38.8 mg,
0.346 mmol), and 2g (101 mg, 0.299 mmol) yielded ethyl 3-(3,5-di-tert-butyl-4-
hydroxyphenyl)-3-(4-(dimethylamino)phenyl)-2-(pyridin-4-yl)propanoate 4f (138 mg,
0.275 mmol, 94 %, dr ~ 1:1.3) as an orange solid.

13 15 Major isomer: Mp.: 177.5-178.5 °C. "H-NMR (CDCls, 300 MHz)
5=0.93 (t,°J=7.1 Hz, 3 H, 16-H), 1.42 (s, 18 H, 18-H), 2.80 (s,
6 H, 19-H), 3.83-3.95 (m, 2 H, 15-H), 4.31 (d, *J=12.2 Hz, 1 H,
10-H), 4.42 (J = 12.2 Hz, 1 H, 9-H), 5.06 (s, 1 H, OH), 6.47 (d,
3J=8.7Hz, 2 H, 7-H), 6.91 (d, °J = 8.7 Hz, 2 H, 6-H), 7.15 (s,
2 H, 3-H), 7.26 (d, °J = 6.3 Hz, 2 H, 12-H), 8.41 (bs, 2 H, 13-H).
BC-NMR (CDCls, 75.5 MHz) 6= 14.0 (q, C-16), 30.5 (q, C-18), 34.5 (s, C-17), 40.7 (q, C-
19), 54.4 (d, C-9), 57.9 (d, C-10), 61.0 (t, C-15), 112.7 (d, C-7), 124.2 (d, C-12), 124.3 (d, C-
3), 128.8 (d, C-6), 129.6 (d, C-5), 133.4 (s, C-4), 135.8 (s, C-2), 147.1 (s, C-11), 149.7 (d, C-
13), 149.2 (s, C-8), 152.5 (s, C-1), 172.1 (s, C-14). HR-MS (EI): m/z caled for [C3,H4N,05]™:
502.3190 found: 502.3185. Minor isomer: Mp.: 145.0-146.0 °C . "H-NMR (CDCls, 300 MHz)
5=1.02 (t,°J=7.1Hz, 3 H, 16-H), 1.26 (s, 18 H, 18-H), 2.91 (s, 6 H, 19-H), 3.88-3.94 (m,
2H, 15-H), 4.22 (d, °J = 12.2 Hz, 1 H, 10-H), 4.40 J = 12.2 Hz, 1 H, 9-H), 4.91 (s, 1 H,
OH), 6.70 (d, °J = 8.7 Hz, 2 H, 7-H), 7.27 (d, *J = 8.7 Hz, 2 H, 6-H), 6.73 (s, 2 H, 3-H), 7.14
(d, °J = 6.3 Hz, 2 H, 12-H), 8.38 (bs, 2 H, 13-H). *C-NMR (CDCls, 75.5 MHz) 6= 12.9 (q,
C-16), 29.2 (q, C-18), 33.1 (s, C-17), 39.7 (q, C-19), 53.4 (d, C-9), 56.8 (d, C-10), 59.9 (t, C-
15), 111.8 (d, C-7), 123.0 (d, C-12), 123.6 (d, C-3), 127.3 (d, C-6), 129.4 (d, C-5), 130.8 (s,

40



Chapter 2: Quantification of the Nucleophilic Reactivities of Ethyl Arylacetate Anions

C-4), 134.4 (s, C-2), 146.1 (s, C-11), 148.2 (d, C-13), 148.4 (s, C-8), 151.0 (s, C-1), 170.8 (s,
C-14).

4.3.2. Reactions of Ethyl Phenylacetates 1 with Diethyl Benzylidenemalonates 3

General Procedure 2 (GP2):

The anion 1 was generated in situ by addition of the ethyl arylacetate 1-H (50-80 mg,
1 equiv.) to a solution of KOsBu (40-60 mg, 1.05 equiv.) in 10 mL of dry THF. After 2 min.,
the diethyl benzylidenemalonate 3 was added. After stirring for 5 min. at room temperature,
the mixture was poured to ca 50 mL of 0.5 % aqueous acetic acid. The mixture was extracted
with diethyl ether (3 x 30 mL) and the combined organic layers were washed with brine (2 x
20 mL), dried over sodium sulphate, and the solvent was evaporated under reduced pressure.
The crude reaction products were purified by column chromatography on silica
(dichloromethane/methanol) and subsequently characterized by NMR spectroscopy and mass

spectrometry.

4.3.2.1. Reaction of Ethyl Phenylacetate (1a) with the Diethyl Benzylidenemalonate 3a in
DMSO

KO7Bu (403 mg, 3.59 mmol) was dissolved in dry DMSO. After adding ethyl phenylacetate
(1a-H, 0.500 mL, 3.14 mmol) and stirring 2 min. at room temperature, the malonate 3a
(99.3 mg, 0.339 mmol) was added. 50 mL of 0.5 % aqueous acetic acid were added to the
reaction mixture after 5 minutes. The mixture was extracted with ethyl acetate (3 < 30 mL),
and the combined organic layers were washed with brine (2 x 20 mL), dried over sodium
sulfate, and the solvent was removed by evaporation under reduced pressure. The crude
product was purified by column chromatography on silica with ethyl acetate/pentane as eluent
yielding triethyl 2-(4-nitrophenyl)-3-phenylpropane-1,1,3-tricarboxylate Sa (20.7 mg,
45.2 umol, 14 %, dr ~ 1: 1.5) as a light yellow oil.

"H-NMR (CDCls, 400 MHz) 6= 0.93* (t, °J = 7.2 Hz, 3 H, CH3), 1.06* (t, >°J = 7.2 Hz, 3 H,
CHs), 1.07* (t, °J = 7.2 Hz, 3 H, CH3), 1.09 (t, °J = 7.2 Hz, 3 H, CH3), 1.20 (t, °J = 7.2 Hz,
3 H, CHs), 1.23 (t,°J=7.2 Hz, 3 H, CH3), 3.57* (d, °J = 6.0 Hz, 1 H, 6-H), 3.80-4.21 (m, 11
H, CH; both isomers and 6-H from the main isomer), 4.23-4.29 and 4.37-4.42 (m, 4 H, 5-H
and 11-H both isomers), 7.01-7.04 (m, 2 H, Hyrom), 7.12-7.04 (m, 3 H, Hyrom), 7.25, 7.66* (d,
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J=28.8 Hz, 2 H, 3-H), 7.32%-7.38* (m, 3 H, Hyrom), 7.43*-7.46*
(m, 2 H, Harom), 7.94, 8.15% (d, °J = 8.8 Hz, 2 H, 2-H). "C-NMR
0\ (CDCl3, 100 MHz) 6 = 13.78, 13.82, 13.96, 14.0 (q, CH3 both

isomers), 47.1, 47.6* (d, C-5), 53.9, 54.0* (d, C-6), 54.6, 55.1*
NO> (d, C-11), 61.0, 61.36, 61.43, 61.61, 61.63, 61.9 (t, CH, both
isomers), 122.7, 123.0* (d, C-2), 127.7, 128.4, 128.5, 128.95, 129.0 (d, C-8, C-9, C-10 both
isomers), 130.7*, 130.9 (d, C-3), 135.3%, 135.4 (s, C-7), 145.4, 146.4 (s, C-4 both isomers),
146.7, 147.2* (s, C-1), 167.3, 167.4, 167.73, 167.74, 171.5, 172.1 (s, CO; both isomers). HR-
MS (EI): m/z calcd for [C24H27N08]'+: 457.1731 found: 457.1732.

4.3.2.2. Reaction of Ethyl Phenylacetate (1a) with the Diethyl Benzylidenemalonate 3a in
THF

According to GP2, ethyl phenylacetate (la-H, 56.2 mg, 0.342 mmol), KOrBu (39.4 mg,
0.351 mmol), and 3a (100 mg, 0.341 mmol) yielded triethyl 2-(4-nitrophenyl)-3-
phenylpropane-1,1,3-tricarboxylate 5a (65.1 mg, 0.142 mmol, 42 %, dr ~ 1:1.7) as a light

yellow oil.

NMR data is consistent with 4.3.2.1. HR-MS (EI): m/z calcd for [C24H27NOg]'+: 457.1731
found: 457.1733.

4.3.2.3. Reaction of Ethyl Phenylacetate (1a) with the Diethyl Benzylidenemalonate 3d in
THF

According to GP2, ethyl phenylacetate (1a-H, 258 mg, 1.57 mmol), KOsBu (181 mg,
1.61 mmol), and 3d (105 mg, 0.400 mmol) yielded triethyl 3-phenyl-2-(p-tolyl)propane-1,1,3-
tricarboxylate Sa-Me (81.4 mg, 0.191 mmol, 48 %, dr ~ 1: 3.7) as a colorless oil.

'H-NMR (CDCls, 300 MHz) 6= 0.91* (t, °J = 7.1 Hz, 3 H, CH3),
0.98-1.08* (m, 6 H, 2 x CH3), 1.02 (t, °J = 7.1 Hz, 3 H, CH3),
1.20 (t, °J = 7.2 Hz, 3 H, CH3), 1.24 (t, °J = 7.2 Hz, 3 H, CH3),
2.18,2.28* (s, 3 H, 12-H), 3.54* (d, *J= 6.5 Hz, 1 H, 6-H), 3.78-
12 3.99 and 4.05-4.35 (m, CH,, H-5, H-11 both isomers and H-6
main isomer), 6.85-6.92, 7.03-7.07, 7.10-7.15, 7.28-7.32, 7.47-7.50 (m, Harom both isomers).
BC-NMR (CDCls, 75.5 MHz) &= 13.7, 13.98, 14.04 (q, CH3, both isomers), 21.0, 21.1* (q,
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C-12), 47.0, 47.6*, 52.2*, 54.5, 55.7*, 55.9 (d, C-5, C-6, C-11, both isomers), 60.6, 61.0,
61.1, 61.2, 61.6 (t, CHa, both isomers), 127.1, 128.0, 128.3, 128.56, 128.64, 129.2, 129.3,
129.47, 129.55 (d, Carom, both isomers), 134.3, 135.5*, 136.1%*, 136.3 (s, C-4 and C-7), 136.4,
136.8* (s, C-1), 168.1*, 168.3, 167.68*, 167.73, 172.0*, 172.6 (s, CO;). HR-MS (EI): m/z
calcd for [C25H3006]'+: 426.2037 found: 426.2040.

4.3.2.4. Reaction of Ethyl 3-Chlorophenylacetate (1b) with the Diethyl

Benzylidenemalonate 3a in THF

According to GP2, ethyl 3-chlorophenylacetate (1b-H, 72.4 mg, 0.364 mmol), KO7Bu
(42.5 mg, 0.379 mmol), and 3a (105 mg, 0.358 mmol) yielded triethyl 3-(3-chlorophenyl)-2-
(4-nitrophenyl)propane-1,1,3-tricarboxylate Sb (82.5 mg, 0.168 mmol, 47 %, dr ~ 1:1.2) as
light yellow solid.

'H-NMR (CDCls, 300 MHz) 6= 0.95 (t, °J = 7.1 Hz, 3 H, CH3),
1.05-1.12 and 1.20-1.25 (m, CHj3, both isomers), 3.55* (d, 3 =
6.3, 1 H, 6-H), 3.80-4.42 (m, CH,, 5-H both isomers, 6-H main
O™ &80 isomer, 13-H both isomers), 7.04-7.14, 7.25-7.31, 7.44-7.45 (m,
8-H, 10-H, 11-H, 12-H, both isomers, 3-H main isomer), 7.65*
2 1 NO2 (d,*J=28.7Hz, 2 H, 3-H), 7.98, 8.15* (d, *J=9.0 Hz, 2 H, 2-H).
PC-NMR (CDCl3, 75.5 MHz) &= 13.8-14.0 (m, CH3), 47.0, 47.7* (d, C-5), 53.6, 54.0, 54.2,
55.0 (d, C-6 and C-13, both isomers), 61.3, 61.60, 61.62, 61.7, 61.8, 62.0 (t, CH,, both
isomers), 122.9, 123.1* (d, C-2), 130.7*%, 127.1, 127.3, 128.0, 128.6, 129.0, 129.2, 129.7,
130.2 (d, C-8, C-10, C-11, C-12, both isomers), 130.7*, 130.8 (d, C-3), 134.3, 134.8, 137.3,
137.5 (s, C-7, C-9, both isomers), 145.0, 146.0* (s, C-4), 146.9, 147.3* (s, C-1), 167.2, 167.5,
167.6 (s, C-14, both isomers), 171.0*, 171.6 (s, C-15). HR-MS (EI): m/z calcd for
[C24Hy6CINOg] ™ 491.1341 found: 491.1337.

4.3.2.5. Reaction of Ethyl 4-Cyanophenylacetate (1d) with the Diethyl

Benzylidenemalonate 3a in THF

According to GP2, ethyl 4-cyanophenylacetate (4d-H, 78.3 mg, 0.414 mmol), KO7Bu
(48.8 mg, 0.435 mmol), and 3a (100 mg, 0.341 mmol) yielded triethyl 3-(4-cyanophenyl)-2-
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4-nitrophenyl)propane-1,1,3-tricarboxylate 5d (139 mg, 0.288 mmol, 84 %, dr ~ 1:1) as a
( phenyl)prop y g

light yellow solid.

'H-NMR (CDCls, 300 MHz) 6= 0.95 (t, °J = 6.9 Hz, 3 H, CH),
1.06 (t, *J = 7.8 Hz, 3 H, CH3), 1.10 (t, *J = 7.2 Hz, 3 H, CH3),
1.11 (t, °J = 6.9 Hz, 3 H, CH3), 1.21 (t, °J = 6.9 Hz, 3 H, CH3),
1.22 (t,*J = 7.2 Hz, 3 H, CH3), 3.53 (d, *J= 6.3 Hz, 1 H, 11-H),
3.85-4.26 (m, 14 H, CH,, 6*-H, 11*-H), 4.36, 4.37 (s, 1 H, 5-H,
both isomers), 5.53 (d, J = 11.1 Hz, 1 H, 6-H), 7.20 (d, *J =
8.1 Hz, 2 H, 8-H), 7.27 (d, *J = 8.7 Hz, 2 H, 3-H), 7.46 (d, °J = 8.1 Hz, 2 H, 9-H), 7.57-7.68
(m, 6 H, 3-H, 8-H, 9-H), 7.98 (d, °J = 8.7 Hz, 2 H, 2-H), 8.16 (d, >J = 9.0 Hz, 2 H, 2-H). "*C-
NMR (CDCl;, 75.5 MHz) §=13.7, 13.8, 13.9, 14.0 (q, CH3), 47.0 (d, C-5), 54.0 (d, C-11),
54.1 (d, C-5), 54.4 (d, C-6), 47.6, 55.0 (d, C-6 and C-11), 61.5, 61.7, 61.8, 61.86, 61.89, 62.1
(t, CHy), 111.9, 112.5 (s, C-10), 118.2, 118.3 (s, CN), 123.0, 123.2 (d, C-2), 129.8, 130.0 (d,
C-9), 130.6, 130.7 (d, C-3), 132.3, 132.6 (d, C-8), 140.7, 141.0 (s, C-7), 144.6, 145.5 (s, C-4),
147.1, 147.4 (s, C-1), 167.0, 167.1, 167.4, 167.5 (s, C-12), 170.6, 171.1 (s, C-13). HR-MS
(EI): m/z calcd for [C25H26N208]'+: 482.1684 found: 482.1692.

Due to dr = 1:1, the chemical shifts could not be assigned to the concerning isomer.

4.3.2.6. Reaction of Ethyl Pyridine-4-acetate (1f) with the Diethyl Benzylidenemalonate
3a in THF

According to GP2, ethyl pyridine-4-acetate (1f-H, 69.0 uL, 0.421 mmol), KO7Bu (50.6 mg,
0.451 mmol), and 3a (98.9 mg, 0.337 mmol) yielded triethyl 2-(4-nitrophenyl)-3-(pyridin-4-
yl)propane-1,1,3-tricarboxylate 5f (139 mg, 0.303 mmol, 90 %, dr ~ 1:1.2) as a colorless oil.

'H-NMR (CDCls;, 600 MHz) &= 0.95-0.98 (m, CH3), 1.05-1.07
(m, CH3), 1.09-1.12 (m, CH3), 1.21-1.24 (m, CH3), 3.57* (d, *J =
6.6 Hz, 1 H, 11-H), 3.84-3.98 (m, CH;, and 11-H major isomer),
4.02-4.07 and 4.11-4.20 (m, CH,, both isomers), 4.23 (dd, 3J =
10.8 Hz, *7 = 6.0 Hz, 1 H, 5-H), 4.29* (d, °*J = 10.2 Hz, 1 H, 6-
H), 4.36*-4.39* (m, 1 H, 5-H), 4.45 (d, °J = 10.8 Hz, 1 H, 6-H),
7.01* (d, °J = 6.0 Hz, 2 H, 8-H), 7.29* (d, °J = 7.2 Hz, 2 H, 3-H), 7.39-7.40 (m, 2 H, 8-H),
7.61 (d, °J = 9.0 Hz, 2 H, 3-H), 7.97*-7.99* (m, 2 H, 2-H), 8.15-8.16 (m, 2 H, 2-H), 8.40-
8.41* (m, 2 H, 9-H), 8.62 (d, °J = 4.4 Hz, 2 H, 9-H). *C-NMR (CDCl;, 150 MHz) &= 13.76,
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13.78, 13.8, 13.9 (q, CH;), 46.7*, 47.3 (d, C-5), 53.6*, 53.9 (d, C-6), 54.0, 55.0* (d, C-11),
61.5, 61.7, 61.8, 61.85, 61.88, 62.1 (t, CH,), 124.0%, 124.1 (d, C-8), 123.0%, 123.2 (d, C-2),
130.6, 130.7* (d, C-3), 144.3, 144.5, 144.6 (s, C-4*, C-7 both isomers), 145.5 (s, C-4),
147.0%, 147.4 (s, C-1), 150.0%, 150.4 (d, C-9), 167.0, 167.1%, 167.4, 167.5* (s, C-12), 170.4,
170.9% (s, C-10). HR-MS (EI): m/z caled for [CasHaeN2Os]™: 458.1684 found: 458.1683.

4.3.2.7. Reaction of Ethyl Phenylacetate (1a) with 3a and Subsequent Methylation

KOsBu (40.0 mg, 0.357 mmol) was dissolved in 5 mL of dry THF. After adding ethyl
phenylacetate (1a-H, 54.0 uL, 0.339 mmol) and stirring 5 min at 0°C, 3a (98.5 mg,
0.336 mg) was added and the solution was stirred for further 5 min at 0 °C. Dimethyl sulfate
(300 uL, 3.16 mmol) was added and stirred for 12 h at room temperature. The reaction
mixture was extracted with diethyl ether (2 x 20 mL) after adding 30 mL of aqueous
ammonia. The combined organic layers were washed with ammonia and brine and dried over
sodium sulphate. The solvent was removed by evaporation under reduced pressure. After
column chromatography on silica with dichloromethane/methanol as eluent, triethyl 2-(4-
nitrophenyl)-1-phenylbutane-1,3,3-tricarboxylate 6a (79.8 mg, 0.169 mmol, 50 %, dr ~ 1:1.2)

was obtained as a yellow oil.

'H-NMR (CDCls, 300 MHz) 5= 0.84 (t, °J = 7.1 Hz, 3 H, CH3),
1.05 (t, °’J = 7.1 Hz, 3 H, CH3), 1.14 (t, °J = 7.2 Hz, 3 H, CH3),
6 1220\ 1.15-1.28 (m, 3 x CH3, 13-H minor isomer), 1.50 (s, 3 H, 13-H),

3.53-3.94 and 4.05-4.19 (m, CH,, 5-H minor isomer, 6-H major
NO, isomer), 4.29 (d, *J=11.7 Hz, 1 H, 5-H), 4.85* (d, *J = 11.7 Hz,
1 H, 6-H), 6.99-7.09, 7.28-7.31, 7.55-7.58 (m, 8-H, 9-H, 10-H both isomers), 7.23, 7.63* (d,
J=9.0 Hz, 2 H, 3-H), 7.87, 8.15* (d, °J = 9.0 Hz, 2 H, 2-H). *C-NMR (CDCl;, 75.5 MHz) &
=13.57, 13.64, 13.76, 13.80, 13.82, 13.9 (q, CH3), 20.3, 21.8* (q, C-13), 52.5, 53.3* (d, C-5),
52.8, 54.1* (d, C-6), 57.6, 56.5* (s, C-11), 60.7, 61.1, 61.4, 61.5, 61.70. 61.71 (t, CH,), 122.5,
123.0* (d, C-2), 127.2, 128.0, 128.1, 128.2 (d, C-8, C-9, both isomers), 129.2, 130.1 (d, C-10,
both isomers), 130.6*, 130,9 (d, C-3), 135.1%, 137.2 (s, C-7), 146.1, 147.08* (s, C-4), 146.4,
147.11 (s, C-1), 170.1%*, 170.5%, 170.7, 170,8 (s, C-14), 172.1*, 172.9 (s, C-12). HR-MS (EI):
m/z calcd for [C25H29N08]'+: 471.1888 found: 471.1897.

45



Chapter 2: Quantification of the Nucleophilic Reactivities of Ethyl Arylacetate Anions

4.3.2.8. Reaction of Ethyl 4-Cyanophenylacetate (1d) with 3a and Subsequent
Methylation

The reaction was performed as described under 3.2.7 from KO7Bu (40.2 mg, 0.358 mmol)
ethyl 4-cyanophenylacetate (1d-H, 64.2 mg, 0.339 mmol), 3a (99.3 mg, 0.339) and dimethyl
sulfate (300 uL, 3.16 mmol). Purification by column chromatography (silica with
dichloromethane/methanol) yielded triethyl 3-(4-cyanophenyl)-2-(4-nitrophenyl)butane-1,1,3-
tricarboxylate 6d (140 mg, 0.282 mmol, 83 %, dr ~ 1:1.1) as a yellow oil.

NC_ 9 'H-NMR (CDCls, 300 MHz) 6= 0.84 (t, °J = 7.1 Hz, 3 H, CH3),
1.01 (t, °J= 7.2 Hz, 3 H, CHs), 1.16-1.27 (m, 15 H, CH3), 1.18,
6] 140\ 1.48 (s, 3 H, 13-H, both isomers), 3.46-3.82 and 3.90-4.24 (m,
13 H, CH,, 11-H minor isomer), 4.46 (d, 37 =10.3 Hz, 1 H, 11-

~~0"S0 5 1" NO2 H), 4.70, 5.02* (d, 3J=10.3 Hz, 11.7% Hz, 1 H, 5-H), 7.22-7.25
(m, 4 H, 3-H minor isomer and 8-H major isomer), 7.36 (d, 3] = 8.4 Hz, 2 H, 9-H major
isomer), 7.57-7.65 (m, 4 H, 3-H major isomer, 9-H minor isomer), 7.74* (d, 3J=84Hz, 2 H,
8-H), 7.91*, 8.17 (d, °J = 9.0 Hz, 2 H, 2-H). *C-NMR (CDCls, 75.5 MHz) 6= 13.60, 13.64,
13.8-13.9 (q, CHs), 20.4, 22.7 (q, C-13, both isomers), 52.5, 53.5* (d, C-11), 52.9, 54.2* (d,
C-5), 56.2, 57.5*% (s, C-6), 61.2, 61.67-61.69, 61.9, 62.0 (t, CHy), 111.3, 111.9*% (s, C-10),
118.2, 118.4 (s, CN), 122.9, 123.3 (d, C-2, both isomers), 130.0, 130.6 (d, C-3, both isomers),
131.1, 131.7 (d, C-8, both isomers), 132.0, 132.6 (d, C-9, both isomers), 140.7, 142.7 (s, C-7),
145.2, 146.1 (s, C-4), 146.8, 147.4* (s, C-1), 170.63, 170.7, 171.3, 172.0 (s, C-12, both
isomers), 170.56, 170.1 (C-14, both isomers). HR-MS (EI): m/z calcd for [Ca6H2sN,05]
496.1840 found: 496.1843.

4.3.3. Reactions of Ethyl 4-Nitrophenylacetate (1e-H) with Further Electrophiles

4.3.3.1. Reaction of Ethyl 4-Nitrophenylacetate (1e-H) with the trans-$-Nitrostyrene 7a

Ethyl 4-nitrophenylacetate (1e-H, 130 mg, 0.621 mmol) and 7a (103 mg, 0.575 mmol) were
dissolved in dry dichloromethane (distilled from calcium chloride) in a dried Schlenck-flask,
filled with argon. After the addition of 3 droplets of DBN, the reaction mixture was stirred at
room temperature for 48 h. After evaporation of the solvent, the crude product was purified by

flash chromatography on silica with ethyl acetate/pentane as eluent. Ethyl 3-(4-
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methoxyphenyl)-4-nitro-2-(4-nitrophenyl)butanoate 8 (116 mg, 0.299 mmol, 52 %, dr ~

1:1.1) was obtained as yellow oil.

9 'H-NMR (CDCls, 300 MHz) 6= 0.96, 1.23* (t, °J = 7.1 Hz, 3 H,
12 13-H), 3.69*%, 3.79 (s, 3 H, 14-H), 3.84-4.47 (m, 10 H, 5-H, 6-H

O,N 0

13 and 12-H from both isomers and 15-H from the major isomer),
O i 4.77* (s, 1 H, 15-H), 4.80* (s, 1 H, 15-H), 6.69*, 6.92 (d, °J =
13 8.7 Hz, 2 H, 2-H), 6.88*, 7.22 (d, °J = 8.7 Hz, 2 H, 3-H), 7.69,
7.32*% (d, °J = 9.0 Hz, 2 H, 8-H), 8.03*, 8.26 (d, *J = 8.7 Hz, 2 H, 9-H). *C-NMR (CDCl;,
75.5 MHz) 6= 13.8, 14.0* (q, C-13), 46.4*, 46.6 (d, C-5), 54,5%, 55.06 (d, C-6), 55.12*, 55.3
(q, C-14), 61.6, 62.1* (1, C-12), 78.2, 78.6* (t, C-15), 114.3*, 114.4 (d, C-3), 123.7%, 124.3
(d, C-9), 127.3*%, 128.1 (s, C-4), 129.0%, 129.1 (d, C-2), 129.5%, 129.6 (d, C-8), 142.6, 143.1*
(s, C-7), 147.3%,148.0 (s, C-10), 159.2*, 159.6 (s, C-1), 170.2*, 171.0 (s, C-11). HR-MS (EI):
m/z calcd for [C19H20N207]'+: 388.1265 found: 388.1265.

o)

4.3.3.2. Reaction of Ethyl 4-Nitrophenylacetate (1e-H) with the 1,2-Diaza-1,3-Diene 9a

Ethyl 4-nitrophenylacetate (le, 56.6 mg, 0.271 mmol) was added to a solution of KOsBu
(31.8 mg, 0.283 mmol) in 5mL of dry DMSO. After 1 min. stirring, a solution of 9a
(66.0 mg, 0.254 mmol) in S mL of dry DMSO was added and stirred for 5 min at room
temperature before 50 mL of aqueous acetic acid (0.5 %) were added to the reaction mixture.
The mixture was extracted with ethyl acetate (3 x 20 mL). The combined organic layers were
washed with brine and dried over sodium sulfate before the solvent was evaporated. The
crude product was purified by column chromatography on silica with pentane/ethyl acetate
(1:1) as eluent yielding (E)-ethyl 3-(dimethylcarbamoyl)-2-(4-nitrophenyl)-4-(2-
(phenylcarbamoyl)-hydrazono)pentanoate 10 (103 mg, 0.219 mmol, 87 %, dr ~ 1:1) as

colorless solid.

'H-NMR (CDCl;, 600 MHz) & = 1.12%, 1.17 (t, °J =
6.9 Hz, 3 H, 16-H), 1.47*, 1.78 (s, 3 H, 9-H), 2.72%,
3.00 (s, 3 H, 17-H), 2.89*, 3.15 (s, 3 H, 18-H), 4.04-
421 (m, 2 H, 15-H, both isomers), 4.35, 4.46* (d, >J =
11.4 Hz, 1 H, 5-H), 4.52, 4.58* (d, *J = 11.4Hz, 1 H,
6-H), 7.06-7.09 (m, 2 H, 14-H, both isomers), 7.28-7.33 (m, 4 H, 13-H, both isomers), 7.35 ,
7.56* (d, °J = 8.4 Hz, 2 H, 12-H), 7.46, 7.62* (d, °J = 8.4 Hz, 2 H, 3-H), 7.71, 8.29* (s, 1 H,
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NH), 8.15, 8.20* (d, °J = 8.4 Hz, 2 H, 2-H), 8.96, 9.18* (s, 1 H, NH). "C-NMR (CDCls,
150 MHz) 6= 13.5, 14.7* (g, C-9), 13.9, 14.0* (g, C-16), 35.6%, 36.3 (q, C-17), 37.3, 37.8*
(q, C-18), 51.9, 52.0* (d, C-5), 53.5*, 54.9 (d, C-6), 61.8, 61.9* (t, C-15), 119.26*, 119.35 (d,
C-12), 123.3*, 123.6 (d, C-14), 123.7*, 124.0 (d, C-2), 128.9%, 129.1 (d, C-13), 129.4, 129.6*
(d, C-3), 137.5, 138.2 (s, C-11), 143.2%, 143.3 (s, C-4), 144.8, 144.9* (s, C-8), 147.5, 147.7*
(s, C-1), 153.3, 153.8* (s, C-10), 168.0*, 168.9 (s, C-7), 171.7, 171.6* (s, C-19). HR-MS (EI):
m/z calcd for [C23H27N5O6]'+: 469.1956 found: 469.11968.

4.3.3.3. Reaction of Ethyl 4-Nitrophenylacetate (le-H) with the Benzylidene

Malononitrile 11

Ethyl 4-nitrophenylacetate (1e, 20.1 mg, 96.1 pmol), KOsBu (11.2 mg, 99.8 umol) and the
benzylidene malononitrile 11 (17.0 mg, 86.2 umol) were mixed with 0.6 mL of [Ds]-DMSO
in a NMR-tube under argon atmosphere. The formation of potassium 1,1-dicyano-2-(4-
(dimethylamino)phenyl)-4-ethoxy-3-(4-nitrophenyl)-4-oxobutan-1-ide (12, dr ~ 1:1.3) could

be observed.

The following signals could be assigned: "H-NMR ([Ds]-DMSO,
400 MHz) &= 2.74*, 2.84 (s, 6 H, 11-H), 3.39 and 3.54 (d, *J =
12.0 Hz, SJ=11.2 Hz, respectively, 4-H, both isomers), 3.95 (d,
3J=12.0Hz, 1 H, 5-H), 6.42*, 6.64 (d, °J = 8.6 Hz, 2 H, 2-H),
6.88%, 7.12 (d, °J = 8.6 Hz, 2 H, 3-H), 7.51*, 7.73 (d, >°J = 8.7 Hz,

11 2 H, 6-H), 7.97*, 8.22 (d, °J = 8.7 Hz, 2 H, 7-H). "C-NMR (ds-
DMSO, 100 MHz) 5= 13.6, 14.0* (q, C-10), 17.3, 18.2* (s, C"), 40.2*, 40.5 (q, C-11), 47.2%,
47.3 (d, C-4), 57.3, 57.5*% (d, C-5), 60.0, 60.3* (t, C-9), 112.0*, 112.2 (d, C-2), 123.0*, 123,1
(d, C-7), 127.3, 127.6* (d, C-3), 129.8, 129.9* (d, C-6), 148.3*, 149.0 (s, C-1), 171.4, 171.7*
(s, C-8).

O,N
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4.4. Deprotonation Experiments and UV-Vis Specta

4.4.1. Deprotonation Experiments

The formation of the carbanions 1a—f from their conjugate CH acids (1a—f)-H, were recorded
by using diode array UV-Vis spectrometers. The temperature during all experiments was kept
constant by using a circulating bath (20.0 £ 0.02 °C). Solutions of the CH acids (1a—f)-H in
dry DMSO were added to a solution of KOzBu (1.05 eq.) in dry DMSO respectively. After the
equilibration of the absorption (30 to 40 s) the mixtures were treated subsequently with
various equivalents of KO7Bu (dissolved in DMSO). In all cases a full deprotonation of the

CH acid with one equivalent of base was monitored (Figure 6).
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Figure 6: Formation of the Anions 1la—f from the corresponding CH acids and KOzBu in DMSO at
20 °C. Dashed lines mean an additional equivalent of KO7Bu.
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4.4.1. UV-Vis Spectra

The UV-Vis Spectra of the anions la-f were taken from the deprotonation experiments

described above.
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Figure 7: UV-VIS-Spectra of the Anions 1a—f in DMSO.

4.5. Kinetic Experiments
4.5.1. Determination of the Nucleophilicity of Ethyl Phenylacetate Anions 1

4.5.1.1. Reactions of the Potassium Salt of Ethyl Phenylacetate (1a-K)

Table 4: Kinetics of the reaction of 1a-K (generated from 1a-H by addition of 1.03 equivalents of KO7Bu) with
2f (20 °C, stopped-flow, at 407 nm).

[2f] / [la]/ kobs /
; . al/[2 2
mol L mot L' Hall fl 5 400 | v =221E+06x - 8.61E+01
1.79x10° 140x10% 78  2.27x10° R = 9.96E.01

300 |
1.79x10° 158 x10* 88  2.62x10°

1.79x10° 1.93x10* 108 3.35x10°
1.79 x 10° 2,10 x 10*  11.7  3.84 x 10?

200

Kops 187

100

o 1 1
0.0000 0.0001 0.0002

ky=2.21x10°Lmol"'s™

[1a]/ molL"
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Table 5: Kinetics of the reaction of 1a-K (generated from 1a-H by addition of 1.04 equivalents of KO7Bu) with
2g (20 °C, stopped-flow, at 486 nm).

[2g] / 1 [1a] / 1 [18-crow1_11-6] / [1a]/[2g] kot_,?/
mol L mol L mol L S

3 w: : 300 b Y =550707x - 35.219
1.90 x 10°  1.95 % 10 103 7.04x 10 R? = 0.9972
1.90 x 10° 292 x10*  3.18x 10 154  1.30x10> & 200
1.90 x 10°  3.90 x 10* 206 1.74x10° & 00
1.90 x 10° 4.87x10* 530x 10 257  2.38x10°
1.90 x 10°  5.85x 10* 30.8  2.84x10° 0 : :

0.0000 0.0002 0.0004 0.0006
kh=551%x10"L mol s [1a]/ molL"

Table 6: Kinetics of the reaction of 1a-K (generated from 1a-H by addition of 1.04 equivalents of KOBu) with
2h (20 °C, stopped-flow, at 521 nm).

[2h]/ [1a]/  [18-crown-6]/ kops / 500 -
mol L™ mol L™ mol L™ [1a}/[2h] !
1.77x10°  1.95x 10* 1.0 2.99x 10" 20[ Y=2800 26853
1.77x10°  3.90x 10* 424 x 10* 21  825x100 2
1.77x10°  5.85x 10" 33.1 1.41x10° }150
1.77x10° 780 x10*  8.48x 10 441  197x10° 100 7
1.77x10°  9.74 x 10™ 552 2.52x 10 07
O 1 1 1 1 I
ky=2.86x10° L mol's™ 0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

[1a] / molL"

Table 7: Kinetics of the reaction of 1a-K (generated from 1a-H by addition of 1.04 equivalents of KO7Bu) with
3b (20 °C, stopped-flow, at 340 nm).

[3b] / [la] / kobs /
g 4 [3b)/[1a] >
mol L' mol L™ ! 1200 L
522x10% 257x10% 195  1.69 x 10? y =74315x - 215.68

R? = 0.9989

8.48x 107 2.57x 10"  31.7 430x10° - 07
1.17x10% 257 x10* 439  640x 10> 3

_: 600
1.83x 102 2.57x10* 683  1.15x10°
300
ky=7.43 x 10* L mol ' s™! 0 : :
0.0000 0.0050 0.0100 0.0150 0.0200

[3b] / molL"

Table 8: Kinetics of the reaction of 1a-K (generated from 1a-H by addition of 1.05 equivalents of KO7Bu) with
3c (20 °C, stopped-flow, at 340 nm).

Ir[lif]L/l II[lizll]L/1 [ISI;I.OOI“I/,I_II 6] / [3C]/[13] k(;tﬁ / T y =10039x + 6.984
7.78 x 10*  6.16 x 107 126 1.39x10' 40r  R=099%7
1.56 x 10*  6.16 x10°  6.73 x 107 253 235x10" 5, 80t
233x10°  6.16 % 107 379 3.06x10° 3|
3.11x10°  6.16x10°  6.73x 107 50.5  3.89x10' ol
3.89x10° 6.16x 107 63.1  4.53x10'
k2 — 100 X 104 L mol—l S—l (;).OOOO 0.0010 0.0020 0.0030 0.0040

[3¢]/ molL"
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Table 9: Kinetics of the reaction of 1a-K (generated from 1a-H by addition of 1.02 equivalents of KO#Bu) with

3d (20 °C, stopped-flow, at 345 nm).

[3d]/ [1a] / kobs /

mol L™ mol L' [3d)/[1a] st
1.39x10° 153 x10* 9.1 1.02 x 10
2.09%10% 1.53x10*  13.6 1.33x 10
2.78x10° 1.53x10* 18.1  1.58 x 10!
348 x10° 1.53x10* 22,6 1.85x 10"
417x10° 1.53x10* 272  2.12x10

k,=3.91x10° L mol's™

y =3912.2x + 4.936
R? =0.9993

0.000 0.002 0.004

[3d] / molL*

Determination of Reactivity Parameters N and sy _for the Anion of Ethyl Phenylacetate (1a) in

DMSO

Table 10: Rate Constants for the reactions of 1a with different electrophiles (20 °C).

Electrophile E  k/Lmol's! log k,

2f -16.38
2g -17.29
2h -17.90
3b -18.98
3c -20.55
3d 21.11

2.21 x 10°
551 x10°
2.86 x 10°
7.43 x 10*
1.00 x 10*
3.91 x 10°

6.34
5.74
5.46
4.87
4.00
3.59

N=27.54,s5=0.57

y =0.5666x + 15.592
R? = 0.9985

-20 -18 -16
E-Parameter

4.5.1.2. Reactions of the Potassium Salt of Ethyl 3-Chlorophenylacetate (1b-K)

Table 11: Kinetics of the reaction of 1b-K (generated from 1b-H by addition of 1.06 equivalents of KO7Bu) with

2f (20 °C, stopped-flow, at 407 nm).

[2f]/ [1b]/ kobs/
mol L' mol L' [1b)/[2g] sl
1.38x10° 135x10* 98 8.57 x 10!
138 x10° 1.69x 10* 122  1.13x10?
1.38x10° 1.84x10* 133  1.32x 10
1.38x10° 2.00x10* 145  1.46 x 10
1.38x10° 2.15x10* 156  1.56 x 10

ky =9.06 x 10° L mol s
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200
y =905949x - 37.19
160 R? = 0.9929

-, 120
& 80

40

0 I I I

0.0000 0.0001 0.0002 0.0003
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Table 12: Kinetics of the reaction of 1b-K (generated from 1b-H by addition of 1.02 equivalents of KO7Bu) with
2g (20 °C, stopped-flow, at 486 nm).

2g]/ 1b]/ Kops / ]
rx[lo;lgzL1 11[101 ]L [1b)/[2¢] st"1 e y =233128x - 19.728
1.88 x10° 2.15x 10" 114  2.70 x 10' 120 L FR=09936
1.88x10° 322x10* 171  593x10' %
188x10° 429x10* 228 797x100 2|
1.88x10° 537x10* 285 1.08x10° w0t
1.88x10° 6.44x10* 342 1.28x10°
ky=2.33 x 10° L mol™'s! (?.0000 0.0002  0.0004  0.0006
[1b]/ molL"

Table 13: Kinetics of the reaction of 1b-K (generated from 1b-H by addition of 1.04 equivalents of KOsBu) with
2h (20 °C, stopped-flow, at 521 nm).

[2h]/ [1b]/ [18-crown-6] kops / 8 -

mol L™ mol L! /mol L [1b}/[2h] s! y = 124192x - 10.789
2.05%10° 2.19x10™ 10.7  1.71 x 10" 60 | RF = 0.9989
2.05x10° 328x10* 3.56x 10™ 16.0 289x10" -
2.05 % 10° 438 x 10* 213 439x100 %
2.05x10° 6.57x10* 320  7.09x 10 20 |

_ 5 -1 -1 0 L L L
k2 o 124 x 10 L mOI § 0.0000 0.0002 0.0004 0.0006
[1b] / molL"!

Table 14: Kinetics of the reaction of 1b-K (generated from 1b-H by addition of 1.05 equivalents of KOfBu) with
3b (20 °C, stopped-flow, at 350 nm).

moll’ molll et meyiey R
1.19x 10° 124 x 10 9.1  238x10'
1.78 x10° 124x 10" 135x10" 137 3.78 x 10"
297x10° 124x10*"  1.35x 10" 228 648 x 10"
3.56x 10° 124 x10* 287  7.82x 10"

k=229 x 10* L mol's!

80 y =22901x - 3.211
R? = 0.9999
60
o
T, 40
20 +
0 1 1 1 I
0000 0001 0002 0003  0.004
[3b] / molL"

Table 15: Kinetics of the reaction of 1b-K (generated from 1b-H by addition of 1.04 equivalents of KOBu) with
3¢ (20 °C, stopped-flow, at 350 nm).

[3c]/ [1b]/ [18-crown-6] / Kops / 30 -
mol L™ mol L mol L [3c}/[1b] s y = 6090.7x - 2.805
1.58x10° 1.32x10* 11.9 6.78 ” R =0.9996
237x10° 132x10% 143 x 10" 179 L18x10" %
3.15x 107  1.32x 10" 238  1.62x10' &
3.94x10° 132x10* 143 x10* 298 2.12x 10! |
473 %107 132x10* 357 2.61 %10
o 1 1 1 1 1
k= 6.09 x 10° L mol™ts™ 0.000 0.001 0.002 0.003 0.004 0.005
[3c] / molL
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Table 16: Kinetics of the reaction of 1b-K (generated from 1b-H by addition of 1.06 equivalents of KO7Bu) with
3d (20 °C, stopped-flow, at 350 nm).

3d]/ 1b]/ Kops !
ol molld By T
=2489.4x + 4.889
1.50 x 107 1.01 x10* 149 8.63 T 0.0099

225x10° 1.O1x10% 223  104x10" - 21
299 x 10° 1.01x10* 297 124x10"
3.74x10% 101x10* 372 142x100
449 x10° 1.01x10* 446 1.61x10'

k2 — 2.49 % 103 L mol—l S—l 0.000 ([)3(3‘(;2/ oL 0.004

Determination of Reactivity Parameters N and sy for the Anion of Ethyl 3-Chloro-

phenylacetate (1b) in DMSO

Table 17: Rate Constants for the reactions of 1b with different electrophiles (20 °C).

Electrophile E  k/Lmol's"' logk, 6 - .
y = 0.5256x + 14.49
2f -1638  9.06x10° 596 RE = 0.9917
2g -1729  233x10° 537 5t
2h 21790 1.24x10° 509 &
3b 1898 229x10° 436 £ ,|
3c 20.55  6.09x10° 378
3d 2111 249x10° 340
3-22 -20 -18 -16
N= 2757, SN = 0.53 E-Parameter

4.5.1.3. Reactions of the Potassium Salt of Ethyl 4-Bromophenylacetate (1¢-K)

Table 18: Kinetics of the reaction of 1¢-K (generated from 1c¢-H by addition of 1.06 equivalents of KOBu) with
2f (20 °C, stopped-flow, at 407 nm).

2f]/ 1c]/ Kops /
IIEOf]L_l II[IOI ]L'l [1c]/[2g] Sl?l 600
- 9.89E+05x - 1136402
224x10° 241 x10* 107 132 x 102 y R2=+9.§))(7501 +

224x10° 337x10% 150 2.19x10% _ 400
224x10° 433x10* 193  3.00 x 10
224x10° 520x10*  23.6 4.12x10*> <200 |
224x10° 626x10% 279  5.11 x 10>

Kops /87

0 1 1 1

5 |
k,=9.80 x 10° L mol ™ s 00000 00002  0.0004  0.0006
[1c]/ molL"!
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Table 19: Kinetics of the reaction of 1¢e-K (generated from 1e-H by addition of 1.04 equivalents of KO7Bu) with
2g (20 °C, stopped-flow, at 486 nm).
[2g]/ [1c]/
mol L™ mol L~
1.88x10° 1.97x10* 105 3.77x10" 150 |
1.88x10° 296 x 10* 157  7.56 x 10!
1.88x10° 3.95x10% 210  1.06x 10 <
1.88x10° 494 x10* 262 1.32x10*° = 5
1.88 x 107 592 x 10" 314  1.68 x 10°

nepg ol e

y =321135x - 22.944
R? = 0.9965

» 100 |

0

5 -1 -1
ky=3.21%10°Lmol's 0.0000 0.0002 0.0004 0.0006
[c]/ molL"

Table 20: Kinetics of the reaction of 1¢-K (generated from 1c¢-H by addition of 1.05 equivalents of KO¢Bu) with
2h (20 °C, stopped-flow, at 521 nm).

H[f)lll]L/l rr[lz)IC]L/l [lé;;ﬁ‘ir-ll_ 6l [1c]/[2h] k‘:ﬁ / 1601 y = 153084x + 10.846
1.69 x 10° 1,65 x 10°* 98  342x10" 120} -0t
1.69 < 10° 330 x 10"  3.60 x 10 195  6.19%x10" %
1.69 x 10° 4.95 x 10°* 293 880x10" 2 ®
1.69x 107 6.60 x 10*  7.21 x 10* 39.1  1.15x 107 40t
1.69 % 10° 825 x 10* 488 134107 . ‘ ‘
ky=1.53 x10° L mol™' s 0.0000 0.0004 0.0008

[1c]/ molL"

Determination of Reactivity Parameters N and sy for the Anion of Ethyl 4-Bromo-

phenyvlacetate (1¢) in DMSO

Table 21: Rate Constants for the reactions of 1¢ with quinone methides (20 °C).

Electrophile E  k/Lmol's” logk, 64r
3 6.0 r y=0.5333x +14.73
2f -16.38  9.89x10°  6.00 =1
2g -1729  321x10° 551 56
2h -17.90  153x10° 518 8 o
N=27.62,sx=0.53 48 : : :
-18.0 -17.5 -17.0 -16.5

E-Parameter
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4.5.1.4. Reactions of the Potassium Salt of Ethyl 4-Cyanophenylacetate (1d-K)

Table 22: Kinetics of the reaction of 1d-K (generated from 1d-H by addition of 1.04 equivalents of KOsBu) with
2g (20 °C, stopped-flow, at 486 nm).

2g]/ 1d]/ 18-crown-6] / kobs /
n[lo%]L"1 Ir[lol ]L'1 [ mol L' ] [1d}/[2g] sljl
1.83x10°  2.05x10* 11.2 1.61
1.83x10°  308x10* 342x10* 16.9 2.95
1.83x10°  4.10x 10* 225 4.14
1.83x10°  513x10* 569 x10* 28.1 525
1.83x10°  6.15 % 10™ 33.7 6.32

ky=1.14%x10* L mol's™

61 y-11437x - 0.6358
Re = 0.9979
4t
»
]
-!G 21
0

0.0000 0.0002 0.0004 0.0006
[1d]/ molL"

Table 23: Kinetics of the reaction of 1d-K (generated from 1d-H by addition of 1.04 equivalents of KO7Bu) with
2h (20 °C, stopped-flow, at 521 nm).

[2h]/ [1d]/ [18-crown-6] / Kobs /
mol L™ mol L™ mol L™ [1d)/[2h] s .
1.62x10° 2,05 x 10 127 593x10" J - 5896.7x - 0.6034
1.62x10°  308x10* 3.42x10* 19.0 1.23 ool RP = 0.9997
1.62x10° 410 % 10™ 25.4 1.80 p
1.62x10°  513x 10"  5.69 x 10* 31.7 243 !
1.62x10°  6.15x 10™ 38.0 3.02
0
0.0000 0.0002 0.0004 0.0006

ky=5.90 x 10° L mol!'s™

[1d] / molL"

Table 24: Kinetics of the reaction of 1d-K (generated from 1d-H by addition of 1.05 equivalents of KO7Bu) with
3b (20 °C, stopped-flow, at 405 nm).

[3b]/ [1d]/
mol L' mol L'

158 x 107 7.72 x 107
237x10° 7.72 x 107
3.16 x 103 7.72 x 107
3.95x%x 103 7.72x 107
473 x 103 7.72 x 107

[3b]/[1d] k‘;‘??/
205 1.60
307 2.26
409 297
ST 3.90
614 459

ky=9.65x 10’ Lmol's
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5 -
4 | y=965.13x +0.0152
R? = 0.9965
3 L
2+
1t
0 I I
0.0000 0.0020 0.0040
[3b] / molL*
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Determination of Reactivity Parameters N and sy for the Anion of Ethyl 3-Cyano-

phenylacetate (1d) in DMSO

Table 25: Rate Constants for the reactions of 1d with different electrophiles (20 °C).

Electrophile E  k/Lmol's" logk, 45
y =0.646x + 15.269
40 b R = 0.9895
2g -1729  1.14x10*  4.06
2h 1790 5.90x10° 377 L35
3b 1898 9.65x10° 298 a4l
— _ 25 L
N=23.64, sx=0.65 e o g
E -Parameter

4.5.1.5. Reactions of the Potassium Salt of Ethyl 4-Nitrophenylacetate (1e-K)

Table 26: Kinetics of the reaction of 1e-K (generated from 1e-H by addition of 1.04 equivalents of KO7Bu) with
2a (20 °C, stopped-flow, at 422 nm).

2a]/ le]/ 18-crown-6]/ kobs / _
nEol ]L'1 Ir[lol ]L'1 : mol L™ : [1e}/[2a] s131 s y = 262805x - 2.52
1.54x10° 211 x10* 14.2 518 x 10" Re = 0.9993
154x10°  3.16x10*  345x10% 213 822x10° _ |
1.54x10° 422 % 10* 284 1.08x10°
1.54x10°  527x10*  575x10* 355  137x10> < O
1.54x10° 632 x10* 42,6 1.63 x 10°
ky=2.63 x 10° L mol's™! (?.0000 0.0002 0.0004  0.0006

[e] / molL"

Table 27: Kinetics of the reaction of 1e-K (generated from 1e-H by addition of 1.05 equivalents of KO¢Bu) with
2b (20 °C, stopped-flow, at 374 nm).

molll moll  omarrat meyiznl Sl e
2.12x10° 272 x 10* 12.8 3.71 o 00
2.12x10°  4.07x10*  442x10* 19.2 563 %
212x10°  679x10*  736x10* 320 909 ']
2.12x10°  815x10* 38.4 11.2 sl
ky=1.35x 10" L mol" s 0
0.0000 0.0003 0.0006 0.0009

[e] / molL"
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Table 28: Kinetics of the reaction of 1e-K (generated from le-H by addition of 1.05 equivalents of KOzBu) with
2¢ (20 °C, stopped-flow, at 354 nm).

IIE?)?]L/»I IIE})f]L{l [18 I:llg)lv}il?l 6] / [16]/[20] k:?i / y = 3683x - 0.0432
2.07x10° 2,12 10 102 726x 10" 2 RO
207x10°  3.18x10*  3.50 x 10°* 153 1.15 B
207x10° 424 x10* 20.4 1.50 B
2.07x10° 63510 30.6 2.30
k2 - 368 X 103 L mOI_l S_l (?.0000 0.0002 0.0004 0.0006
[1e]/ molL"

Table 29: Kinetics of the reaction of 1e-K (generated in from 1e-H addition of 1.03 equivalents of KO7Bu) with
2d (20 °C, stopped-flow, at 371 nm).

2d]/ le] / 18- 6]/ Kobs / i
5 y = 880.48x - 0.0078
2.07x 107 2,61 x10™ 126  2.08x 10" 06 | R = 0.996
207x10°  391x10*  4.19x10* 188  348x10" -
2.07x10° 521 x10* 251 46d4x107 3%
207x10°  651x10* 6,98 x 10* 314 5.62x10" 02 |
2.07x10°  7.82x 10 377 6.74x10"
5 1 -1 0.0
k, =8.80 x 10° L mol™ s 0.0000 0.0004 0.0008
[1e]/ molL"

Table 30: Kinetics of the reaction of 1e-K (generated from 1e-H by addition of 1.03 equivalents of KO/Bu) with
2e (20 °C, stopped-flow, at 393 nm).

[2e]/ [1e]/ [18-crown-6] / kobs /
mol L mol L™ mol L™ [1e]/|2e] st 04 |
= ” = y =490.49x +0.0045
1.94 x 10 2.61 x10 13.4 1.29 x 10 o5 R? = 0.9991
1.94x10°  391x10*  4.19x 10" 20.1 198 x 10" %
1.94x10° 521 x10* 268 2.64x10"  go2}
194 %107 651x10* 698 10" 335 3.25x10" ol
1.94x10° 782 x10* 403  3.85x10"
0.0
kr =4.90 x 10> L mol s 0.0000 0.0004 0.0008
[1e]/ molL"!

Table 31: Kinetics of the reaction of 1e-K (generated from 1e-H by addition of 1.04 equivalents of KO¢Bu) with
2g (20 °C, stopped-flow, at 450 nm).

[1e]/

[2g]/ kobs / 0.09 -
g 1 [1e]/[2g] a1 y = 7.21E+01x + 2.40E-04
mol L _ mol L . S . Fe - 9.99E.01

1.07x10°  2.11x 10 198 1.48x10 vos

1.07x10°  422x10* 395  315x10% %

1.07x10°  632x10* 593  456x102 3 oo

1.07x10° 843 x10*  79.1  6.15x 107 '

1.07x10°  1.05x10° 988  7.58x 107

0.00 . .
ky=7.21x10"'Lmol's! 0.0000 0.0005 0.0010
[1e]/ molL"
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Determination of Reactivity Parameters N and sy for the Anion of Ethyl 4-Nitrophenylacetate
(1e) in DMSO

Table 32: Rate Constants for the reactions of 1e with quinone methides (20 °C).

Electrophile E  ky/Lmol's" logk,

y =0.7057x + 14.115

2a 212,18 2.63x10° 5.42 51 RP =0.9946
2b -1436  135x10° 413
2¢ 1503 3.68x10° 357 m,_|
2d -15.83 880 x 10> 2.94
2e -16.11  490x 10> 2.69
2g -1729 721 x10'  1.86 1 :
-18 -16 -14
N=20.00, sy=0.71 £-Parameter

4.5.1.6. Reactions of the Potassium Salt of Ethyl 2-(Pyridin-4-yl)-acetate (1f-K)

Table 33: Kinetics of the reaction of 1f-K (generated from 1f-H by addition of 1.04 equivalents of KO7Bu) with
2d (20 °C, stopped-flow, at 371 nm).

2d]/ 1f] / 18-crown-6] / kops /
n[lol]L'l rIEOfJL'1 : mol L™ : [1f)/[2d] s131 80 L y=153689x - 10.53
2.01x10° 2,08 x 10 103 2.15x 10 Re =0.9998
201x10° 311x10* 3.42x10% 155 3.69x10° - T
201107 4.15x 10 207 537x10" 5 40}
201 %10° 623 x 10* 310 851x10' N
ky=1.54 x 10° L mols™ g.oooo o.o‘ooz 0.0‘004 o.o.ooe

[1f] / molL1

Table 34: Kinetics of the reaction of 1f-K (generated from 1f-H by addition of 1.04 equivalents of KO7Bu) with
2e (20 °C, stopped-flow, at 393 nm).

2e]/ 1f]/ 18-crown-6] / Kops /
Ir[lol]L'1 IrEof]L'l | mol L' : [11)/[2e] s121 o y = 94558 - 2.524
2.07x10° 2,08 x 10* 10,0 1.71 x 10 R? = 0.9999
207 %107 3.11x10* 3.42x10* 150 269x10" 5 Of
2.07x10° 4.15x 10 201 3.70x10' 3
207x10° 519x10*  5.69x10* 251  4.63x 10" 20T
2.07x10° 623 x 10 30.1  5.64x 10"
k2 — 946 x 104 L mol—l S—l (?.OOOO 0.0002 0.0004 0.0006

[1f] / molL"
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Table 35: Kinetics of the reaction of 1f-K (generated from 1f-H by addition of 1.05 equivalents of KO7Bu) with
2g (20 °C, stopped-flow, at 486 nm).

moll  mars  l02E fRT e
187x10° 199x10* 106  2.02 S BNy
1.87x10° 298 x10*  16.0 353
1.87x10° 397x10* 213 si2 &
1.87 x10° 496 x10*  26.6 6.72 2t
1.87x10° 596x10* 319 7.93 o
k2 — 151 x 104 L mol-l S-l 0.0000 0.0002 0.0004 0.0006

[1]/ molL*

Table 36: Kinetics of the reaction of 1f-K (generated from 1f-H by addition of 1.05 equivalents of KOsBu) with
2h (20 °C, stopped-flow, at 521 nm).

I O e
166 X 10° 1.99x10* 119  7.26x 10" Sy meTesTE 05%
1.66 x10° 298 x 10*  17.9 1.53 ool
166 x10° 397x10*  23.9 222 3
1.66 X 10° 496 x10* 298 2.86 tr
1.66 x 10° 596x10*  35.8 3.42 . ,
k2 — 677 x 103 L mol-l S-l 0.0000 0.00[('?‘?]/"\0"0-..?004 0.0006

Table 37: Kinetics of the reaction of 1f-K (generated from 1f-H by addition of 1.05 equivalents of KOzBu) with
3b (20 °C, stopped-flow, at 351 nm).
[3b] / [lfl / kobs /
mol L™ mol L™ 5!
1.71x10% 623x10° 275 142
3.43x10° 623x10° 551 260 -
514x10° 623x107 826 435
6.86 x 10° 623x10° 101 583 |

[3b]/[1f]

y =873.59x - 0.195
R? = 0.9949

ky=8.74 x 10° L mol ™' s™! 0

0.000 0002 0004 0006  0.008
[3b] / molL*
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Determination of Reactivity Parameters N and sy _for the Anion of Ethyl Pyridine-4-Acetate

f) in DMSO

Table 38: Rate Constants for the reactions of 1f with different electrophiles (20 °C).

Electrophile  E

ky/Lmol's™ logk,

2d
2e
2g
2h
3b

-15.83
-16.11
-17.29
-17.90
-18.98

1.54 x 10°
9.46 x 10*
1.51 x 10*
6.77 x 10°
8.74 x 10°

5.19
4.98
4.18
3.83
2.94

N=2327,sn=0.70

6 r

y =0.6986x + 16.254

R? = 0.9969

-18 -17 -16
E -Parameter

4.5.2. Reactions of Ethyl 4-Nitrophenylacetate Anion 1e with Further Electrophiles

4.5.2.1. Reactions of 1e-K with trans--Nitrostyrenes 7

Table 39: Kinetics of the reaction of 1e-K (generated from 1e-H by addition of 1.04 equivalents of KO7Bu) with

7a (20 °C, stopped-flow, at 363 nm).

oLl et Dzl
329x10° 378 x10* 115 227
329x10°  755x10*% 229 3.39
329x10°  1.13x10° 344 4.67
3.29x10°  1.51x10° 45.9 5.89
329x10°  189x10° 573 6.97

ky=3.15%x 10 Lmol's™

0.

y =3151.2x + 1.068
R? = 0.9992

0000 0.0005 0.0010 0.0015 0.0020
[1e]/ molL"

Table 40: Kinetics of the reaction of 1e-K (generated from le-H by addition of 1.05 equivalents of KO7Bu) with

7b (20 °C, stopped-flow, at 340 nm).

7b]/ le]/ Kops /
n[qol ]L'1 Ir[lol ]L'1 [1e]/[7b] sljl
3.62x10° 378 x 10 10.4 1.25x 10"
3.62%10°  755x 10 20.9 2.02 x 10"
3.62x10°  1.13x103 31.3 2.69 % 10!
3.62%10° 151 x10° 417 3.24 x 10
3.62x10°  189x10°  52.1 3.78 x 10

ky=1.66 x 10* L mol's™

61

40 ¢
y = 16641x +7.116
R =0.9938
30
20 |

0.0000 0.0005 0.0010 0.0015 0.0020
[1e]/ molL"
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4.5.2.2. Reactions of 1e-K with 1,2-Diaza-1,3-Dienes 9

Table 41: Kinetics of the reaction of 1e-K (generated from 1e-H by addition of 1.03 equivalents of KOsBu) with
9a (20 °C, stopped-flow, at 390 nm).

[9a] / [le]/ kops /
mol L' mol L™! [1e)/[a] s 30 L
) 3 n y =5433.3x - 14.255
498 x 10 5.72 x 10 11.8 1.68 x 10 Re = 0.9998
498 x10* 668x10°  13.8 221x10" w20
498 x10* 763 %107 15.8 2.73 x 10" g
498 x10*  859x10° 177 323 % 10 10
_ 3 -1 -1 0 . !
k2 =5.43 x 10" L mol s 0.000 0.005 0.010
[1e]/molL"

Table 42: Kinetics of the reaction of 1e-K (generated from 1le-H by addition of 1.04 equivalents of KOsBu) with
9b (20 °C, stopped-flow, at 390 nm).

[9b] / [le] / Kops /
mol L™ mol L' 1€V9P] s 200
830x10° 870x10* 11.0 1.48 x 10 150 |
830x10° 1.09x10° 137 1.79x 10> % o
830x10° 130x10° 164  207x10° & y = 134256x +31.8
50 L R? = 0.9994
k=134 x10° L mol” s 0 - - -
0.0000 0.0005 0.0010 0.0015
[1e]/ molL"!

4.5.2.3. Reactions of 1e-K with 4-Dimethylamino-benzylidene malononitril 11

Table 43: Kinetics of the reaction of 1e-K (generated from 1e-H by addition of 1.06 equivalents of KO7Bu) with
11 (20 °C, stopped-flow, at 441 nm).

l‘IE(l)ll:}_,/-l nE:)‘IE]L/'l [le]/[ll] k(:-’? / 21 y = 18503x + 5.682
211x10°  231x10*  11.6 9.91 R =0.9999
2.11x10°  346x10* 174  121x10"
211x10° 462x10* 232 142x100 3]
211x10°  577x10* 290  1.64x10'
2.11x10° 693 x 10™ 349  1.85x 10
kr =1.85 x 10° L molts! (?.oooo 0.0002  0.0004  0.0006
[1e]/ molL"
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4.6.'"H NMR-Experiments

The determination of the chemical shifts of the benzylic proton of the anions of the ethyl
arylacetates 1 were performed under argon atmosphere (glove-box) by mixing a solution of
KOrBu (13-21 mg) dissolved in 0.3-0.4 mL of [D¢]-DMSO with the CH-acids 1-H (18-
35 mg) and subsequent dilution of the mixtures to 0.6 mL with [Dg]-DMSO (Table 41). The
'H NMR-spectra were acquired within 10 min. after mixing CH-acid and base using a

200 MHz NMR -spectrometer.

Table 44: Chemical shifts (6 / ppm) of the benzylic protons of the potassium salts of the ethyl arylacetates 1 in
[Ds]-DMSO (200 MHz, 20 °C).

1 m(d-H)/mg m(KOBuw)/mg & /ppm

la 24.5 18.1 -

1b 35.2 21.1 3.79
1c 22.1 12.8 3.76
1d 23.0 15.1 4.03
le 28.9 16.7 4.62
1f 17.8 133 3.80

a) Probably because of H-D-exchange with the
solvent 0 (1a) was not observed.
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Chapter 3

Quantification of Ion-Pairing Effects on the Nucleophilic
Reactivities of Benzoyl- and Phenyl-Substituted Carbanions

in Dimethylsulfoxide

Francisco Corral Bautista, Roland Appel and Herbert Mayr

1. Introduction

Reactions of carbanions with alkyl halides, Michael acceptors, or carbonyl groups are among
the most important methods for the formation of carbon-carbon bonds.!"! In previous work we
have studied the nucleophilic reactivities of different types of carbanions® and found that
pKan values are not a reliable measure for their relative reactivities.?>*8! Since these
investigations were mostly performed in DMSO solution at low ion concentrations, ion-
pairing was neglected. We now examined the concentration range in which this assumption is
justified and characterized the nucleophilic reactivities of the benzoyl-substituted carbanions
1 and the analogously substituted benzyl anions 2 (Scheme 1) by determining the rate
constants of their reactions with the electrophiles shown in Table 1. The second-order rate
constants are then analyzed by the linear free-energy relationship (1), where E is an
electrophile-specific parameter, and N and sx are solvent-dependent nucleophile-specific

parameters.m

lgk,(20°C)=s, (N + E) (1)

Relationships between structures and nucleophilic reactivities of the carbanions 1 and 2 are

discussed.
0 Ph. _X
N
Ph)K/X ©
o
1-X 2-X
1-X A max pKal-Ea] 2-X A max DK;.H[a]

1-Ph 397 177

1-CONEt, 336 B o
1-CO,Et 327 155 2-CO,Et 340 226
1-CN 328 102 2-CN 344 219
1-COMe 340 142 2-COMe 348 1938
1-COPh 370 134 2-cophldl 397 177
1-SO,Ph 325 114 2-SO,Ph 310 234
1-NO, 360 7.7 2-NO,M 122

Scheme 1: Benzoyl-substituted carbanions 1-X and benzyl anions 2-X and their absorption maxima
Amax (in nm) in DMSO. [a] pK.y in DMSO solution. From ref."”! [b] The nucleophilic reactivities of the

anions 2-CO,Et and 2-NO, were studied in previous work.”"? [¢] A from Ref.*8! [d] 2-COPh =
1-Ph.
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Table 1: Benzhydrylium ions 3a—f and Michael acceptors 3g—p employed as reference electrophiles in
this study.

Electrophile E@ ﬂ,max[b]
R =NMe, 3a -7.02 613

®
R = N(CH,); b 769 620
R R

3c —8.22 618

<) n=2
n()n n=1 3d 876 627
N N
Me Me

n=2 3e -9.45 635
n=1 3f -10.04 630

R _ R'=Ph R’ =OMe 3g 1218 422
‘ O R!'=Ph R? = NMe, 3h  -13.39 533
o) R2 R'=7Bu R?2=NO, 3 -14.36 374

R R'=1Bu R’ =Me 3j 1583 371
R'=/Bu R?*=OMe 3k -16.11 393
R'=OMe R’=OMe 31 -1638 407
R'=Me R*=NMe, 3m 1636 490
R'=/Bu R?=NMe, 3n 1729 486

3o -17.90 521

3p 1468 520

[a] Electrophilicity-parameters £ were taken from ref. " [b] In nm in DMSO
solution.

2. Results and Discussion

2.1. Preparation of the Alkali Salts

The alkali salts (1-X)-M were generated by treatment of the corresponding CH acids with
alkali fert-butoxide (LiO7Bu, NaO7Bu, KO7Bu) in ethanol and isolated after washing the
precipitated salts with dry diethyl ether (Scheme 2).

The anions 1-X show a single set of NMR signals in [Ds]-DMSO solution, except for (1-
COMe)-K, which shows two sets of broad signals in the ratio 1:1.3. For this anion four

possible configurations have to be considered (Scheme 3).
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o MOtBu N
Ph)K/X EtOH ph)K/X
@ @

(1-X)-M
1-X M Yield  S(CH) 5(C)
1-Ph K -l 534 88.9
1-CONEt, K 89% 505 78.6
1-COEt K 66% 490 775
1-COEt Na 67% 499 77.9
1-COEt Li 78% 516 78.7
1-CN K 77%  3.94 51.0
1-COMe K 75% 528/555" 93.3/963"
1-COPh K 79% 627 90.4
1-S0,Ph K 8% 521 83.1
1-NO, K 8% 723 109.1

Scheme 2: 'H and C NMR chemical shifts of the anionic centres of the alkali salts 1-X (0.16 < ¢ <
0.24 mmol L") in [Ds] DMSO. [a] Generated by treatment of the conjugate CH acid with KOBu in
DMSO solution. [b] Two isomers in solution (ratio 1:1.3).

40
140)
140)

EE EZIZE V4
Scheme 3: Possible configurations of f-dicarbonyl enolates.

Previous NMR investigations of the sodium salt of pentane-2,4-dione (R = R = CHj3 in
Scheme 3) in methanol showed the presence of a mixture of the S- and U-configuration.'®
The absence of the W-configuration can be explained by the steric interaction between the
coplanar R and R’ groups. The U/S ratio increased when sodium iodided was added, due to
the formation of the sodium complex of the bidentate U-configuration. Addition of more than
one equivalent of 18-crown-6 led to the disappearance of the U-configuration, showing that
the free enolate ion exists in the S-configuration exclusively; obviously, in the free carbanion
the U-configuration is destabilized by the repulsive Coulomb interaction between the

[67] we assign the two sets of

negatively charged oxygen atoms. Based on these investigations,
signals for 1-COMe to the E,Z and Z,E configurations, the two nonidentical S-configurations
of unsymmetrical f-dicarbonyl compounds.

The increasing NMR shielding of the carbanionic carbon and the attached proton from Li" to
Na" and K reflects the increasing electron density with increasing freedom of the carbanion
1-CO;Et (Scheme 2).

Due to their low stability, the potassium salts of the anion of deoxybenzoin (1-Ph) and of the
benzyl anions 2-CN, 2-COMe and 2-SO,Ph, were not isolated in substance, but were

generated by deprotonation of the corresponding CH acids with KO#Bu or dimsyl potassium

(typically 1.05 equiv.) in DMSO prior to combining them with the electrophiles. As the UV-
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Vis absorbances of the carbanions 1-Ph, 2-CN, 2-COMe and 2-SO,Ph reached a limiting
value when the corresponding CH acids are treated with 1.05 equiv. of base and did not
increase further when additional 2-5 equiv. of base were added, one can conclude that 1.05

equiv. of base are sufficient for their complete deprotonation.

2.2 Product Studies

The benzhydrylium salt 3e-BF4 was added as a solid to equimolar solutions of the potassium
salts (1-X)-K in DMSO. After decoloration of the blue solutions (typically within one to two
minutes), water was added to precipitate the products 4-X. After filtration, the crude products
were recrystallized from ethanol or ethanol/CH,Cl, and characterized by NMR spectroscopy

and mass spectrometry (Scheme 4).

(0]
X
o Ph
3e-BF,
Ph)K/X —
o DMSO
— KBF N N
Kk® 4
(1-X)-K 4-X
1-X 4-X Yield
1-CO,Et 4-CO.Et 76%
1-COMe 4-COMe 78%
1-COPh 4-COPh 78%
1-SO,Ph 4-SO,Ph 86%
1-NO, 4-NO, 82%

Scheme 4: Reaction of the potassium salts (1-X)-K with the benzhydrylium salt 3e-BF, in DMSO.

Combination of solutions of the potassium salts (1-X)-K with solutions of the quinone
methides 3j,k,n in DMSO (with 5-10 % of dichloromethane as cosolvent) and workup with
aqueous acetic acid yielded the crude reaction products 5-X which were purified by
chromatography and characterized by NMR spectroscopy and mass spectrometry. The most
reactive carbanion 1-Ph was not employed as a stable salt but was generated by deprotonation
of deoxybenzoin with KO7Bu (~1.05 equiv.) in DMSO prior to adding the solution of the
quinone methide 3n. In all cases, the products 5-X were obtained in good yields with low

diastereoselectivity (Scheme 5).
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o i
X
" R/‘/\,;o Ph
tBu

) tBu
e e [T
K 2) aq. HOAc R OH
tBu
(1-X)-K 5-X
1-X 3 R 5-X Yield  dr™®
1-Ph 3n NMe, 5-Ph 68% 1:1
1-CONEt, 3j Me 5-CONEt, 91% [b]
1-CO,Et 3j Me 5-CO,Et 73% 1:1.3
1-CN 3k OMe 5-CN 93% 1:1.7

Scheme 5: Reactions of the potassium salts (1-X)-K with the quinone methides 3 in DMSO. [a]
Determined by 'H NMR after purification by chromatography. [b] Could not be determined.

Solutions of the benzyl anions (2-X)-K in DMSO were obtained by treatment of the
corresponding CH acids with 1.05 equiv. of dimsyl-K or KO7Bu. Addition of the quinone
methide 3n, followed by workup with aqueous acetic acid, gave the products 6-X in good

yields as mixtures of two diastereoisomers (Scheme 6).

Ph._X
Base
DMSO Ph. X
tBu
1) Bu
Me,N o
3 tBu O
Ph_ X n > Me,N OH
© K@ 2) aq. HOAc tBu
2-X 6-X
2.X Base 6-X Yield  ar®
2CN _ DimsylK 6CN  94% 1:1.1
2-COMe  KOtBu 6-COMe 74% 1:1.1
2.S0,Ph KOtBu 6-SO,Ph 85% 1:1.9

Scheme 6: Reactions of the carbanions (2-X)-K with the quinone methide 3n in DMSO at ambient
temperature. [a] Determined by 'H NMR spectroscopy after purification by chromatography.

2.3. Kinetic Investigations

The kinetics of the reactions of the carbanions 1-X and 2-X with the reference electrophiles 3
were studied in DMSO solution at 20 °C by monitoring the absorptions of the electrophiles
with conventional or stopped-flow UV-Vis spectrometers. To simplify the evaluation of the
kinetic experiments, the carbanions were used in large excess (> 10 equiv.). Thus, their
concentrations remained almost constant throughout the reactions, and pseudo-first-order
kinetics were obtained in all runs. The first-order rate constants kops were derived by least-
squares fitting of the exponential function 4, = A4y exp(-kobst) + C to the time-dependent

absorbances A; of the electrophiles. Second-order rate constants (Tables 4 and 5) were
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obtained as the slopes of linear correlations of k.ps With the concentrations of the nucleophiles

(Figure 1).

Kops =17.8 57"
1.2 60 Ky =1.28x105[1-CN] + 0.6
R2 = 0.9995
1.0 45
T 0.8 kobs/g1 30
A06 15
0.4 0 ' '
i 0.0002 0.0004
o2 L [1-CN] / mol L't —»
0.0

0.00 0.05 0.10 0.15 0.20 0.25 0.30

t/s —»

Figure 1: Decrease of the absorbance 4 (at 630 nm) during the reaction of (1-CN)-K (1.35 x 10
mol L") with 3f (1.71 x 10° mol L") in DMSO at 20 °C. Inset: Correlation of the first-order rate
constants k,,s with the concentrations of (1-CN)-K. Filled circles in absence, empty circles in presence
of 2.4 equiv. of 18-crown-6.

2.4. Counter Ion Effects

All carbanions 1-X were obtained as alkali salts by treatment of ketones, f-diketones, S-
ketoesters, and related compounds with alkali zert-butoxide. In order to examine how ion-
pairing affects the kinetics of their reactions with electrophiles, we determined the first-order
rate constants at constant concentrations of the carbanion salts (= 10* mol L") and the
electrophiles (= 10~ mol L™") while variable concentrations (0 — 10 mol L™) of alkali salts
(LiCl, LiBF4, NaBPhs, KBPhs, KOTf) were present (representative examples are shown in
Table 2; detailed experimental data for further nucleophiles are in the Supporting
Information). The measured rate constants were related to the second-order rate constants of
the free carbanions (k. = 1), which were taken from Tables 4 and 5 or from the quoted
references. For comparison, we also studied the carbanions derived from the ester 2-CO;Et,
the f-diketones 7, the diester 8-CO;Et and the f-ketoester 8-COMe (structures are shown in
Figures 2-3). The observation that the addition of KOTf to solutions of 1-CO;Et and 1-
COMe affects the kinetics in the same way as the addition of KBPhy (Table 2 and Supporting
Information) indicates that the observed changes of the reaction rates are due to carbanion-

potassium interactions and not due interactions of the BPhy4 anion with the electrophiles.
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Table 2: First-order rate constants k.. for the reactions of various carbanions with reference
electrophiles in the presence of variable concentrations of alkali salts in DMSO at 20 °C. 100-k, was
calculated from the second-order rate constants of the free anions given in Table 4.

Reaction M Additive [‘?II';‘;‘)II‘I]}.‘;‘*" Ko /5" 100K,y
0 K 0.761 % 100
bAoA Ph +30 K KBPh,  3.51x10% 0748 98
© K KBPh, 480x10* 0.737 97
(1-Ph)-M K KBPh, 736x10*%  0.729 96
c=212x10"molL" K KBPh, 148x10°  0.701 92
K KBPh, 279x103  0.658 86
K KBPh, 527x10° 0631 83
K KBPh, 7.79x10°  0.604 79
K KBPh, 1.16x102%  0.599 79

0 K 1.32 100
Ph)J\/Ph +3n Na NaBPh, 5.69x10% 0950 71
© Na NaBPh, 1.11x10°  0.935 72
(1-Ph)-M Na NaBPh, 1.71x10°  0.909 69
¢=3.69%x10"molL" Na NaBPh, 3.09x10°  0.823 62
Na NaBPh, 4.80x10°  0.757 57

Na NaBPh, 7.74x10°  0.707 54

Na NaBPh, 121x102  0.652 49

Na NaBPh, 1.82x102  0.649 49

o} K 1.58 14 100
b Ph #30 Li none  465x10% LIS 75
© Li LiBF, 137x107 1.10 69
(1-Ph)-M Li LiBF, 227x10° 0976 62

c=439%x10*molL" Li LiBF, 4.08x10° 0871 55
Li LiBF, 7.69x10°  0.688 44
Li  LiBF, 1.13x 102 0616 39
Li  LiBF, 1.74x 102 0.480 30
Li LiBF, 266x102  0.333 21
Li LiBF, 430x102 0.178 11

Li LiBF, 593x102  0.145 9
o} K 3.421 100
b Ph #30 Li none  101x10° 247 72
© Li LiCl 1.51x107 2.52 74
(1-Ph)-M Li LiCl 2.01 %107 2.47 72
¢=953x10"molL" Li LiCl 3.21x10° 2.18 64
Li LiCl 6.05x 107 1.87 55

Li LiCl 1.11 x 1072 1.43 42

Li LiCl 2.12x107 1.04 30

Li LiCl 3.46 x 1072 0.820 24
Li LiCl 514x 102 0.706 21
Li LiCl 7.65x1072  0.508 15

KBPh, 7.89 x107 82.1 29.1
KBPh, 1.08 x107? 65.2 23.1
KBPh, 137107 55.0 19.5
KBPh, 2.08 x107 41.9 14.9

0 K 282 [l 100
o N COEt+3f K nome  6.58x10° 280 99.3
© K  KBPh, 8.68x10°* 260 92.2
(1-CO,Et)-M K KBPh, 1.08x107 241 85.5
c=658x10*molL' K KBPh, 1.64x10° 210 74.5
K KBPh, 241x1073 175 62.1
K KBPh, 3.46x1073 136 482
K KBPh, 5.00x107 111 394

K

K

K

K

72



Chapter 3: Quantification of lon-Pairing Effects on the Nucleophilic Reactivity of Carbanions

Table 2: Continuation.

s
Reaction Additive [‘?ﬁ?)lllgt_‘i‘“‘ ks /st 1004k,
0 281 1 100
oA COzEt + 3f none  6.56x10* 273 97.2
© KOTf 863x10*% 236 84.0
(1-CO,Et)-M KOTf 1.07x10° 219 77.9

KOTf 1.69x 107 178 63.3
KOTf 3.15x10° 131 46.6
KOTf  4.40x 107 107 38.1
KOTf 632x107 82.9 29.5
KOTf  1.01 x 1072 61.0 21.7
KOTf 1.39x107 50.0 17.8
KOTf 1.77x107 43.1 15.3

o} K 229 [ 100
oA\ COEt+3f  Na NaBPh, 681x10% 114 4938
© Na NaBPh, 8.10x10*  95.0 415
(1-CO,Et)-M Na NaBPh, 120x10° 64.3 28.1
c=534x10*"molL"' Na NaBPh, 1.85x10° 419 18.3
Na NaBPh, 3.15x10° 269 11.7

Na NaBPh, 7.72x10° 234 10.2

Na NaBPh, 1.49x1072 15.7 6.9

Na NaBPh, 221x1072 11.8 5.2

Na NaBPh, 3.28 x 107 11.0 4.8

¢=6.56x 10*mol L

ARARARARARARN 2

o} K 580 [ 100
oA\ COEt+3e Li  LiCl  673x10% 581 10
© Li  LiCl 8.48x10* 335 5.8
(1-CO,Et)}-M Li LiCl 1.02x10° 287 49

c=648x10*mol L' Li  LiCl 1.38x10° 247 4.3
Li  LiCl  208x10°  18.0 3.1
Li  LiCl  348x10° 117 2.0
Li  LiCl  491x10°  9.56 1.6
Li  LiCl  746x10°  7.04 1.2
[a] Calculated as kqps = k> [Nu] from the second-order rate constants for the
corresponding reactions the free anions (potassium salts or potassium salts
in presence of 18-crown-6) given in Table 4.

In Figures 2—4, we plot the dependence of the relative rate constants ks for the reactions of
various carbanions with reference electrophiles on the concentration of the potassium ions
([K']), which was varied by addition of different amounts of KBPh,. Figure 2 shows that the
reactivities of the anion of the monoketone 1-Ph as well as that of the cyclic diketone 7b
(fixed W-configuration) were affected relatively little when up to 12 mmol L™' K™ was added
(80 and 73% of the reactivity of the free carbanion). In contrast the reactivities of the f-
diketone-derived carbanions 1-COPh and 7a decreased noticeably with increasing potassium
concentration, and reached a plateau at about 40% of the original value, probably due to a
change from E,Z (S-shape) to Z,Z (U-shape) configurations which can interact more strongly
with the potassium ions. The decrease of reactivity due to the addition of KBPh, is smaller for

the f-diketone-derived anion 1-COMe.
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Figure 2: Plots of the relative first-order rate constants for the reactions of the anions derived from f-
diketones and a monoketone with electrophiles versus the total concentration of potassium (varied by
addition of KBPh,) in DMSO solution at 20 °C.

Figure 3 compares the reaction rates of monoester-, f-ketoester-, diester-, and f-ketoamido
derived carbanions at variable concentrations of potassium ions. Like for the anion of the
monoketone 1-Ph (Figure 2), the reactivity of the monoester derived carbanion 2-CO,Et
depends only a slightly on the concentration of K'. In contrast to the behaviour of the £
diketones in Figure 2, however, all anions from f-ketoesters and related compounds in Figure
3 show a significant decrease of reactivity with increasing potassium ion concentration, not
only indicating that these carbanions interact with the counter ion K" at lower concentrations
(steeper decrease of kops shows higher equilibrium constants) but also that the coordination
with potassium reduces the nucleophilic reactivities to a larger extent (lower level of the
plateaus).

The rate constants for the mono-carbonyl substituted carbanions, which are plotted in Figure
4, depend less on the potassium ion concentration than those of the dicarbonyl substituted
carbanions shown in Figures 2 and 3. While the reactivities of all diketones and ketoesters
decrease to 60-20% of their original values (except the cyclic diketone 7b) at a potassium
concentration of [K'] =5 mmol L, the reactivity of the anion of benzoyl acetonitrile (1-CN)
is the only one in Figure 4 which is affected significantly and is reduced to 60% at a

5 mmol L™ concentration of potassium.
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Figure 3: Plots of the relative first-order rate constants for the reactions of the anions of the ester 2-
CO,Et, the f-ketoesters 1-CONELt,, 1-CO,Et, 8-COMe and the diester 8-CO,Et with electrophiles
versus the total concentration of potassium (varied by addition of KBPh,) in DMSO solution at 20 °C.
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Figure 4: Plots of the relative first-order rate constants for the reactions of the anions of the ketones 1-
Ph, 1-CN, 1-SO,Ph and 1-NQO, with electrophiles versus the total concentration of potassium (varied
by addition of KBPh,) in DMSO solution at 20 °C.
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Figure 5: Plot of the relative first-order rate constants (100-k,) for the reactions of a) 1-Ph with 3n
and b) 1-CO,Et with 3e (Li") or 3f (Na" and K") versus the total concentration of alkali metal ions in
DMSO solution at 20 °C.

Figure 5 compares the influence of different alkali ions on the relative reactivities of 1-Ph and
1-CO:Et. The reactivity of the anion of deoxybenzoin 1-Ph is only slightly affected when the
potassium concentration is increased (Figure 5a). When sodium is added, the reactivity
decreases to 50% of the value of the free carbanion. Addition of lithium chloride or lithium
tetrafluoroborate decreases the reactivities to 12% and 10% at [Li'] = 50 mmol L™,
respectively, showing a subordinate effect of the anion of the lithium salt. Further increase of
the Li" concentration leads to a further decrease of reactivity without reaching a plateau at a
60—70 mmol L' concentration. For the fketoester anion 1-CO,Et similar plots, but with
more pronounced effects, were observed (Figure 5b). Addition of KBPhs decreases the
reactivity to 20% of the value of the free carbanion, while a plateau at about 5% of the initial
reactivity of the free carbanion is reached with 20 mmol L! NaBPhy and at 1-2% with 5
mmol L™ LiCl.

Figures 24 illustrate that at concentrations < 1 mmol L' in DMSO, counter-ion effects by K*
are negligible, which is confirmed by the observation that the measured pseudo-first-order
rate constants for (12)-K in the presence and absence of 18-crown-6 fit the same kobs versus
[(1,2)-K] plots (example shown in Figure 1). Only in the reactions of the anions of the /-
ketoamide 1-CONE; and of the fketoester 1-CO;Et, which showed the strongest counter-
ion effects in Figure 3, the addition of 18-crown-6 (18-c-6) increased the second-order rate

constants by factors of 1.4 and 1.2, respectively (Table 3).
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Table 3: Second-order rate constants k, for the reaction of different alkali derivatives of 1-Ph, 1-
CONEL, and 1-CO,Et with the reference electrophiles 3 in DMSO at 20 °C.™

Anion Electro- k, /L mol”s! k,(K*/crown)
phile Li* Na* K* K*/crown / ky(KY)
[9) 3h 9.12x10° 1.10x10° 1.05 x 10° (o]
Ph)J\/ Ph 3p 7.83 x 10" 7.79 x 10* 9.68 x 10* (b]
S} 3m 8.89 x 10° 9.59x 10° 9.88 x 10° (bl
(1-Ph)-M 3n 2.74x10° 3.39x10° 3.59 x 10° [b]
30 1.66 x 10° 1.90x10° 1.83 x 10° [b]
o] 3g 3.26 x 10 4.59 x 10* 1.41
Ph)J\/CONEtz 3h 3.43x10° 4.61x10° 1.34
© 3i 1.69 x 10°  2.46 x 10° 1.46
(1-CONEt;)-M 3l 50.3 69.7 1.38
0 3e 427x10° 8.14x10° 8.95x 10° 1.10
ph A COoE 3f el 1.84x 10°  3.63 x 10°  4.28 x 10° 1.18
© 3g 2.63x10° 7.18x10° 8.67 x 10’ 1.21
(1-COzEt)-M 3h 245x10° 7.18x10° 8.92 x 10? 1.24
3j 5.64 17.2 19.9 1.16
3k 3.67 8.84 11.5 1.30

[a] Derived from first-order rate constants determined at [1-X] < 2.3 x 10° mol L. [b] Rate
constants in presence and in absence of 18-crown-6 are identical. [¢] &, could not be calculated
because no linear correlation between pseudo-first-order rate constants and concentration (Figure 6).

Analogously, second-order-rate constants for the reactions of the sodium salts (1-Ph)-Na and
(1-COzEt)-Na with electrophiles could be derived because the corresponding pseudo-first-
order rate constants correlated linearly with the concentrations of the carbanions at
concentrations < 10~ mol L™'. A linear relationship between the first-order rate constants and
the concentrations of the carbanion was also found for the reactions of (1-Ph)-Li thus giving
rise to the second-order rate constants listed in Table 3. Figure 6, on the other hand, reveals
that the pseudo-first-order rate constants for the reactions of (1-CO,Et)-Li with 1e do not
increase linearly with the concentrations of the carbanion, probably because (1-CO,Et)-Li
forms dimers or higher aggregates in solution, as previously reported for other lithium-
enolates.®* As the equilibrium between monomer and aggregates shifts towards
aggregation by increasing concentration, a nonlinear increase of ko,s with increasing [(1-

CO;Et)-Li] was observed.

The comparison of the second-order rate constants for the different alkali derivatives of 1-Ph,
1-COzEt and 1-CONEt; in Table 3 shows that the reactivity of the potassium salt of
deoxybenzoin (1-Ph)-K corresponds to that of the free anion whereas 1-CO,Et and 1-
CONEY, interact with K". While the sodium derivative of 1-Ph is similarly reactive as the
potassium compound, the corresponding lithium derivative reacts 0.7-0.9 times as fast as the

free carbanion. In contrast, the second-order rate constants of the sodium derivative of 1-
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CO;Et are only 30-40% of those of the free carbanion, almost independent of the nature of
the electrophile.

20
[ ]
[ ]
15 °
[ J
Kos/S" 10
[ ]
5t
0 1 1 1 1
0 0.0002 0.0004 0.0006 0.0008

[(1-CO,Et)-Li] / mol L ——

Figure 6: First-order rate constants for the reaction of (1-CO,Et)-Li with 1e (1.35x10° molL",
DMSO, 20 °C) and their correlation with the nucleophile concentration.

The second-order rate constants for the reactions of the free carbanions 1-X and 2-X, derived
at concentrations < 10~ mol L™ or in presence of 18-crown-6, with the reference electrophiles
3 in DMSO at 20°C are summarized in Tables 4 and 5. In the following part, the reactivities

of the free carbanions are discussed.

Table 4: Second-order rate constants k, for the reactions of the carbanions 1 with the reference
electrophiles 3 in DMSO at 20 °C.

N®  Electro- ky/

1-X . a1 -1
(sn) phile L mol™ s

o) 23.15 3h 1.05 x 10°
oA Ph (0.60)  3p 9.68 x 10°
o 3m 9.88 x 10°
1-Ph 3n 3.59 x 10°
30 1.83 x 10°
0O O 19.28 3g 4.59 x 10"
oA g, (065 3h 461 x 10°
© 2 3i 2.46 % 10°
1-CONEt, 3l 6.97 x 10
o} 17.52 3e 8.95 x 10°
o N COEt (0.74) 3 428 % 10°
© 3g 8.67 x 10°
1-CO,Et 3h 8.92 x 10?
3j 1.99 x 10"
3k 1.15 x 10
o) 16.55 3e 3.21 x 10°
o N CN  (0.78)  3f 1.28 x 10°
© 3g 3.65 x 10°
1-CN 3h 2.60 x 107

3j 3.81

3k 2.02
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Table 4: continuation.

N®  Electro- ky/

1-X . a1 -1
(SN) phile L mol” s

O O 16.03 3e 479 x 10°
(0.86) 3f 1.22 x 10°
Ph™ 5 Me 3g 177 x 10°
1-COMe 3h 1.98 x 10
0O O 17.46 3c 1.06 x 10°
(0.65) 3d 475 % 10°
Ph™ g Ph 3e 1.95 x 10°
1-COPh 3f 6.50 x 10*
o} 17.18 3a 5.08 x 10°
o\ -SOPh  (0.56)  3b 227 % 10°
© 3d 471 x 10*
1-SO,Ph 3e 2.14 x 10*
3f 1.10 x 10*
0 13.91 3a 1.49 x 10°
o PNNOz  (0.76)  3b 6.83 x 10*
S 3d 6.10 x 10°
1-NO, 3e 233 x10°

3f 9.49 x 10°

[a] Determination see below.

Table 5: Second-order rate constants k, for the reactions of the carbanions 2 with the reference
electrophiles 3 in DMSQO at 20 °C.

2.X N Electro- k, /l )
(sw) phile L mol" s

Ph._CN 3n 3.89 x 10°1

, iN[b] 30 1.96 x 1001

o) 24.99 3m 1.44 x 10°

Ph e (0.60) 3n 4.48 x 10°
5. COMe 30 1.69 x 10*
Ph._SO.Ph 25.77 3m 1.95 x 10°
© (0.56) 3n 5.84 x 10
2-S0,Phl 30 2.66 x 10*

[a] Determination see below. [b] Deprotonation with
dimsyl potassium. [c] Approximate second-order rate
constant obtained from a plot of [2-CN] vs ks that shows
a large negative intercept. [d] Deprotonation with KO¢Bu.

2.5. Correlation Analysis

Linear correlations were obtained for 1g &, of the reactions of the carbanions 1 and 2 with the
reference electrophiles 3 with their electrophilicity parameters E, as despicted for some
representative examples in Figure 7. As documented in the Supporting Information, all
reactions studied in this work followed analogous linear correlations, indicating that equation
(1) is applicable to these reactions. From the slopes of these correlations, the nucleophile-
specific parameters sy were derived, and the negative intercepts on the abscissa (Ig k> = 0)

correspond to the nucleophilicity parameters N (Tables 4 and 5).
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Figure 7: Correlation of the rate constants lg k, for the reactions of the nucleophiles 1 with the
electrophiles 3 in DMSO with their electrophilicity parameters £.

2.6. Structure-Reactivity Relationships

Figure 8 compares the influence of the substituents X on the nucleophilicities of benzoyl- (1-
X), ethoxycarbonyl- (8-X) and phenyl-substituted (2-X) carbanions. As the relative
reactivities of these carbanions depend on the nucleophile-specific sensitivity sy, Table 6 also
reports relative reactivities within these reaction series towards a common electrophile. The
following discussion shows that the qualitative conclusions drawn from Figure 8 (N-values)
and Table 6 (relative rate constants) are identical.

In all three series, the nitro-substituted carbanions (1-NQO,, 2-NO,, 8-NQ5) are by far the least
nucleophilic compounds while the phenyl substituted carbanions are the most reactive ones;
the benzhydryl anion 2-Ph has such a high nucleophilicity that it could not be measured with
the methods employed in this work. Figure 8, furthermore, shows that all benzoylmethyl
anions 1-X are less reactive than analogously substituted ethoxycarbonylmethyl anions 8-X,
which are again less reactive than analogously substituted benzyl anions 2-X. It is obvious
that the substituent effects are not additive: while the cyano-substituted benzyl anion 2-CN is
significantly more reactive than all other acceptor substituted benzyl anions (Table 6), the

cyano-substituted carbanions 1-CN and 8-CN are less reactive than their ester-substituted
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counterparts 1-CO;Et and 8-COEt, respectively. Even when the highly reactive
phenylacetonitrile anion 2-CN is disregarded, the much smaller substituent effects in the 1-
and 8-series reflect the saturation effect, i.e., the reduced demand for delocalization of
negative charge in benzoyl- (1-X) and ethoxycarbonyl (8-X) substituted carbanions compared

to the benzyl anions 2-X.

O
EtO,C.__X Ph. X
P 5 %
NA 1-X 8-X 2-X
28
—— 8-Ph — .
B 27.54/0.57 27 54067 2 CO2Ft
261~ Ph
25.7770.56 2502
24.99/0.60 2-COMe
241
— 23.15060 1°Ph 23.15/0.60 > COPR
22
fal
— 8-CO-Et
20 20.22/0.65 [za]
—_— 19.62/0.67
- 1958065 "CONEL — 8-COMe!®
18.82/0.69 — o.NO.D
18} 7530074 18.000.71 2 NO2
T — 1'C02Et — 8-COPh
| 17.46/0.651-COPh 17.52/0.74
6L 16.55/0.781'CN
16.03/0.86 1-COMe ]
—— 8-NO;
— 15.24/0.74
14— —_—
13977076 | NO,

Figure 8: Structure-reactivity relationships for benzoyl substituted carbanions 1-X (left), benzyl anions
2-X (right) and ethoxycarbonyl substituted carbanions 8-X (middle). [a] Ref."?! [b] Ref.*"! [¢] Ref.[®
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Table 6: Relative reaction rates of benzoylmethyl anions 2, ethyl acetate anions 8 and benzyl anions 2

towards electrophiles.

0
Ph)l\/x EtO,C._ X Ph._ X
© C] €]
1-X 8-X 2-X
X + 3f + 3k +3n
Ph 7.74 x 10*11 1.44 x 107120
CONEt, 1.04 x 10°[
CO,Et 451 %x10° 228 x10°F 995 x 10*
CN 1.35%x 10> 938 x10°)  7.02 x 10°
COMe 129 x 10> 3.52x10°  8.09 x 10°
COPh 6.85 x 10! 5.17 x 10! 6.48 x 10°
SO,Ph 1.16 x 10! 1.05 x 10*
NO, 1.0 109 1.0

[a] Rate constants calculated by equation (1). [b] From
ref.?8 [¢] From ref.”?* [d] From ref.”"! [¢] From ref.*"

A moderate, nonlinear correlation exists (Figure 9) between the reactivities of the benzyl
anions 2-X towards the quinone methide 3n and the m electron densities (gcy) of the
carbanionic center, which Pagani er al' derived from the '*C NMR shifts under
consideration of the shielding effect. The behavior of the phenylsulfonyl group (2-SO,Ph) is
peculiar. Though it concentrates slightly more electron density on the carbanionic center than
the cyano-substituted anion, it is considerably less reactive than 2-CN and has a similar
nucleophilicity as the acetyl substituted benzyl anion 2-COMe. Figures 17 and 18 in the
Appendix illustrate that the second-order rate constants of the reactions of 1-X and 2-X with

electrophiles do not correlate with the '>C NMR shifts of the anionic centers.

N tBu
X,
Me,N 0]
tBu

~N~
©
2-X 3n
A
6 | 2-CN
A
2-CO,Etl
A A
4| 2-COMme 2-S0,Ph
g kz A
2-COPh
2 L
A
0 2-NO,
1.25 1.35 1.45 1.55

qoy ——=

Figure 9: Correlation of 1g &, for the reactions of the benzyl anions 2-X with the quinone methide 3n

vs. the 7 electron densities gcy of their carbanionic center.”! [a] The gcy value for the methyl ester is
used for the ethyl ester 2-CO,Et.
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While Figure 10 shows a fair correlation of the nucleophilic reactivities of the benzoylmethyl
anions 1-X with Hammett’s substituent constants o, of the substituents X, the corresponding
correlation with o, is of lower quality (Figure 19, Appendix). In contrast, the nucleophilic
reactivities of the analogously substituted benzyl anions 2-X and ethyl acetate anions 8-X

neither correlate with o, nor with o, as illustrated in Figures 20 and 21 of the Appendix.

@
e (T T
X +
Ph 3 N N
3f

1-X

»
75 |
65 |
‘ .
55 | 7 //,1-COMe
lg k, 1-CONE,? e 1-CN
II .l
45 ¢ 1-COEt
*“4-coph \ 5S0:Ph
35 | lgk,=-3555, +8.14
2 _
R? =0.924 1-NO,®
25 :

00 02 04 06 08 10 12 1.4
Jpr(of X)—>

Figure 10: Plot of the rate constants for the reactions of the nucleophiles 1-X with the electrophile 3f
vs. Hammett’s o, substituent constants.!'"” [a] Calculated with eq. (1).

Figure 11 shows a fair correlation of most nucleophilicity parameters N with the
corresponding pK,y values in DMSO,"! from which several compounds deviate significantly.
As different electrophiles had to be employed for determining the N-parameters for the
phenacyl series 1-X and the benzyl series 2-X, one cannot construct a single Brensted plot
based on experimental rate constants for the carbanions of both series. However, when this
correlation is split up in ordinary Brensted plots, as depicted in Figure 12, correlations of

moderate quality with Brensted a~values of 0.40 and 0.41 are obtained.
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Figure 11: Correlation of the nucleophilicities NV of the anions 1-X and 2-X with the pK,y (DMSO)
values.”
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Figure 12: Bronsted plots of the second-order rate constants for the reactions of the anions 1-X with 3f
and of the anions 2-X with 3n versus the pK,; (DMSO) values.™ [a] Calculated with eq. 1.

3. Conclusion

Stabilized carbanions have played a key-role as reference nucleophiles for the construction of

[3c.g]

our comprehensive reactivity scales, though the negligible role of ion-pairing has only

[2a.d-g3e1] The systematic investigation of the kinetics of

been demonstrated in isolated cases.
the reactions of the potassium salts of 1, 2, 7 and 8 with benzhydrylium ions and quinone
methides in this work showed that at carbanion concentrations < 10~ mol L™ in DMSO, with

only two exceptions, none of the reaction rates depend significantly on the concentration of
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K", which justifies to assign these rate constants to the reactivities of the free carbanions. At
higher potassium ion concentration, different sensitivities of the reaction rates on variation of
[K'] were observed. At [K'] = 1072 mol L™, for example, the reactivities of the monoketo-
and monoester stabilized carbanions 1-Ph and 2-COEt decreased only slightly to about 80%
of the value of the free carbanion, while the benzoyl-ester substituted carbanion 1-CO,Et
decreased to 20% and the benzoyl-amido substituted carbanion 1-CONELt; to 10 % of the
value of the free carbanion. In all other cases, the reactivities at [K'] = 10> mol L' were
approximately 40-60% those of the free carbanions. Though Na™ and Li" had a larger effect
on the reactivities of the carbanions, the trends were analogous to those observed with K.
Thus, in a 0.01 mmol L solution of Li", the reactivity of 1-Ph was 39% of that of the free

carbanion, while the reactivity of 1-CO,Et was only 1% of that of the free carbanion.

The reactivities of the free carbanions (Ig k») correlate linearly with the electrophilicity
parameters £, showing that equation (1) is applicable. Therefore it is possible to characterize
the nucleophilic reactivities of the carbanions by the reactivity parameters N and sy, to
integrate these carbanions in our comprehensive nucleophilicity scale® and to predict
potential electrophilic reaction partners. The reactivities correlate moderately with Bordwell’s
pKan values and show Brensted plots with typical a~values of 0.40 (carbanions 1-X) and 0.45
(carbanions 2-X). While the substituent effects are not additive, the reactivities of the anions 1
(PhCO-CH -X), but not those of 2 (Ph-CH -X), correlate linearly with Hammett’s o,
parameters. As the UV absorption maxima of the carbanions 1-X and 2-X are in the range of
300 to 400 nm, they can be used as reference nucleophiles for the rapid photometric

determination of the reactivities of further synthetically important electrophiles.

4. Experimental Section

This chapter contains contributions from different authors. Experiments which were not

performed by the author of this thesis are marked as follows: contributions from Roland

Appel®,

4.1. General

Materials

Commercially available DMSO (H,O content < 50 ppm) was used without further
purification. The reference electrophiles used in this work were synthesized according to

literature procedures.[3b’°’f’4] The CH-acids were purchased as follows: (1-Ph)-H, (1-COMe)-
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H were from Acros Belgium, (1-CO;Et)-H, (1-COPh)-H, (2-CN)-H from Merck Germany,
(2-SO,Ph)-H from ABCR Germany, (1-CN)-H, (1-NO»)-H, (2-COMe)-H from Sigma-
Aldrich Germany.

NMR spectroscopy

In the 'H and ">C NMR spectra chemical shifts are given in ppm and refer to tetramethylsilane
(81 = 0.00, 6¢ = 0.0), [De]-DMSO (i = 2.50, 5¢ = 39.5) or to CDCl3 (6 = 7.26, dc = 77.0),1'>
as internal standards. The coupling constants are given in Hz. For reasons of simplicity, the
'H-NMR signals of AA’BB’-spin systems of p-disubstituted aromatic rings are described as
doublets. Signal assignments are based on additional COSY, gHSQC, and gHMBC
experiments. Chemical shifts marked with (*) refer to the minor isomer when the product was

obtained as a mixture of two diastereomers.

Kinetics

As the reactions of colored electrophiles (benzhydrylium ions 3a—f and Michael acceptors 3g—
p) with colorless nucleophiles 1 and 2 yield colorless products (or products with a different
absorption range than the reactants), the reactions were followed by UV-Vis spectroscopy.
Slow reactions (71, > 10 s) were determined by using conventional UV-Vis-
spectrophotometers (diode array). Stopped-flow techniques were used for the investigation of
rapid reactions (7j2 < 10 s). The temperature of all solutions was kept constant at 20.0 + 0.1
°C by using a circulating bath thermostat. In all runs the concentration of the nucleophiles was
at least 10 times higher than the electrophile concentration, resulting in pseudo-first-order
kinetics with an exponential decay of the electrophile concentration. First-order rate constants
kobs were obtained by least-squares fitting of the exponential function A; = Ay exp(-kovst) + C
to the time-dependent absorbances. The second-order rate constants &, were obtained from the

slopes of the linear plots of &,5s against the nucleophile concentration.

4.2. Synthesis of the Benzoylmethanes 1-H
4.2.1. N,N-Diethyl-3-0x0-3-phenylpropanamide (1-CONEt;)-H

According to Hoffman et al.l’! ethyl 3-oxo-3-phenylpropanoate (5.55 g, 28.9 mmol) and
diethylamine (3.50 g, 47.9 mmol) were heated to reflux in o-xylene (25 mL) for 4.5 h. After

86



Chapter 3: Quantification of lon-Pairing Effects on the Nucleophilic Reactivity of Carbanions

removing the solvent and the excess of amine by distillation, the crude product was purified
by column chromatography on silica with dichloromethane and methanol as eluent yielding
3.15 g (14.4 mmol, 50%) of N,N-diethyl-3-oxo-3-phenylpropanamide (1-CONEt;)-H as
yellow oil.

"H NMR-chemical shifts are in agreement with the literature.!"”!

4.2.2. 1-Phenyl-2-(phenylsulfonyl)ethanone (1-SO,Ph)-H

According to Suryakiran et al.'*! 2-chloro-1-phenylethanone (2.52 g, 16.3 mmol) and sodium
benzenesulfinate (3.26 g, 19.9 mmol) were dissolved in of PEG-400 (150 mL) and stirred
over night. The mixture was treated with water (200 mL) and extracted with ethyl acetate (2 x
40 mL). The combined organic layers were washed with brine (30 mL), dried over sodium
sulphate, and the solvent was evaporated. After recrystallization from
dichloromethane/pentane, 1-phenyl-2-(phenylsulfonyl)ethanone (1-SO,Ph)-H, (2.40 g, 9.22
mmol, 57 %) was obtained as colorless needles.

'"H NMR-chemical shifts are in agreement with the literature.!'¥

4.3. Synthesis of the Alkali-Salts 1-M

General procedure 1 (GP1): The CH-acid 1-H (3-10 mmol, 1 equiv.) was added to a stirred
solution of alkali tert-butoxide (LiOBu, NaO7rBu, KO/Bu, 0.95-1 equiv.) in dry ethanol (15-

20 mL) at 0 °C. After 10 min, the solvent was evaporated under reduced pressure and the

remaining residue was washed with dry Et,O and/or dry n-pentane and filtrated under argon.

4.3.1. Potassium 1-(diethylamino)-1,3-dioxo-3-phenylpropan-2-ide (1-CONEt;)-K was
obtained from N,N-diethyl-3-ox0-3-phenylpropanamide (1-CONETt;)-H, 989 mg, 4.51 mmol)
and KO7Bu (495 mg, 4.41 mmol) as a colorless solid (1.01 g, 3.92 mmol, 89 %).

, 90 'H-NMR ([D]-DMSO, 300 MHz): § = 1.06 (t, °J = 7.0 Hz, 6 H,
SWNEtZ NCH,CH3), 3.27 (q, >J = 7.0 Hz, 4 H, NCH,CHj3), 5.05 (s, 1 H, 1-H),
6 K* 7.16-7.27 (m, 3 H, 5-H, 6-H), 7.64-7.67 (m, 2 H, 4-H). “C-NMR
([D6]-DMSO, 75.5 MHz): 6 = 14.3 (q, NCH,CH3), 40.1 (t, NCH,CHj3), 78.6 (d, C-1), 126.1
(d, C-4), 127.0 (d, C-6), 127.2 (d, C-5), 147.0 (s, C-3), 168.8 (s, CONE,), 176.3 (s, CO).
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4.3.2. Potassium 1-ethoxy-1,3-dioxo-3-phenylpropan-2-ide (1-CO,Et)-K** was obtained
from ethyl benzoylacetate (2.00 g, 10.4 mmol) and KO7Bu (1.12 g, 9.98 mmol) as a colorless
solid (1.51 g, 6.56 mmol, 66 %).

0 'H-NMR ([Dg]-DMSO, 400 MHz): 6 = 1.12 (t, 3H, °J = 7.1 Hz,
5@92@0025 OCH,CH), 3.87 (q, 2 H, °J = 7.1 Hz, OCH,CHs), 4.90 (s, 1 H, 1-H),
6 K* 7.21-7.28 (m, 3 H, 5-H, 6-H), 7.64-7.69 (m, 2 H, 4-H). *C-NMR ([Dg]-
DMSO, 101 MHz): §= 15.1 (q, OCH,CHj), 55.4 (t, OCH,CHj), 77.5 (d, C-1), 126.0 (d, C-4),

127.2 (d, C-5), 127.7 (d, C-6), 144.8 (s, C-3), 168.5 (CO of CO,Et), 179.1 (s, CO). HR-MS
(EST") [M+H]": caled for [C;1H,KOs]": 231.0418, found 231.0390.

4.3.3. Sodium 1-ethoxy-1,3-dioxo-3-phenylpropan-2-ide (1-CO,Et)-Na®*! was obtained
from ethyl benzoylacetate (2.00 g, 10.4 mmol) and NaOsBu (960 mg, 9.99 mmol) as a
colorless solid (1.43 g, 6.68 mmol, 67 %).

, 9 'H-NMR ([Ds]-DMSO, 400 MHz): & = 1.14 (t, 3H, °J = 7.1 Hz,
5@%@1002& OCH,CH;), 3.91 (q, 2 H, 3J = 7.1 Hz, OCH,CH3), 4.99 (s, 1 H, 1-H),
6 Na 7.24-731 (m, 3 H, 5-H, 6-H), 7.68-7.73 (m, 2 H, 4-H). *C-NMR ([D]-
DMSO, 101 MHz): 6= 15.0 (g, OCH,CHj3), 55.8 (t, OCH,CH3), 77.9 (d, C-1), 126.0 (d, C-4),

127.4 (d, C-5), 128.0 (d, C-6), 144.2 (s, C-3), 169.5 (CO of CO,Et), 179.9 (s, CO). HR-MS
(ESI") [M+H]": calcd for [C1;H2NaOs]": 215.0678, found 215.0656.

4.3.4. Lithium 1-ethoxy-1,3-dioxo-3-phenylpropan-2-ide (1-CO,Et)-Li"®* was obtained
from ethyl benzoylacetate (2.00 g, 10.4 mmol) and LiOsBu (800 mg, 9.99 mmol) as a
colorless solid (1.54 g, 7.77 mmol, 78 %).

o 'H-NMR ([D¢]-DMSO, 400 MHz): & = 1.16 (t, 3H, °J = 7.1 Hz,

5 @)2@0023 OCH,CH;), 3.96 (q, 2 H, °J = 7.1 Hz, OCH>CHs), 5.16 (s, 1 H, 1-H),
6 i 7.30-7.34 (m, 3 H, 5-H, 6-H), 7.72-7.77 (m, 2 H, 4-H). >C-NMR ([D¢]-
DMSO, 101 MHz): 5= 14.8 (q, OCH,CHs), 56.8 (t, OCH,CHs), 78.7 (d, C-1), 126.0 (d, C-4),
127.6 (d, C-5), 128.7 (d, C-6), 142.4 (s, C-3), 171.1 (CO of CO,Et), 180.4 (s, CO).
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4.3.5. Potassium 1-cyano-2-oxo-2-phenylethan-1-ide (1-CN)-K was obtained from
benzoylacetonitrile (500 mg, 3.44 mmol) and KOsBu (372 mg, 3.32 mmol) as a colorless
solid (470 mg, 2.56 mmol, 77 %).

0 'H-NMR ([De]-DMSO, 400 MHz): 5= 3.94 (s, 1 H, 1-H), 7.21-7.26 (m,
4
5©)2K}CN 3 H, 5-H, 6-H), 7.58-7.63 (m, 2 H, 4-H). *C-NMR ([D¢]-DMSO, 101
+
6 K MHz): §=51.0 (d, C-1), 125.5 (d, C-4), 127.2 (d, C-5), 127.7 (d, C-6),

127.8 (s, CN), 143.1 (s, C-3), 179.9 (s, CO).

4.3.6. Potassium 1,3-dioxo-1-phenylbutan-2-ide (1-COMe)-K was obtained from 1-
phenylbutane-1,3-dione (750 mg, 4.62 mmol) and KO7Bu (504 mg, 4.49 mmol) as a colorless
solid (745 mg, 3.38 mmol, 75 %).

O O The solution of the anion 1-COMe shows a mixture of £ and Z
5©92K%LMG conformers in a ration of 1:1.3. "H-NMR ([Dg]-DMSO, 400 MHz): 6 =
6 K" 1.78,2.21* (s, 3 H, 8-H), 5.55, 5.28* (s, 1 H, 1-H), 7.21-7.36 (m, 3 H, 5-
H, 6-H), 7.68-7.73 (m, 2 H, 4-H). "C-NMR ([Ds]-DMSO, 101 MHz): 5= 29.8, 29.0* (q, C-

8), 93.3, 96.3* (d, C-1), 126.3 (d, C-4), 127.4 (d, C-5), 128.1 (d, C-6), 144.5, 145.8* (s, C-3),
179.4 (s, C-2), 187.1, 190.9 (s, C-7).

4.3.7. Potassium 1,3-dioxo-1,3-diphenylpropan-2-ide (1-COPh)-K was obtained from
dibenzoylmethane (1.11 g, 4.95 mmol) and KO7Bu (556 mg, 4.95 mmol) as a colorless solid
(1.03 g, 3.93 mmol, 79 %).

O O 'H-NMR ([Ds]-DMSO, 400 MHz): 6= 6.27 (s, 1 H, 1-H), 7.32-7.36
53 2~ (m, 6 H, 5-H, 6-H), 7.83-7.86 (m, 4 H, 4-H). “C-NMR ([Ds]-DMSO,
101 MHz): §=90.4 (d, C-1), 126.5 (d, C-4), 127.6 (d, C-5), 128.4 (d,

C-6), 144.7 (s, C-3), 181.3 (s, CO).

4.3.8. Potassium 2-0x0-2-phenyl-1-(phenylsulfonyl)ethan-1-ide (1-SO,Ph)-K was obtained
from 1-phenyl-2-(phenylsulfonyl)ethanone (741 mg, 2.84 mmol) and KOrBu (308 mg,
2.75 mmol) as a colorless solid (705 mg, 2.36 mmol, 86 %).

'H-NMR ([D¢]-DMSO, 400 MHz): § = 5.21 (s, 1 H, 1-H), 7.24-7.28 (m, 3 H, 9-H, 10-H),
7.38-7.41 (m, 3 H, 5-H, 6-H), 7.63-7.65 (m, 2 H, 4-H), 7.94-7.97 (m, 2 H, 8-H). >C-NMR
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([Dg]-DMSO, 101 MHz): 5= 83.1 (d, C-1), 125.5 (d, C-8), 126.0

1.8
ﬁ \© (d, C-4), 127.4 (d, C-9), 127.7 (d, C-5), 128.4 (d, C-10), 129.7 (d,
19 C.6), 142.6 (s, C-7), 148.6 (s, C-3), 175.6 (s, CO).

4.3.9. Potassium 1-nitro-2-oxo-2-phenylethan-1-ide (1-NO;)-K was obtained from 2-nitro-
I-phenylethanone (1.28 g, 7.73 mmol) and KO7Bu (860 mg, 7.66 mmol) as a colorless solid
(1.32 g, 6.49 mmol, 85 %).

o 'H-NMR ([Ds]-DMSO, 300 MHz): 5= 7.23 (s, | H, 1-H), 7.32-7.40 (m

5 4 3 1 N02 b 13 2 9 9 9
2 - 3 H, 5-H, 6-H), 7.66-7.70 (m, 2 H, 4-H). "C-NMR ([D¢]-DMSO, 75.5
K
6

MHz): 5= 109.1 (d, C-1), 126.3 (d, C-4), 127.9 (d, C-5), 130.0 (d, C-6),
141.7 (s, C-3), 176.3 (s, CO).

4.4. Reaction Products

4.4.1. Reaction Products of the Anions 1 with Benzhydrylium Tetrafluoroborate 3e-BF,

General procedure 2 (GP2): The potassium-salt 1-X-K (0.260-0.290 mmol) was dissolved in
dry DMSO (10-15 mL) and the benzhydrylium tetrafluoroborate 3e-BF4 was added as a solid.
After decoloration of the reaction mixture (approx. 1 to 2 min), water (20-25 mL) was added.
The precipitated product was filtrated and recrystallized from ethanol/dichloromethane
yielding the pure products 4, which were subsequently characterized by NMR spectroscopy

and mass spectrometry.

4.4.1.1. Reaction of the Anion 1-CO;Et with the Benzhydrylium Ion 3e

According to GP2, the potassium salt (1-CO;Et)-K (63.4 mg, 0.275 mmol) and 3e-BF4
(120 mg, 0.270 mmol) yielded ethyl 2-benzoyl-3,3-bis(1,2,3,5,6,7-hexahydropyrido[3,2,1-
1j]quinolin-9-yl)propanoate 4-CO;zEt (112 mg, 0.204 mmol, 76%) as yellow solid.

Decomposition at 139 °C. "H-NMR (CDCls, 300 MHz): 5= 1.01
(t, °J = 7.2 Hz, 3 H, 17-H), 1.78-1.87 (m, 4 H, 7-H), 1.88-1.97
(m, 4 H, 7-H), 2.44-2.64 (m, 4 H, 6-H), 2.71 (t, °J= 6.6 Hz, 4 H,
6-H), 2.96 (t, °J = 5.7 Hz, 4 H, 8-H), 3.05 (t, °J = 5.6 Hz, 4 H, 8-
H), 3.95(q, *J=7.1 Hz, 2 H, 16-H), 4.61 (d, >J=11.7 Hz, 1 H,
1-H), 5.22 (d, >J=12.0 Hz, 1 H, 9-H), 6.56 (s, 2 H, 3-H), 6.72 (s,
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2 H, 3-H), 7.38-7.44 (m, 2 H, 13-H), 7.49-7.56 (m, 1 H, 14-H), 7.94-7.99 (m, 2 H, 12-H). “C-
NMR (CDCls, 75.5 MHz): 6= 13.8 (q, C-17), 22.1 and 22.2 (t, C-7), 27.5 and 27.7 (t, C-6),
49.7 (d, C-1), 49.9 and 50.8 (t, C-8), 59.8 (d, C-9), 61.1 (t, C-16), 121.4 (s, C-4), 126.1 and
126.4 (d, C-3), 128.3 (d, C-13), 128.6 (d, C-12), 129.7 and 129.9 (s, C-2), 132.9 (d, C-14),
137.4 (s, C-11), 141.2 and 141.5 (s, C-5), 168.2 (s, C-15), 194.0 (s, C-10). HR-MS (EI): m/z
calcd for [C36H40O3N2]'Jr 548.3033 found: 548.3020.

4.4.1.2. Reaction of the Anion 1-COMe with the Benzhydrylium Ion 3e

According to GP2, the potassium salt (1-COMe)-K (63.4 mg, 0.288 mmol) and 3e-BF4
(127 mg, 0.286 mmol) yielded 2-(bis(1,2,3,5,6,7-hexahydropyrido[3,2,1-ij]quinolin-9-
yl)methyl)-1-phenylbutane-1,3-dione 4-COMe (114 mg, 0.220 mmol, 78%) as yellow solid.

Decomposition at 135 °C. 'H-NMR (CDClIs, 300 MHz): o6 =
1.77-1.85 (m, 4 H, 7-H), 1.88-1.96 (m, 4 H, 7-H), 2.06 (s, 3 H,
16-H), 2.45-2.63 (m, 4 H, 6-H), 2.70 (t, >J = 6.5 Hz, 4 H, 6-H),
2.95 (t, °J = 5.6 Hz, 4 H, 8-H), 3.06 (t, °J = 5.6 Hz, 4 H, 8-H),
4.63 (d,°J=12.0Hz, 1 H, 1-H), 5.43 (d, *J=12.0 Hz, 1 H, 9-H),
6.56 (s, 2 H, 3-H), 6.70 (s, 2 H, 3-H), 7.37-7.42 (m, 2 H, 13-H),
7.47-7.53 (m, 1 H, 14-H), 7.92-7.96 (m, 2 H, 12-H). *C-NMR
(CDCls, 75.5 MHz): §=22.09 and 22.14 (t, C-7), 27.5, 27.6, 27.7 (2 x C-6 and C-15), 49.9
and 50.0 (t, C-8), 50.4 (d, C-1), 69.3 (d, C-9), 121.4 and 121.7 (s, C-4), 126.0 and 126.3 (d, C-
3), 128.4 (d, C-12), 128.7 (d, C-13), 129.2 and 130.0 (s, C-2), 133.0 (d, C-14), 137.6 (s, C-
11), 141.3 and 141.6 (s, C-5), 195.4 (s, C-10), 204.1 (s, C-15). HR-MS (EI): m/z calcd for
[C3sH3502N,] " 518.2928 found: 518.2925.

4.4.1.3. Reaction of the Anion 1-COPh with the Benzhydrylium Ion 3e

According to GP2, the potassium salt (1-COPh)-K (70.4 mg, 0.268 mmol) and 3e-BF,4
(119 mg, 0.268 mmol) yielded 2-(bis(1,2,3,5,6,7-hexahydropyrido|[3,2,1-ij]quinolin-9-
yl)methyl)-1,3-diphenylpropane-1,3-dione 4-COPh (121 mg, 0.208 mmol, 78%) as yellow
solid.

Decomposition at 186 °C. "H-NMR (CDCl;, 300 MHz): 6= 1.79-1.872 (m, 8 H, 7-H), 2.47-
2.63 (m, 8 H, 6-H), 2.92-3.00 (m, 2 H, 8-H), 4.85 (d, *J=11.5 Hz, 1 H, 1-H), 6.17 (d, *J =
11.5 Hz, 1 H, 9-H), 6.57 (s, 4 H, 3-H), 7.31-7.36 (m, 2 H, 13-H), 7.42-7.47 (m, 1 H, 14-H),
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7.83-7.86 (m, 2 H, 12-H) . "C-NMR (CDCls, 75.5 MHz): § =
22.1 (t, C-7), 27.5 (t, C-6), 49.9 (t, C-8), 51.2 (d, C-1), 62.4 (d,
C-9), 121.3 (s, C-4), 126.6 (d, C-3), 128.2 (d, C-13), 128.5 (d, C-
12), 129.6 (s, C-2), 132.5 (d, C-14), 137.6 (s, C-11), 141.2 (s, C-
5), 195.0 (s, C-10). HR-MS (EI): m/z calcd for [C4oH330,N,]"
578.2928 found: 578.2934.

4.4.1.4. Reaction of the Anion 1-SO,Ph with the Benzhydrylium Ion 3e

According to GP2, the potassium salt (1-SO,Ph)-K (77.7 mg, 0.260 mmol) and 3e-BF4
(115 mg, 0.259 mmol) yielded 3,3-bis(1,2,3,5,6,7-hexahydropyrido[3,2,1-ij]quinolin-9-yl)-1-
phenyl-2-(phenylsulfonyl)propan-1-one 4-SO,Ph (137 mg, 0.222 mmol, 86%) as yellow

solid.

14 Decomposition at 153 °C. "H-NMR (CDCl;, 300 MHz): & =
1.66-1.79 (m, 4 H, 7-H), 1.82-1.92 (m, 4 H, 7-H), 2.26-2.65 (m,
8 H, 6-H), 2.90 (t, °J = 5.7 Hz, 4 H, 8-H), 3.02 (t, *J = 5.6 Hz, 4
H, 8-H), 4.48 (d, *J=11.7 Hz, | H, 1-H), 5.93 (d, °J=12.6 Hz, 1
H, 9-H), 6.41 (s, 2 H, 3-H), 6.48 (s, 2 H, 3-H), 7.27-7.35 (m, 2 H,
Harom), 7.41-7.55 (m, 6 H, Harom), 7.86-7.89 (m, 2 H, 12-H) . °C-

7 NMR (CDCls, 75.5 MHz): 6= 21.9 and 22.2 (t, C-7), 27.3 and
27.5 (t, C-6), 49.8 and 50.0 (t, C-8), 50.8 (d, C-1), 58.4 (d, C-9), 121.2 and 121.5 (s, C-4),
126.1 and 126.7 (d, C-3), 128.09, 128.14, 128.3, 128.5, 132.6, 132.7 (C-12, C-13, C-14, C-16,
C-17, C-18), 126.9, 128.1, 140.1 (C-2, C-11, C-15), 192.7 (s, C-10). HR-MS (EI): m/z calcd
for [C30H4003N,S] " 616.2754 found: 616.1908.

18

4.4.1.5. Reaction of the Anion 1-NO; with the Benzhydrylium Ion 3e

According to GP2, the potassium salt (1-NO,)-K (58.7 mg, 0.289 mmol) and 3e-BF4 (127 mg,
0.286 mmol) yielded 3,3-bis(1,2,3,5,6,7-hexahydropyrido[3,2,1-ij]quinolin-9-yl)-2-nitro-1-
phenylpropan-1-one 4-NO; (123 mg, 0.236 mmol, 82%) as yellow solid.

Decomposition at 174 °C. 'H-NMR (CDCl;, 300 MHz): 6= 1.74-1.82 (m, 4 H, 7-H), 1.89-
1.97 (m, 4 H, 7-H), 2.39-2.58 (m, 4 H, 6-H), 2.72 (t, °J = 6.6 Hz, 4 H, 6-H), 2.94 (t, °J = 5.7
Hz, 4 H, 8-H), 3.08 (t, *J=5.7 Hz, 4 H, 8-H), 4.79 (d,*J = 11.7 Hz, 1 H, 1-H), 6.48 (s, 2 H, 3-
H), 6.75 (s, 2 H, 3-H), 6.83 (d, >J = 11.7 Hz, 1 H, 9-H), 7.37-7.32 (m, 2 H, 13-H), 7.50-7.56
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(m, 1 H, 14-H), 7.81-7.84 (m, 2 H, 12-H) . C-NMR (CDCl;,
75.5 MHz): 6 = 21.9 and 22.0 (t, C-7), 27.5 and 27.7 (t, C-6),
49.8 and 49.9 (t, C-8), 51.4 (d, C-1), 91.1 (d, C-9), 121.6 (s, C-4),
124.6 and 126.5 (s, C-2), 125.7 and 125.8 (d, C-3), 128.4 (d, C-
13), 128.7 (d, C-12), 133.5 (d, C-14), 135.8 (s, C-11), 141.8 and
142.1 (s, C-5), 189.1 (s, C-10). HR-MS (EI): m/z calcd for
[C33H3403N3] " 520.2595 found: 520.2599.

4.4.2. Reaction Products of the Anions 1 with Quinone Methides

General procedure 3 (GP3): The reactions of the carbanions 1-X with the Michael acceptors

3j,k,n were carried out either by dissolving the corresponding CH-acid 1-H with a slight
excess of KO7Bu in dry DMSO (10 mL) or by directly dissolving the potassium salts (1-X)-
K" in dry DMSO (10 mL). Subsequently, a solution of the quinone methide 3 in DMSO (ca
5 mL with 5-10 % dichloromethane as cosolvent) was added. The mixture was stirred for 5
min before 0.5 % aqueous acetic acid (ca 50 mL) was added. The mixture was extracted with
ethyl acetate (3 x 20 mL), and the combined organic phases were washed with brine (2 % 20
mL), dried over sodium sulfate and the solvent was evaporated under reduced pressure. The
crude reaction products were purified by column chromatography on silica (pentane/ethyl

acetate) and subsequently characterized by NMR spectroscopy and mass spectrometry.

4.4.2.1. Reaction of the Anion 1-Ph with the Quinone Methide 3n**!

According to GP3, 1,2-diphenylethanone (98.1 mg, 0.500 mmol), KO7Bu (58.0 mg,
0.517 mmol), and 3n (169 mg, 0.501 mmol) yielded 3-(3,5-di-tert-butyl-4-hydroxyphenyl)-3-
(4-(dimethylamino)phenyl)-1,2-diphenylpropan-1-one 5-Ph (181 mg, 339 umol, 68%, dr ~

1:1) as orange solid.

'H-NMR (CDCl;, 599 MHz): & = 1.25 (s, 18 H, 11-H both
1somers), 2.81, 2.85 (s, 6 H, NMe,), 4.70-4.73 (m, 1 H, 5-H),
4.84, 487 (s, 1 H, OH), 5.22, 5.39 (d, °J = 11.5Hz and
11.7 Hz, 1 H, 12-H), 6.48, 6.62 (d, *J=7.2 Hz and 6.6 Hz, 2 H,
8-H), 6.65, 7.01 (s, 2 H, 3-H), 6.88, 7.20 (d, 2 H, °J = 8.7 Hz
and 8.6 Hz, 7-H), 7.03-7.10 (m, 3 H, 14-H, 16-H), 7.14-7.16,
7.30-7.31 (m, 2 H, 15-H), 7.33-7.36 (m, 2 H, 19-H), 7.43-7.46
(m, 1 H, 20-H), 7.83-7.84, 7.90-7.92 (m, 2 H, 18-H). >*C-NMR (CDCls, 151 MHz): 5= 30.17,
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30.20 (q, C-11), 34.1, 34.2 (s, C-10), 40.7, 40.8 (q, NMe,), 54.1, 54.6 (d, C-5), 58.8, 59.6 (d,
C-12), 112.5, 113.1 (d, C-8), 124.4, 125.2 (d, C-3), 126.7, 126.8 (d, C-16), 128.11, 128.25,
128.31, 128.33, 128.34, 128.40, 128.46, 128.99, 129.07, 129.18, (d, C-7, C-14, C-15, C-18,
C-19), 131.3, 131.9 (s, C-6), 132.5, 132.6 (d, C-20), 133.4, 134.1 (s, C-4), 134.8, 135.3 (s, C-
2), 137.5, 137.8, 138.0, 138.2 (s, C-13, C-17), 148.7, 148.9 (s, C-9), 151.6, 151.8 (s, C-1),
199.1, 200.4 (s, CO). HR-MS (ESI") [M+H]": caled for [C3;H44NO,]": 534.3367, found
534.3347.

Due to dr = 1:1, the chemical shifts could not be assigned to the individual isomers.

4.4.2.2. Reaction of the Anion 1-CONETt, with the Quinone Methide 3j

According to GP3, the potassium salt (1-CONETt;)-K (88.9 mg, 0.345 mmol) and 3j (106 mg,
0.344 mmol) yielded 2-benzoyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)-N,N-diethyl-3-(p-
tolyl)propanamide 5-CONE(; (165 mg, 0.313 mmol, 91%) as colorless solid.

3J=17.1Hz), 1.25 (s), 1.39 (s), 2.20 (s), 2.28 (s), 3.01-3.46 (m), 3.69

o 5 (s), 3.76 (s), 4.85-4.86 (m), 5.02-5.07 (m), 5.14-5.28 (m), 6.79 (d, *J

= 8.7 Hz), 6.81 (d, °J = 7.8 Hz), 6.82 (d, >°J = 9.0 Hz), 7.07 (d, *J =

o O O 8.1 Hz), 7.11-7.15 (m), 7.28-7.49 (m), 7.80 (d, *J = 8.4 Hz), 7.93 (d,

3J=7.2Hz). "C-NMR (CDCls, 75.5 MHz): 6= 12.39, 12.43, 13.9,

14.1, 20.9, 21.0, 30.1, 30.3, 40.2, 40.3, 40.61, 40.64, 41.7, 42.0,

50.9, 51.3, 51.6, 52.0, 55,1, 55.2, 59.4, 59.6, 113.73, 113.74, 125.0, 125.1, 125.3, 125.4,

127.8, 127.9, 128.22, 128.23, 128.42, 128.44, 128.96, 129.0, 129.1, 132.3, 132.6, 132.7,

131.7, 131.8, 135.2, 135.3, 135.35, 135.38, 135.4, 135.5, 135.7, 137.5, 137.7, 166.35, 166.38,

195.5, 195.7, 196.4, 196.5. HR-MS (EI): m/z caled for [CssHysiO3N]" 527.3394 found:
527.3390.

O / 'H-NMR (CDCls, 300 MHz): 5= 0.72-0.79, 0.84-0.92 (m), 1.00 (t,
[/

4.4.2.3. Reaction of the Anion 1-CO,Et with the Quinone Methide 3j[RA]

According to GP3, the potassium salt (1-COzEt)-K (173 mg, 0.751 mmol) and 3j (154 mg,
0.499 mmol) yielded ethyl 2-benzoyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)-3-(p-
tolyl)propanoate 5-CO;Et (182 mg, 0.364 mmol, 73%, dr ~ 1.3:1) as colorless solid.
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'H-NMR (CDCl;, 400 MHz): 5= 0.86*, 1.00 (t, 3 H, >°J=7.1 Hz,
OCH,CHs;), 1.21, 1.41* (s, 18 H, 11-H), 2.19%, 2.29 (s, 3 H, Me),
3.80-3.93*, 3.95-4.00 (m, 2 H, OCH,CH3), 4.86-4.89 (m, 2 H, 5-
H, OH major isomer), 4.93* (d, 1 H, >°J = 11.8 Hz, 5-H), 5.04* (s,
1 H, OH), 5.31*, 5.35% (d, 1 H, *J=11.8 Hz and 11.9 Hz, 12-H),
6.90* (s, 2 H, 3-H), 6.96*, 7.09 (d, 2 H, J = 7.8 Hz, 8-H), 7.14-
7.17% (m, 4H, 3-H, 7-H), 7.27 (d, 2H, *J = 8.6 Hz, 7-H,
superimposed by CDClj residual signal), 7.36-7.56 (m, 6 H, 15-H, 16-H, both isomers), 7.84-
7.86, 8.00-8.03° (m, 2H, 14-H). *C-NMR (CDCl;, 101 MHz): & = 13.7%, 13.8 (q,
OCH,CH3), 20.9%, 21.0 (g, Me), 30.0, 30.3* (q, C-11), 34.1, 34.3* (s, C-10), 50.7*, 51.4 (d,
C-5), 59.5, 60.3* (d, C-12), 61.3*, 61.4 (t, OCH,CHs), 124.4, 124.8* (d, C-3), 127.4*, 127.8
(d, C-7), 128.35, 128.42 (d, C-14, C-15), 128.6*, 128.7* (d, C-14, C-15), 129.1, 129.2* (d, C-
8), 131.7, 132.2* (s, C-4), 133.1, 133.4* (d, C-16), 135.4, 135.5% (s, C-2), 135.7*, 136.0 (s,
C-9), 136.7*, 137.6 (s, C-13), 139.4, 139.5%* (s, C-6), 152.1, 152.4* (s, C-1), 167.91%*, 167.92
(s, CO of COsEt), 192.9%, 194.6 (s, CO). HR-MS (ESI") [M+NH,]": calcd for [C33H4NO,]'™:
518.3265, found 518.3249. HR-MS (ESI") [M—H]: caled for [Cs3H39O04] : 499.2854, found
499.2846.

4.4.2.4. Reaction of the Anion 1-CN with the Quinone Methide 3k**

According to GP3, the potassium salt (1-CN)-K (78.0 mg, 0.426 mmol) and 3k (138 mg,
0.425 mmol) yielded 2-benzoyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)-3-(4-methoxyphenyl)-
propanenitrile 5-CN (185 mg, 0.394 mmol, 93%, dr ~ 1.7:1) as colorless solid.

'"H-NMR (CDCls, 599 MHz): 6 = 1.26, 1.40* (s, 18 H, 11-H),
3.73*, 3.80 (s, 3H, OMe), 4.69, 4.73* (d, 1 H, J = 9.8 Hz and
8.9 Hz, 5-H), 4.99*, 5.06 (d, 1 H, °J = 9.8 Hz and 8.9 Hz, 12-
H), 5.01, 5.16* (s, 1 H, OH), 6.77*, 6.90 (d, 2 H, J = 8.8 Hz, 8-
H), 6.92, 7.07* (s, 2 H, 3-H), 7.17*, 7.29 (d, 2 H, *J = 8.6 Hz
and 8.7 Hz, 7-H), 7.39-7.41, 7.44-7.47* (m, 2 H, 15-H), 7.54-
7.57,7.58-7.61* (m, 1 H, 16-H), 7.72-7.73, 7.80-7.82* (m, 2 H,
14-H). *C-NMR (CDCls, 151 MHz): 5= 30.0, 30.2* (q, C-11), 34.2, 34.4* (s, C-10), 45.3,
46.2* (q, C-12), 50.5%, 51.5 (d, C-5), 55.20*, 55.23 (q, OMe), 114.1*, 114.2 (d, C-8), 116.7*,
116.9 (s, CN), 124.4, 125.1* (d, C-3), 128.4, 128.6* (d, C-14), 128.78 (d, C-15), 128.82%,
128.9* (2d, C-7, C-15), 129.9 (d, C-7), 129.8*, 130.0 (s, C-4), 132.0, 132.3* (s, C-6), 134.0,
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134.1% (d, C-16), 135.1%, 135.5 (s, C-13), 135.9%, 136.0 (s, C-2), 152.8, 153.2* (d, C-1),
158.6%, 158.9 (s, C-9), 190.7*, 191.4 (s, CO). HR-MS (ESI") [M+NH4]": calcd for
[C31H3sN,05]": 487.2956, found 487.2938. HR-MS (ESI): caled for [C3H3sNOs] : 469.2622,
found 469.2612.

4.4.3. Reaction Products of the Benzyl Anions 2 with the Quinone Methide 3n
4.4.3.1. Reaction of the Anion 2-CN with the Quinone Methide 3n

According to GP3, 2-phenylacetonitrile (48.2 mg, 0.411 mmol), dimsyl potassium
(0.457 mmol), and 3n (115 mg, 0.341 mmol) yielded 3-(3,5-di-tert-butyl-4-hydroxyphenyl)-3-
(4-(dimethylamino)phenyl)-2-phenylpropanenitrile 6-CN (146 mg, 0.321 mmol, 94%, dr ~
1:1.1) as yellow solid.

'H-NMR (CDCls, 300 MHz): 5= 1.34, 1.38* (s, 18 H, 12-H),
2.92% 2.95 (s, 6 H, 10-H), 4.15-4.19 (m, 5-H, both isomers),
4.34, 4.48* (d, °J = 9 Hz, >J* = 7 Hz, 13-H), 5.04, 5.10% (s, 1
H, OH), 6.65*%, 6.71 (d, °J =9 Hz, 2 H, 8-H), 6.88, 6.95* (s, 2
H, 3-H), 7.03-7.09 (m, Haom), 7.14-7.20 (m, Harom), 7.22-7.26
(m, Haom). "C-NMR (CDCls, 75.5 MHz): & = 30.17, 30.24*
(q, C-12), 34.2, 34.3* (s, C-11), 40.5 (q, C-10, both isomers), 44.2, 43.9* (d, C-13), 55.8%,
56.2 (d, C-5), 112.5%, 112.6 (d, C-8), 120.4 and 120.6 (s, C-14, both isomers), 124.7, 125.4
(d, C-3), 127.6, 128.3, 128.36, 128.38, 128.4, 128.6, 129.1 (Carom), 128.0, 128.8%* (s, C-6),
130.4, 131.4 (s, C-4, both isomers), 135.3%, 135.5 (s, C-2), 149.4*, 149.7 (s, C-9), 152.4,
152.8*% (s, C-1). HR-MS (EI) [M-H]": m/z caled for [C3H3;0N,]": 453.2911 found:
453.2895.

4.4.3.2. Reaction of the Anion 2-COMe with the Quinone Methide 3n

According to GP3, phenylacetone (50.5 mg, 0.376 mmol), KOsBu (43.2 mg, 0.385 mmol),
and 3n (112mg, 0.332mmol) yielded 4-(3,5-di-tert-butyl-4-hydroxyphenyl)-4-(4-
(dimethylamino)phenyl)-3-phenylbutan-2-one 6-COMe (116 mg, 0.246 mmol, 74%, dr ~

1:1.1) as orange solid.

'H-NMR (CDCls, 300 MHz): 5= 1.16, 143* (s, 18, 12-H), 2.00*, 2.05 (s, 3 H, 19-H), 2.80%,

2.91 (s, 6 H, 10-H), 4.46*, 4.54 (d, =12 Hz, 1 H, 13-H), 4.58 (bs, 1 H, 5-H both isomers),

4.82, 5.00% (s, 1 H, OH), 6.48 and 6.93 (d, °J = 9 Hz, 2 H, 8-H), 6.70-6.73 (m, 4 H, Hurom),
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7.12-7.25 (m, 12 H, Huom), 7.27-7.29 (m, 2 H, Hyom). “C-
NMR (CDCls, 75.5 MHz): 6 = 30.2, 30.4* (q, C-12), 30.5 (q,
C-19), 34.1 and 34.3 (s, C-11 both isomers), 40.3*, 40.7 (q, C-
10), 52.85 and 52.91 (d, C-5 both isomers), 64.6, 65.2* (d, C-
13), 112.6 and 113.1 (d, C-8 both isomers), 124.1 and 124.8 (d,
C-3 both isomers), 134.9 and 135.6 (s, C-2 both isomers),
126.8, 126.9, 127.0, 128.2, 128.4, 128.71, 128.73, 129, 129.4, 130.0, 134.3, 137.1, 137.3
(Carom), 148.5 and 149.9 (s, C-9 both isomers), 151.5, 152.0* (s, C-1), 207.8 (s, C-18). HR-
MS (EI): m/z calcd for [C32H4102N]'+: 471.3132 found: 471.3126.

4.4.3.3. Reaction of the Anion 2-SO,Ph with the Quinone Methide 3n

According to GP3, benzyl phenyl sulfone (80.2 mg, 0.345 mmol), KO/Bu (39.6 mg,
0.353 mmol), and 3n (115mg, 0.341 mmol) yielded 2,6-di-tert-butyl-4-(1-(4-
(dimethylamino)phenyl)-2-phenyl-2-(phenylsulfonyl)ethyl)phenol 6-SO,Ph (166 mg,
0.291 mmol, 85%, dr ~ 1:1.9) as colorless solid.

'H-NMR (CDCls, 300 MHz): &= 1.26*, 1.35 (s, 18 H, 12-H),
2.80, 2.90* (s, 6 H, 10-H), 4.83*, 4.96 (s, 1 H, OH), 4.97-5.1
(m) and 5.06 (d, °J = 9.3 Hz, 5-H and 13-H, both isomers),
6.46, 6.58* (d, °J = 8.7 Hz, 2 H, 7-H), 6.85*, 7.05 (s, 2 H, 3-
H), 7.03 (d, °J = 8.7 Hz, 2 H, 8-H, major isomer), 7.15-7.28
(M, Hyom), 7.31-7.45 (m, Haom). "C-NMR (CDCl;, 75.5
MHz): 6= 30.1%, 30.3 (q, C-12), 34.1*, 34.2 (s, C-11), 40.4, 40.6* (q, C-10), 51.0, 51.1* (d,
C-5), 76.2, 76.3* (d, C-13), 112.2, 122.6* (d, C-7), 125.0, 125.3* (d, C-3), 129.3 (d, C-8,
major isomer), 126.6, 126.8, 127.7, 127.8, 128.0, 128.10, 128.17, 128.18, 128.20, 128.3,
128.6, 128.7, 130.0, 130.1, 130.8, 131.2, 132.37, 132.42, 133.44, 132.6, 132.8, 133.5 (Carom),
135.0%, 135.3 (s, C-2), 140.1*, 140.5 (s, C-14), 148.7, 149.3* (s, C-9), 151.6*, 152.3 (s, C-1).
HR-MS (EI): m/z caled for [C3sHa303NS] ™ 569.2958 found: 569.2948.

4.5. Generation and UV-Spectroscopic Characterization of Carbanions 1-X and 2-X
4.5.1. Deprotonation Experiments

The formation of the carbanions 1-Ph and 2-CN, 2-COMe and 2-SO,Ph from their conjugate

CH acids were recorded by using diode array UV-Vis spectrometers. The temperature during
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all experiments was kept constant by using a circulating bath (20.0 £ 0.02 °C). Solutions of
the CH acids in dry DMSO were added to a solution of KO7Bu (1.05 eq.) or dimsyl potassium
(1.05 eq.) in dry DMSO (22-25 mL). After reaching a constant value of the absorbance
(within 10 to 90 s) the mixtures were treated subsequently with more base (2-5 equiv.
dissolved in DMSO: 0.1-0.3 mL). In all cases a full deprotonation of the CH acid with one

equivalent of base was monitored (Figure 13).
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Figure 13: Formation of the anions 1-Ph, 2-CN, 2-COMe and 2-SO,Ph from the corresponding CH acids and
KO#Bu (or dimsyl potassium for 2-CN) in DMSO at 20 °C. Dashed lines mean an additional equivalent of base.
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4.5.2. UV-Vis Spectra

4.5.2.1. UV-Vis Spectra of the Benzoylmethyl Anions 1-X
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Figure 14: UV-Vis-spectra of the anions 1-Ph, 1-CONEt,, 1-COMe and 1-NO, in DMSO (20 °C).
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Figure 15: UV-Vis-spectra of the anions 1-CO,Et, 1-CN, 1-COPh and 1-SO,Ph in DMSO (20 °C).
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4.5.2.2. UV-Vis Spectra of the Benzyl Anions 2-X
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Figure 16: UV-Vis-spectra of the anions 2 in DMSO (20 °C).

4.6. Kinetic Experiments

4.6.1. Coordination Experiments with Alkali Metal Salts

Table 7: Pseudo-first-order rate constants for reaction of 1-Ph (generated from (1-Ph)-H by addition of 1.05
equivalents of KO7Bu)™® with 3n at variable concentrations of KBPhy (20 °C, stopped-flow, at 486 nm).

[3n] /l [1-Ph]]/ [KOBu] / [1(131)114]1 [K*]ml] o/
mol L™ mol L™ mol L~ /mol L™ /mol L™ obs
2.12x 10 7.61 x 107
128 x10° 2.12x10* 223x10" 1.28x10* 3.51x10* 7.48x10"
128 x10° 2.12x10* 223x10* 2.57x10* 480x10* 7.37x10"
128 x10° 2.12x10* 223x10* 5.14x10* 736x10* 7.29x10"
128 x10° 2.12x10* 223x10* 126x10° 1.48x10° 7.01x10"
128 x10° 2.12x 10" 223x10* 257x10° 279x10°  6.58 x 10"
128 x10° 2.12x10% 223x10* 5.05x10° 527x10°  6.31x 10"
128 x10° 2.12x10* 223x10* 7.57x10° 7.79x10°  6.04x 10"
128 x10° 2.12x10* 223x10* 1.14x10% 1.16x10% 599 x 10"

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.
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Table 8: Pseudo-first-order rate constants for reaction of 1-Ph (generated from (1-Ph)-H by addition of 1.05
equivalents of NaO7Bu)™ with 3n at variable concentrations of NaBPh, (20 °C, stopped-flow, at 486 nm).

[3n]/ [1-Ph]/ [NaOsBu]/ [NaBPhg] [Na Tt P
mol L™ mol L™ mol L™ /mol L™ /mol L™ obs
3.69 x 107 1.320

1.59x10° 3.69x10* 3.89x10* 1.80x10* 569x10"  0.950
1.59x10° 3.69x 10" 3.89x10" 720x10% 1.11x10° 0.935
1.59x10° 3.69x 10" 3.89x10% 132x10° 1.71x10° 0.909
1.59x 10° 3.69x 10* 3.89x10% 270x10° 3.09x10° 0.823
1.59x 10° 3.69 x 10" 3.89x 10" 441 x10° 480x10° 0.757
1.59x 10° 3.69x 10" 3.89x10* 735x103 7.74x10° 0.707
1.59x10° 3.69x 10" 3.89x10" 118x102 121x10%  0.652
1.59x10° 3.69x 10" 3.89x10" 178x102 1.82x10°  0.649

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.

Table 9: Pseudo-first-order rate constants for reaction of 1-Ph (generated from (1-Ph)-H by addition of 1.06
equivalents of LiO7Bu)™ with 3n at variable concentrations of LiBF, (20 °C, stopped-flow, at 486 nm).

[3n]/ [1-Ph]/ [LiO/Bu]/  [LiBF,] [Li Total o /s
mol L™ mol L™ mol L' /mol L™ /mol L obs
439 x 10™ 1.58 @
377 x10° 439x 10" 4.65x 10™ 0 46510 1.18

3.77x10° 439x10* 4.65x10* 9.03x10* 137x10° 1.10
3.77x10° 439x 10" 4.65x10% 1.81x10° 227x10° 0.976
3.77x10° 439x10* 4.65x10% 3.61x10° 4.08x10° 0.871
3.77x10° 439x10* 4.65x10% 723x10° 7.69x10° 0.688
3.77x10° 439x10* 4.65x10* 1.08x10% 1.13x107 0.616
3.77x10° 439x10* 4.65x10* 1.69x10° 1.74x107 0.480
3.77x10° 439x10* 4.65x 10" 2.62x107% 2.66x 107 0.333
3.77x10° 439x 10" 4.65x10* 425x107% 4.30x% 107 0.178
3.77x10° 439x10* 4.65x10* 5.88x107% 593 %107 0.145

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.

Table 10: Pseudo-first-order rate constants for reaction of 1-Ph (generated from (1-Ph)-H by addition of 1.06
equivalents of LiO7Bu)™® with 3n at variable concentrations of LiCl (20 °C, stopped-flow, at 486 nm).

[3n]/ [1-Ph]/  [LiOsBu]/ [LiCl] [Li Total o /s
mol L™ mol L™ mol L' /mol L™ /mol L™ obs
2.19x10° 9.53 x 10™ 3421
2.19%10° 953 x10* 1.01 x 107 0 1.01 x 107 2.47

2.19x10° 9.53x10* 1.01x10° 504x10* 1.51x10° 2.52
2.19x10° 9.53x10* 1.01x10° 1.01x10° 2.01x10° 247
2.19x10° 9.53x10* 1.01x10° 220x10° 3.21x10° 2.18
2.19%x10° 953 x10* 1.01 x10° 5.04x10° 6.05%x10° 1.87
2.19%x10° 953 x10* 1.01x10° 1.01x10% 1.11x107 1.43
2.19x10° 9.53x10* 1.01x10° 2.01x107% 2.12x107 1.04
2.19x10° 9.53x 10" 1.01x10° 3.36x107% 3.46x 107 0.820
2.19x10° 9.53x 10" 1.01x10° 5.04x107% 5.14x107 0.706
2.19x10° 9.53x 10 1.01x10° 7.55x 1072 7.65x 107 0.508

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.
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Table 11: Pseudo-first-order rate constants for reaction of 1-CONETt, with 3g at variable concentrations of
KBPh, (20 °C, stopped-flow, at 422 nm).

[3g]/  [1-CONEt;]/  [KBPh,] [K Joow

—1

mol L! mol L! /mol L /mol L kovs/ s
7.22 % 10* 0 33.11

1.51x10°  7.22x10* 0 7.22 %10 26.6

1.51x10°  722x10%  1.84x10* 9.06 x 10™ 22.3
1.51x10°  7.22x10%  3.68x10* 1.09x10° 19.4
1.51x10° 722x10*  737x10* 146x10° 15.1
1.51x10° 722x10*  147x10° 220x10° 10.6
1.51x10°  7.22x10%  246x10° 3.18x10° 7.93
1.51x10°  722x10*  3.78x10° 4.50x 107 6.33
1.51x10°  7.22x10%  6.29x10° 7.01x10° 4.86
1.51x10° 722x10*  881x10° 9.53x10° 3.93
1.51x10°  722x10*  1.13x10% 1.20x 1072 3.17
1.51x10° 722x10*  1.64x10% 1.71 %1072 3.07
1.51x10°  7.22x10% 213 x10% 220x 107 3.06

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.

Table 12: Pseudo-first-order rate constants for reaction of 1-CO,Et with 3f at variable concentrations of KBPhy
(20 °C, stopped-flow, at 630 nm).
[3f]/ [1-CO:Et]/  [KBPhy] (K Tootal

-1

mol L' mol L' /molL”"  /molL™ kovs/ s
6.58 x 10" 0 282 1

150 x 107 6.58 x 10 0 6.58 x10°* 280

1.50 x 10°  6.58 x 10* 2.10x 10* 8.68 x10™* 260
1.50 x 10°  6.58 x 10" 4.20x10* 1.08 x10° 241
1.50 x 10°  6.58 x 10" 9.81 x 10* 1.64 x10° 210
1.50 x 10°  6.58 x 10*  1.75x 10° 2.41 %107 175
1.50 x 10°  6.58 x 10" 2.80 x 10° 3.46 x10°° 136
1.50 x 10°  6.58 x 10* 434 x10° 5.00 %107 111
1.50 x 10°  6.58 x 10*  7.23x10° 7.89 x10°* 82.1
1.50 x 10°  6.58 x 10"  1.01 x 10% 1.08 x10™* 65.2
1.50 x 10°  6.58 x 10" 1.30 x 107 1.37 x10™* 55.0
1.50 x 10°  6.58 x 10*  1.99 x 102 2.08 x1072 41.9

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.
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Table 13: Pseudo-first-order rate constants for reaction of 1-CO,Et with 3f at variable concentrations of KOTf
(20 °C, stopped-flow, at 630 nm).

(3f]/  [1-CO.Et]/  [KOTF] [K Joow

—1

mol L! mol L! /mol L /mol L Kows /s
6.56 x 10* 281

1.34%10°  6.56 x10* 0 6.56 x 107 273

1.34x10° 6.56x10* 2.08x10* 863 x10% 236
1.34x10° 6.56x10* 4.16x10* 1.07x 103 219

134x10° 6.56x10* 1.04x10° 169 x 1073 178
134x10° 656x10* 249x10° 315x 103 131
134 x10°  6.56x10*  3.74x10° 440 x 107 107

134 x10°  6.56x 10" 5.67x10° 632x107 82.9

134 x10°  6.56x 10" 9.44x10° 1.01x 102 61.0

134x10° 6.56x10* 1.32x10% 139x1072 50.0

1.34x10° 6.56x10* 1.70 x 10% 1.77 x 1072 43.1
[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.

Table 14: Pseudo-first-order rate constants for reaction of 1-CO,Et (generated from (1-CO,Et)-H by addition of
1.03 equivalents of NaOsBu)*! with 3f at variable concentrations of NaBPhy (20 °C, stopped-flow, at 630 nm).

[3f]/ [1-CO,Et]/ [NaOsBu]/ [NaBPh,] [Na' Tl
mol L' mol L' mol L' /mol L /mol L™
534 x10* 229 [

142x10° 534x10* 551x10* 130x10* 6.81x10°* 114
142 x10° 534x10* 551x10% 259x10* 8.10x10* 95.0
142 x10°  534x10* 551 x10% 6.49x10* 120x10° 64.3
142 x10°  534x10* 551x10% 130x10° 185x10° 41.9
142x10° 534x10* 551x10* 259x10° 3.15x10° 26.9
142 x10° 534x10* 551x10* 7.17x10° 7.72x10° 23.4
142x10° 534x10* 551x10* 143x102% 1.49x 107 15.7
142 x10°  534x10*% 551 x10% 2.15x102% 221x107 11.8
142 x10°  534x10*% 551 x10% 323x102% 328x 107 11.0

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.

kobs/ 571

Table 15: Pseudo-first-order rate constants for reaction of 1-CO,Et (generated from (1-CO,Et)-H by addition of
1.04 equivalents of LiO7Bu)™ with 3e at variable concentrations of LiCl (20 °C, stopped-flow, at 635 nm).

[3¢]/  [1-COEt]/ [LiOBu]/  [LiCl] [Li Jow

-1
mol L' mol L' mol L' /mol L™ /mol L™ kovs /s
6.48 x 10 580 [@
128 x10° 648 x10* 6.73x10* 0 6.73 x 107* 58.1

128 x10° 6.48x10* 6.73x10* 1.76 x 10* 8.48x 10" 33.5
1.28x10° 648 x10" 6.73x10* 351x10* 1.02x10° 28.7
1.28x10° 648 x 10" 6.73x10* 7.03x10* 1.38x10° 24.7
128 x10° 6.48x10* 6.73x10* 1.41x10° 2.08x10° 18.0
128 x10° 6.48x10* 6.73x10* 281 x10° 3.48x10° 11.7
128 x10°  6.48x10* 6.73x 10" 424x10° 491x10° 9.56
128 x10° 6.48x10* 6.73x 10" 6.78x10° 7.46x10° 7.04

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.
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Table 16: Pseudo-first-order rate constants for reaction of 1-CN with 3f at variable concentrations of KBPhy (20
°C, stopped-flow, at 630 nm).

[3f]/ [1-CN]/  [KBPh,] [K ot

-1
mol L™ mol L' /mol L /mol L kavs /s
271 % 10™ 34,7
1.44 x10° 271 x 10™ 0 2.71 x 10™ 26.1

144 x10° 271x10* 124 x10* 3.95x10* 25.1
144 x10° 271 x10* 249 x10* 5.19x10™* 24.7
1.44 x 10° 271 x 10 498 x10*  7.68 x 10* 23.6
144 x10° 271 x10* 124x10° 1.53x 107 22.3
144 x10° 271 x10* 249 x10° 2.76 x 107 20.7
144 x10° 271 x10* 4.90x10° 5.17x10° 19.7
144 x10° 271 x10* 735x10° 7.62x10° 18.2
144 x10° 271x10* 1.10x 102 1.13 x 107 17.0

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.

[a]

Table 17: Pseudo-first-order rate constants for reaction of 1-COMe" with 3f at variable concentrations of

KBPh, (20 °C, stopped-flow, at 630 nm).
[3f]/ [1-COMe]/  [KBPh,] (K Joota

—1

mol L' mol L' /mol L™ /mol L™ kovs /s
7.88 x 10 96.1 1

1.50 x 10°  7.88 x 10 0 7.88 x 10 97.3

1.50 x 10°  7.88x10* 2.13x10* 1.00 x 107 93.3
1.50 x 10°  7.88 x 10* 426 x 10* 1.21x 107 92.2
1.50 x 10°  7.88x10* 9.94x10* 1.78 x 107 86.8
1.50 x 10° 788 x10* 1.78x10° 2.56 x 107 82.1
1.50 x 10°  7.88 x 10* 2.84x10° 3.63 x 107 77.2
1.50 x 10°  7.88 x 10*  4.16 x 10° 4.95x 107 71.0
1.50 x 10°  7.88x10*  6.93x10° 7.72x 107 65.0
1.50 x 10°  7.88x10* 9.70 x 10® 1.05x 102 59.1
1.50 x 10°  7.88x10* 125x10% 1.33x102 53.6

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.

Table 18: Pseudo-first-order rate constants for reaction of 1-COMe with 3f at variable concentrations of KOTf
(20 °C, stopped-flow, at 630 nm).

[3f]/ [1-COMe]/ [KOTF] [K Tiotal

1 -1 A -1 Fobs/ 8!
mol L mol L /mol L /mol L
134 x10°  6.59 x 10™ 80.3 [@
1.34%10°  6.59x10™ 0 6.59 x 10™ 78.5

1.34x10°  6.59x10* 220x10* 8.79x10™ 79.8
1.34x10°  6.59x10* 4.40x10* 1.10x 107 78.8
1.34x10° 6.59x10* 8.80x10* 1.54x 10 75.6
1.34x10°  6.59x10* 1.83x10° 249 x 10 71.0
134 x10°  6.59 x10* 293 x10° 3.59x 107 66.1
1.34x10°  6.59%x10* 4.65%x10° 5.31x10° 60.4
1.34x10°  6.59%x10* 7.75x10° 8.41x 107 53.3
1.34x10°  6.59%x10* 1.08x10% 1.15x 102 48.8
1.34x10°  6.59%x10* 139x10% 1.46x 102 44.1

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.
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Table 19: Pseudo-first-order rate constants for reaction of 1-COPh with 3f at variable concentrations of KBPhy
(20 °C, stopped-flow, at 630 nm).

(3f]/  [1-COPh]/  [KBPh,] [K Joow

-1

mol L! mol L' /mol L /mol L kovs /s
5.38 x 10 35.0 @

1.27x10° 5.38x10™ 0 538 x10* 32.5

127x10° 538x10* 123x10* 6.61x10™ 30.3
127 x10° 538x10* 3.08x10* 8.46x10™ 27.5
127 x10° 538x10* 6.17x10* 1.15x 107 24.6
127 x10° 538x10* 123x10° 1.77x 10 20.1
127 x10°  538x 10" 2.10x10° 2.64 x 107 15.5
127x10° 538x10* 325x10° 3.79 x 107 14.1
127x10° 538x10" 4.55x10° 5.09 x 107 13.4
127 x10° 538x10* 5.85x10° 6.39x10° 13.3

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.

Table 20: Pseudo-first-order rate constants for reaction of 1-SO,Ph with 3b at variable concentrations of KBPh,
(20 °C, stopped-flow, at 620 nm).

[3b]/  [1-SO,Ph]/  [KBPh,] [K Jow

-1

mol L' mol L' /mol L™ /mol L™ kovs /s
3.23 x 10™ 73.3 1

1.10x 10°  3.23x10* 0 323 x 10* 75.4

1.10 x 10° 323 x10* 1.25x10* 4.48x10* 71.2
1.10x 10° 323 x10* 250x10* 573 x 10" 68.1
1.10x 10° 323 x10* 5.00x10* 823 x10* 63.5
1.10x 10°  323x10* 1.06x10° 1.39x107 61.6
1.10 x 10° 323 x10" 2.50x10° 2.82x10° 54.7
1.10 x 10° 323 x 10" 425x10° 4.57x10° 49.0
1.10x 10°  323x10* 637x10° 6.70x 107 46.1
1.10x 10°  323x10* 9.56x10° 9.88x 107 42.5

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.

Table 21: Pseudo-first-order rate constants for reaction of 1-NQO, with 3d at variable concentrations of KBPhy
(20 °C, stopped-flow, at 627 nm).

(3d]/ [1-NO;]/  [KBPh,] [K Jiota

-1

mol L™ mol L' /mol L™ /mol L™ kovs s
3.29 x 10™ 2,01

131 x10° 3.29x10™ 0 3.29 x 10 2.05

1.31x10° 329x10* 127x10" 4.56x 10" 2.14
1.31x10° 329x10* 2.54x10* 5.83x10" 2.18
1.31x10° 329x10" 5.08x10* 8.37x10* 2.07
1.31x10° 329x10% 124x10° 1.57x107° 1.86
1.31x10° 329x10"% 254x10° 2.87x10° 1.75
1.31x10° 329x10* 495x10° 5.28x10° 1.37
1.31x10° 329x10* 7.42x10° 7.75x10° 1.21
1.31x10° 329x10* 1.11x10? 1.15x 107 1.07

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 4.
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Table 22: Pseudo-first-order rate constants for reaction of 2-CQO,Et (generated from (2-CO,Et)-H by addition of
1.03 equivalents of KO7Bu) with 3n at variable concentrations of KBPh, (20 °C, stopped-flow, at 486 nm).

[3n]/ [2-CO,Et] [KOrBu]/ [KBPh,] [KNotal

-1

mol L™ /mol L™ mol L /mol L™ /mol L™ Kovs/ s
245 %10 1351

1.59 x 10° 2.45x10* 3.30x 10™ 0 3.30 x 10™ 132

1.59 x 10° 2.45x10* 330x10* 1.51x10* 4.81x10* 131
1.59 x 10° 2.45x 10" 330x10* 3.03x10* 6.33x10* 129
1.59 x 10° 2.45x 10" 330x10* 6.05x10* 9.35x 10" 127
1.59x 10° 2.45x10% 330x10* 1.16 x10° 1.49 x 10 125

1.59 x 10°  2.45x10* 3.30x10* 3.03x10° 336x10° 120
1.59x10° 2.45x10* 330x10* 5.78x10° 6.11 x 107 117
1.59x10° 2.45x10* 330x10* 8.68x10° 9.01 x 10° 115

1.59 % 10° 245x10* 330x10* 1.30x 107 1.33x 107 111
[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in ref.1*¢!

Table 23: Pseudo-first-order rate constants for reaction of 7a with 3f at variable concentrations of KBPh, (20 °C,
stopped-flow, at 630 nm).

[3f]/ [7a]/ [KBPh,] [K ot

-1
mol L' mol L' /mol L™ /mol L™ kavs /s
2.72 x 10™ 89.5 (@
1.39x10° 2.72 x 10™ 0 2.72 x 10 73.8

1.39x10° 2.72x 10" 125x10* 3.97x10* 76.8
1.39x10° 2.72x 10" 250%x10* 5.22x10* 71.0
1.39x10° 2.72x10% 5.00x10* 7.73x10* 68.1
1.39x10° 2.72x10% 123x10° 1.50 x 107 63.1
1.39x10° 2.72x10* 250x10° 2.77 x 107 58.3
1.39x10° 2.72x10* 4.92x10° 5.20x 107 49.0
1.39x10° 2.72x 10" 7.38x10° 7.66 x 107 44.0
139x10° 2.72x10* 1.11x10? 1.13 x 107 39.2
1.39x10° 2.72x 10" 1.69x10% 1.71 x 107 35.4

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in ref.*

Table 24: Pseudo-first-order rate constants for reaction of 7b with 3f at variable concentrations of KBPh, (20 °C,
stopped-flow, at 630 nm).

[3f]/ [7b]/ [KBPhy] [K Jootat P
mol L! mol L' /mol L /mol L obs
3.08 x 10 18.7 1
1.37x10° 3.08 x 10* 0 3.08 x 10 18.1

1.37x10° 3.08x10" 126x10* 4.34x10* 17.9
1.37x10° 3.08x 10" 2.52x10* 5.60x10* 17.7
1.37x10° 3.08x 10" 5.05x10* 8.13x10* 17.3
1.37x10° 3.08x10% 123x10° 1.54x 107 16.7
1.37x10° 3.08x10* 2.52x10° 2.83x10° 15.5
1.37x10° 3.08x 10" 4.93x10° 5.24x10° 14.5
1.37x10° 3.08x 10" 7.39x10° 7.70 x 107 13.8
137 x10° 3.08x10* 1.11x10? 1.14x 107 13.6

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
. . [3¢]
given in ref.
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Table 25: Pseudo-first-order rate constants for reaction of 8-CO,Et with 3h at variable concentrations of KBPh,
(20 °C, stopped-flow, at 533 nm).

[3h]/  [8-CO.Et]  [KBPh,] [K ot

-1
mol L /mol L /molL"  /molL" kovs/ s
222 x 10" 6.57 [
143 x10° 2.22x10* 0 222x10% 579

143 x10° 222x10* 124x10" 3.46x 10" 5.81
143 x10° 222x10* 247x10* 4.69 x 10™ 5.81
143 x10° 222x10% 495x10* 7.16 x 10* 5.58
143 x10° 222x10% 124x10° 1.46x 107 4.93
143 x10° 222x10" 247x10° 2.69x10° 429
143 x10° 222x10* 537x10° 5.60x 107 3.41
143 x10° 222x10* 9.40x10° 9.63 x 10° 2.75
143 x10° 222x10* 1.57x10? 1.59 x 107 237

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in ref.*

Table 26: Pseudo-first-order rate constants for reaction of 8-COMe with 3h at variable concentrations of KBPh,
(20 °C, stopped-flow, at 533 nm).

[3h]/  [8-COMe]/  [KBPh,] (K iota

—1

mol L' mol L' /mol L /mol L™ kovs /s
2.76 x 10™ 1.51 @

132 x10° 276 x 10™ 0 276 x 10™ 1.39

132x10° 276 x10% 126x 10" 4.01 x 10" 1.38
132x10° 276 x10* 251 x10* 5.27x10* 1.35
132x10° 276x10* 5.02x10* 7.78 x 10* 1.33
132x10° 276x10* 123x10° 1.51x 107 1.26
1.32x10° 276 x10* 251x10° 2.79x 107 1.16
1.32x10° 276 x10* 493 x10° 5.20x 107 1.03
1.32x10° 276 x10*  542x10° 5.69 x 107 1.00
132x10° 276 x10*  1.11 x 107 1.14 x 107 0.770
132x10° 276 x10*  1.71 x 107 1.73 x 107 0.659

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in ref.*
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4.6.2. Determination of the Nucleophilicity of the Benzoylmethyl Anions 1-X

4.6.2.1. Reactions of the Anion of 1,2-Diphenylethanone 1-Ph

Table 27: Kinetics of the reaction of 1-Ph (generated from (1-Ph)-H by addition of 1.05 equivalents of KO/Bu)
with 3h (20 °C, stopped-flow, at 533 nm). ®4]

[3h]/ [1-Ph]/  [18-Crown-6] [1-Ph] Kops /
mol L™ mol L™ mol L /[3h] 5!
2.54x10° 2.81x10* 11.0 243 x 10?
2.54%10° 3.51x10%  6.17x10* 13.8  3.25x 107
254 x10° 421 x10* 16.6  3.93 x 10?
254x10° 491 x10*  1.24x10° 193 4.70 x 10?
2.54x10° 5.62x10* 221 5.40 x 107

600

ky=1.05x 10° L mol's™

y = 1.053E+06x - 4.920E+01
R? = 9.992E-01

0  0.00015 0.0003 0.00045 0.0006
[Nu]/ mol Lt

Table 28: Kinetics of the reaction of 1-Ph (generated from (1-Ph)-H by addition of 1.05 equivalents of KO/Bu)
with 3p (20 °C, stopped-flow, at 520 nm). 4!

[3p]/ [1-Ph]/ [18-Crown-6] [1-Ph] Kobs / 60
mol L™ mol L' mol L™ /[3p] s
241 x10° 2.92x10*% 549 x10* 12.1 21.8 45 |
241%x10° 3.89x10™ 16.2 31.3 .
~ 30
241 x10° 4.87x10% 1.10x10? 20.2 40.3 K
241 x10° 584 x10™ 243 50.2 15 |
4 1 -1 0
k,=9.68 x 10" L mol ™ s

y = 9.679E+04x - 6.490E+00
R? = 9.997E-01
0 0.00025 0.0005

[Nu] / mol L!

Table 29: Kinetics of the reaction of 1-Ph (generated from (1-Ph)-H by addition of 1.05 equivalents of KOzBu)
with 3m (20 °C, stopped-flow, at 490 nm).

[3m] / [1-Ph]/ [1-Ph] kops /
mol L' mol L' /[3m] s
1.74x10°  2.12 x 10™ 12.2 1.46
1.74 x10°  425x10™ 24.5 3.42
1.74x10° 637 x 10™ 36.7 5.69
1.74 x10° 850 x 10™ 48.9 7.70
1.74 x10°  1.06 x 10 61.2 9.80

ky=9.88 x 10° L mol's™

108

Kops 18

12 r y=9882x - 0.6788
R = 0.9996
8 |
4 L
O 1 1
0.0000 0.0005 0.0010
[Nu] / molL-!
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Table 30: Kinetics of the reaction of 1-Ph (generated from (1-Ph)-H by addition of 1.05 equivalents of KO7Bu)
with 3n (20 °C, stopped-flow, at 486 nm). *4!

[3n]/ [1-Ph]/  [18-Crown-6] [1-Ph] Favs/

mol L mol L™ mol L /[3n] s * Ty =3591E+03x - 3.640E-01
259 %x10° 3.42x 10" 132 846x10" 4| R = 9.995E01
259%10° 5.14x10*  6.61 x10* 19.8 1.49 .
2.59%10° 6.85x 10™ 26.4 2.11 }2 I
259%10° 856x 10"  1.32x107 33.1 2.73 1]
2.59x10° 1.03x 107 39.7 3.30 .
kz — 359 x 103 L 1’1’101_1 S_l 0 O.OOOS[NU](3.2](2)(')31 0.0009 0.001z

Table 31: Kinetics of the reaction of 1-Ph (generated from (1-Ph)-H by addition of 1.05 equivalents of KO7Bu)
with 30 (20 °C, stopped-flow, at 521 nm). &

[30]/ [1-Ph]/  [I8-Crown- [1-Ph] Kons /

mol L' mol L' 6] mol L' /[30] s! o y=1827E+03x - 1.198E-01

259 10° 3.42 x 10°* 132 5.05x10" ¢ = 1.0008400

2.59x10° 5.14x10*  6.61x10* 198  822x10" - "l

259 x10° 6.85x 10 26.4 1.13 ; !

2.59x10° 856x 10" 1.32x10° 33.1 1.44 05 |

2.59 % 10° 1.03 x 107 39.7 1.76 0

0 0.0003 0.0006 0.0009 0.0012
ky=1.83 x 10° L mol's™ [Nu] / mol L

Determination of Reactivity Parameters N and sy _for the Anion of 1,2-Diphenylethanone

(1-Ph) in DMSO

Table 32: Rate Constants for the reactions of 1-Ph with different electrophiles (20 °C).

Electrophile E ky/Lmol!s! g &y &5
: ’ ' i R = 0.9897
3p  -1468 9.68x 10RA1 499 5O
3m -16.36 9.86 x 10° 3.99 ~
3[RA] =45
3n -17.29 3.59x10 356 =
30 -17.90  1.83 x 10°*4 326 a5 |
25 : :
N=23.15, sx = 0.60 -18.5 -16.5 -14.5
E-Parameter
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4.6.2.2. Reactions of the Sodium Salt of 1,2-Diphenylethanone (1-Ph)-Na

Table 33: Kinetics of the reaction of (1-Ph)-Na (generated from (1-Ph)-H by addition of 1.05 equivalents of
NaO7Bu) with 3h (20 °C, stopped-flow, at 533 nm). 4!

[3h]/  [(1-Ph)-Na]/ [1-Ph] Kons /

mol L! mol L! /[3h] gl 450 | y = 1.10E+6x - 1.51E+2
S ) R? = 9.993E-01
2.38 % 10 2.87 % 10 12.1 163
238x10° 35910 15.1 242 W 300 |
238x10°  431x10* 18.1 322 B
238x10°  5.03x 10" 21.1 405 150
238x10°  575x10" 24.1 475 0
6 1 -1 0 0.0002 0.0004 0.0006
kb, =1.10x 10" L mol" s [Nu] / mol L

Table 34: Kinetics of the reaction of (1-Ph)-Na (generated from (1-Ph)-H by addition of 1.05 equivalents of
NaO7Bu) with 3p (20 °C, stopped-flow, at 520 nm). ®*

[B3p]/  [(1-Ph)-Na]/ [I1-Ph] Kops /

mol L' mol L' /[3p] s Ty 779E.00x - 6.98
241x10°  2.15x10* 8.94 9.58 F¥ = 9.996E-01
241x10°  323x10% 134 18.1 B 0
241x10°  430x10* 17.9 27.0 ;‘315 _
241x10°  538x10" 223 34.8
241%x10°  6.45x10" 26.8 43.1 o

4 1 - 0 0.0002 0.0004 0.0006
kr,=7.79 x 10" L mol ' s [Nu] / mol L

Table 35: Kinetics of the reaction of (1-Ph)-Na (generated from (1-Ph)-H by addition of 1.06 equivalents of
NaO7Bu) with 3m (20 °C, stopped-flow, at 490 nm).

[3m] /1 [(1-Ph)-Na] /- [1-Ph] kv / 12 - y=9587.1x - 0.992
mol L mol L~ /[3m] s Re — 0.9996
145x10°  227x10* 15.6 1.16 ol
145%x10°  4.54x 10™ 312 3.31 v
145%x10°  6.80 x 107 46.8 5.65 L4l
145%x10°  9.07 x 10™ 62.4 7.69
145x10°  1.13x10? 78.1 9.84 0 ' '
0.0000 0.0005 0.0010
ky=9.59 x 10° L mol!'s™ [Nu] / molL"
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Table 36: Kinetics of the reaction of (1-Ph)-Na (generated from (1-Ph)-H by addition of 1.05 equivalents of
NaOrBu) with 3n (20 °C, stopped-flow, at 486 nm). **

[B3n]/  [(1-Ph)-Na]/ [1-Ph] kavs/

molL'  molL'  /Bn] & B Ryt
259 x10° 297 x 10 11.5 0.800 .1
259%x10° 446 x10* 17.2 131 2
2.59x10° 594 x 10" 22.9 1.82 <t
2.59x10°  7.43x10* 28.7 2.33
2.59%10° 891 x10™ 344 2.81 ’ 0 0.0(;025 o.o;)os o.o<;o75 o.(;o1

[Nu] / mol L

ky=3.39x10° L mol's™

Table 37: Kinetics of the reaction of (1-Ph)-Na (generated from (1-Ph)-H by addition of 1.05 equivalents of
NaO7Bu) with 30 (20 °C, stopped-flow, at 521 nm). (RAJ

[30]/  [(1-Ph)-Na]/ [1-Ph] Kos /

mol L mol L! /[30] gl 15 |V =1-908E+03¢ - 1.410E01
R? = 9.992E-01
259x10°  297x10* 11.5 0.436
259 %107 446 x 10" 17.2 0.701 »OT
2.59%x 107 594 x 10 23.0 0.982 «‘30_5
2.59x10°  7.43x10* 28.7 1.26
2.59x10° 891 x10* 34.4 1.57 0.0 : : '
0 0.0003 0.0006 0.0009

[Nu] / mol L1

ky=1.90x 10° L mol's™

4.6.2.3. Reactions of the Lithium-Salt of 1,2-diphenylethanone (1-Ph)-Li

Table 38: Kinetics of the reaction of (1-Ph)-Li (generated from (1-Ph)-H by addition of 1.05 equivalents of
LiOrBu) with 3h (20 °C, stopped-flow, at 533 nm). 'R*]

[3h]/  [(-Ph)-Li]/ [1-Ph] Kons /

mol L! mol L! /[3h] g1 » RSy

2.55%x10° 253 x10* 9.9 204

2.55x10°  3.37x10* 13.3 285 300 f

255%10° 422 % 10* 16.6 358 5150 _

255%10°  5.06 x 10™ 19.9 438

2.55%x10° 590 % 10 23.2 512 0 ‘ ‘ ‘

0 0.0002 0.0004 0.0006
k,=9.12x10° L mol s [Nu) /mol L
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Table 39: Kinetics of the reaction of (1-Ph)-Li (generated from (1-Ph)-H by addition of 1.05 equivalents of
LiOsBu) with 3p (20 °C, stopped-flow, at 520 nm). *A!

[B3p]/  [(A-Ph)-Li]/ [1-Ph] kavs /

mol L' mol L' /[3p] st op- 7'8525 529333_5?50100502
186 x10°  2.35x 10 12.7 17.9 45 |
186 x10°  3.53 x 10 19.0 28.1 2wl
1.86x10° 471 x10™ 25.3 36.8 *: i
1.86x10°  5.89 x 10™ 31.6 46.2
1.86x 10°  7.06x 10*  38.0 54.9 T oo oo

[Nu] / mol L

ky=7.83 x 10* L mol's!

Table 40: Kinetics of the reaction of (1-Ph)-Li (generated from (1-Ph)-H by addition of 1.04 equivalents of
LiOfBu) with 3m (20 °C, stopped-flow, at 490 nm).

[3m]/ [(1-Ph)-Li]/  [1-Ph] Kops /
mol L™! mol L™ /[3m] gt y =8885.9x - 0.843
R? = 0.9985
145 x10° 227 x10* 15.6 1.08 8t
145x10°  4.54 x 10™ 31.2 3.25 »
145x10°  6.80 x 10™ 46.8 5.21 <A
1.45%10°  9.07 x 10™* 62.4 7.38
O 1 1

145%10° 1.13x 107 78.1 9.09 0.0000 0.0005 0.0010

[Nu] / molL!

k, =8.89 x 10° L mol's™

Table 41: Kinetics of the reaction of (1-Ph)-Li (generated from (1-Ph)-H by addition of 1.05 equivalents of
LiOrBu) with 3n (20 °C, stopped-flow, at 486 nm). **!

[3n]/ [(1-Ph)-Li]/  [1-Ph] Kops / 3 -
mol L-] mol L—l /[3n] S-l y = 2.740E+03x - 1.200E-02
R? = 9.980E-01
2.61x10°  520x10* 19.9 1.42 5 |
261x10°  650x10% 249 1.78 2
261x10°  7.80x10* 29.9 2.08 RN
2.61x10°  9.10x 10 34.9 2.50
0 1 1 1
261 x10°  1.04x10° 39.9 2.84 0 00003 0.0006 0.0009
[Nu] / mol Lt

ky=2.74x 10° L mol's!

Table 42: Kinetics of the reaction of (1-Ph)-Li (generated from (1-Ph)-H by addition of 1.05 equivalents of
LiOrBu) with 30 (20 °C, stopped-flow, at 521 nm). **!

[3o]/  [(1-Ph)-Li]/ [1-Ph] o/

1.2 r y=1.664E+03x - 1.058E-01

mol L™ mol L' /[30] s FE - 9.995E.01
216x10°  256x 10* 119 0.320 Wl
216x10° 384x10% 178 0.542 °
216x10° 513x10% 238 0.739 < oa |
216x10° 641 x10*% 297 0.954
2.16 x 10_5 7.69 X 10_4 35.7 1.18 ’ 0 0.0(;025 0.0.005 0.0C;075

[Nu] / mol L*

k=1.66 x 10° L mol's™

112



Chapter 3: Quantification of lon-Pairing Effects on the Nucleophilic Reactivity of Carbanions

4.6.2.4. Reactions of the Potassium Salt of N,N-Diethyl-3-0x0-3-phenylpropanamide
(1-CONE(t,)-K in Presence of 18-Crown-6

Table 43: Kinetics of the reaction of 1-CONETt, with 3g (20 °C, stopped-flow, at 422 nm).

[3g]/ [1-CONEt,] [18-Crown-6] [1-CONE,] Kops /
mol L' /mol L”! mol L™ /[3g] s
138x10° 584x10%  6.05x10™ 42.3 27.7
138x10° 1.17x10°  1.21x10° 84.5 55.0
138x10° 1.46x10°  1.54x 107 106 67.8

ky=4.59 x 10* L mol's™

Kops /87

80 -
y = 45886x + 1.0071
60 | R? = 0.9998
40
20
0
0.0000 0.0005 0.0010 0.0015 0.002C

[Nu] / molL*

Table 44: Kinetics of the reaction of 1-CONELt, with 3h (20 °C, stopped-flow, at 533 nm).

[3h]/  [1-CONEt,] [18-Crown-6] [1-CONEt,] Kops /
mol L™ /mol L™ mol L™ /[3h] 5!
1.57x10° 483 x10%  5.12x10" 30.8 2.53
1.57x10°  9.67x10*  1.02x107° 61.6 4.80
1.57x10° 121 %10 1.30 x 107 77.1 5.86

y = 4607.7x + 0.3136
6 | R? = 0.9997

kr=4.61x10° L mol's™ 00000 00005 00010  0.001
[Nu] / molL"
Table 45: Kinetics of the reaction of 1-CONELt, with 3i (20 °C, stopped-flow, at 374 nm).
[3i] / [1-CONEt,] [18-Crown-6] [1-CONE,] kops /
-1 -1 -1 . -1 10 y =2460.6x + 2.3653
mol L /mol L mol L /[3i] s R - 0.9933
1.81x10° 233x10* 249 x10* 12.8 2.81 8
1.81x10° 931x10*  9.97x10* 51.3 4.74 v 8
181x10° 1.63x10°  1.75%10° 89.8 660 < °
2 F
1.81 x10° 233x10° 249 x 107 128 7.92
0
3 1 - 0.0000 0.0010 0.0020
kr=2.46 x 10° L mol ™" s [Nu] / molL

Table 46: Kinetics of the reaction of 1-CONELt, with 31 (20 °C, stopped-flow, at 407 nm).

[31]/ [1-CONEt,] [18-Crown-6] [1-CONEt,] Kobs /
mol L /mol L mol L /[31] 5!
1.72x10° 501 x10*  536x 10" 29.1 3.57 x 107
1.72x10°  834x10* 898 x 10 48.5 591 x 107
1.72x10°  1.17x10°  1.25x 107 68.0 8.68 x 107
1.72x10°  1.50x10°  1.62x 107 87.4 1.04 x 10"

ky=6.97 x 10' L mol's™
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0.08

0.04
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Determination of Reactivity Parameters N and sy _for the Anion of N,N-Diethyl-3-0x0-3-

phenylpropanamide (1-CONEt,) in DMSO
Table 47: Rate Constants for the reactions of 1-CONEt, with different electrophiles (20 °C).

Electrophile E Kk /L m01'14s'1 Ig ky y = 0.6533x + 12.58

3g -12.18 459 x 10" 466 4T Re = 0.9856

3 -1339 461x10° 366 s} g

3i 1436 246x10° 339 o, |

3l -16.38  6.97x 10" 184
1t
O 1 1 1 1
-16.5 -15.5 -14.5 -13.5 -12.5

N=19.26, sx=0.65 E-Parameter

4.6.2.5. Reactions of the Potassium Salt of N,N-Diethyl-3-0x0-3-phenylpropanamide
(1-CONEt,)-K in Absence of 18-Crown-6

Table 48: Kinetics of the reaction of 1-CONELt, with 3g (20 °C, stopped-flow, at 422 nm).
[3g]/  [1-CONEt;]

/ [1-CONEt,]/[3¢g] k‘;l?? / 80 I, _30562x + 4.8286

mol L™ mol L' R - 0.9965

1.38%10°  2.92x10* 21.1 13.7 w0l

1.38x10°  8.77x 10™ 63.4 343 2

1.38x10° 1.17x 107 84.5 436 <20t

138 x10°  1.46 x 107 106 514

0 1 1 1
_ 4 1 -1 0.0000  0.0005  0.0010  0.0015
ky=3.26 x 10" L mol " s N/ molL

Table 49: Kinetics of the reaction of 1-CONE, with 3h (20 °C, stopped-flow, at 533 nm).
[3h]/  [1-CONEt,]/

mol L mol L [1-CONE]/[3h] k:f?/ °[ y = 3429.6x + 0.5037
157x10° 242 x 10° 15.4 127 ‘[ me=o9wm
1.57x10°  7.25x 10" 46.2 3.12 %3 |
1.57x10°  9.67 x 10™ 61.6 381 <
1.57x10°  1.21x10° 77.1 4.59 "I
k2 — 343 x 103 L mol—l S—l (?.0000 0.0%ﬁlﬁ]/mlg.‘olmo O.OIO1S

Table 50: Kinetics of the reaction of 1-CONETt, with 3i (20 °C, stopped-flow, at 374 nm).

T oo | g
1.81 x10° 233 x 10" 12.8 2.68
1.81x10° 931 x 10* 51.3 4.10 "334 i
181 x10°  1.63x 107 89.8 508 < ,f
1.81x10° 233 x 107 128 623
Jr=1.69 x 10° L mol”' ™ T
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Table 51: Kinetics of the reaction of 1-CONETt, with 31 (20 °C, stopped-flow, at 374 nm).

31/ 1-CONEt,] / kobs /
m[ol]L’l [ mol L-! 1 1.coNEn) 31 i 0.09 [y =50.335x +0.0091
R?2 = 0.9951
1.72x10°  5.01 x 10* 29.1 3.31 %102
- 0.06
1.72x 10° 834 x10* 48.5 521 %102 v
-5 3 -2 8
1.72x10°  1.17x 10 68.0 6.95x10° & oo
1.72x10°  1.50 x 107 87.4 8.33 x 102
0.00 L L 1
k2 =503 x 101 L mol'l S-l 0.0000 0.0005 0.0010 0.0015

[Nu] / molL"

4.6.2.6. Reactions of the Potassion Salt of Ethyl 3-Oxo-3-phenylpropanoate (1-CO;Et)-K
in Presence of 18-Crown-6

Table 52: Kinetics of the reaction of 1-CO,Et with 3e (20 °C, stopped-flow, at 635 nm). A

[3e]/  [1-CO,Et]/ [18-Crown-6] [1-COEt] Ko/ 600 [y - 8.052E:05¢ + 3333501
mol L™ mol L™ mol L™ /[3e] s Re = 9.999E-01
1.85x10° 246 x10* 550 x 10* 133 221x10° _ *°F
1.85x10° 3.69x 10" 733 x10* 20.0 329 x 10> z%00
x

1.85%10° 4.92x10% 128x10? 26.6 441 % 10° 150 1

0

ky=8.95%x 10° L mol's™ 0 0.0002 0.0003 0.0005 0.0006
[Nu] / mol L

Table 53: Kinetics of the reaction of 1-CO,Et with 3f (20 °C, stopped-flow, at 630 nm). ®*
[3f]/ [1-COEt] [18-Crown-6] [1-CO,Et] keops /

mol L /mol L mol L /[3f] 5" | y = 4.281E+05x - 1.600E+00
2.02x10° 2.46x10*  5.50 x 10™ 12.2 1.02 x 10? 300 | RF = 9.969E01
2.02x10° 3.69 x 10*  7.33 x 10 183 1.58x10° 2
202x10° 492x10* 128 x 107 24.4 213%10° =
2.02x10° 6.14x10"  9.17 x 10 30.4 2.54 %107 h
202x10% 737 x10*  1.47x 10 365 3.17x10 % o000 00004 00008 0000e
ky=4.28x10° L mol's™ (Rl ol L7

Table 54: Kinetics of the reaction of 1-CO,Et with 3g (20 °C, stopped-flow, at 422 nm). ®*
[3g]/ [1-COEt] [18-Crown-6] [1-CO,Et] Kobs /
-1

mol Lt / mol Lt mol Lt /[3g] s 12 - y= 8.6720E+03x - 2.540E-01
-5 4 4 R2 = 9.995E-01
291 x10° 4.16 x 10 7.34 x 10 14.3 3.36 ol
291x10° 625x10* 826 x 10 21.5 5.12 W
L
291 x10° 833x10* 147 x10° 28.6 7.06 <
291x10° 1.04x10°  1.10x 107 35.8 8.69 5T
291 x10° 125x10° 1.84 x 107 429 10.6 0 : : : :
0 0.0004 0.0008 0.0012 0.001¢€
k,=8.67 x 10° L mol ' s! [Nul / mol L
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Table 55: Kinetics of the reaction of 1-CO,Et with 3h (20 °C, stopped-flow, at 533 nm). ®*

[3g]/ [1-CO,Et] [18-Crown-6] [1-COEt] kg /

molL'  /molL"' mol L' /[3g] s
2.55x10° 257 x10* 757 x 10™ 10.1 1.94 x 10"
255%x10° 513 x10* 851 x10™ 20.1 4.11x 10"
2.55x10° 7.70 x 10" 1.51 x 10? 30.2 6.42 x 10"
2.55x10° 1.03x10°  1.89 x 107 40.3 8.65 x 107!
255%x10° 1.28x10° 284 x107° 50.3 1.11

ky=8.92 x 10> L mol™!s™!

y =891.82x - 0.0423
R? = 0.9994

0 0.0004  0.0008  0.0012

[Nu] / mol L*

Table 56: Kinetics of the reaction of 1-CO,Et with 3j (20 °C, diode array, at 371 nm). 4!

[3]/ [1-CO,Et] [18-Crown-6] [1-CO,Et] kops /
molL'  /molL’ mol L™ /[3j] 5!
3.69x10° 4.07 x10*  5.86 x 10™ 11.0 1.07 x 10
3.62x10° 499 x10*  7.68 x 107 13.8 1.27 x 10
3.58x10° 593 x10*  9.51 x 10™ 16.6 1.43 x 1072
3.58x10° 6.92x10* 1.14x10° 19.3 1.63 x 102
3.51x10° 776 x10* 131 x 107 22.1 1.82 x 10

ky=1.99 x 10' L mol's™

0.024
y = 1.992E+01x + 2.631E-03

0.018 | R? = 9.975E-01
»
T, 0.012 ¢
S

0.006 |

0

0 0.0002 0.0004 0.0006 0.000¢&
[Nu] / mol L

Table 57: Kinetics of the reaction of 1-CO,Et with 3k (20 °C, diode array, at 393 nm). [RAJ

[3k]/  [1-CO,Et] [18-Crown-6] [1-COEt] kg /

molL'  /molL" mol L™ /[3K] s
430x10° 5.06x10*  5.69 x 10 1.7  9.61x 107
432x10° 634x10* 748 x10™ 14.7 1.11 x 107
428 x10° 7.54x10* 926 x 10" 17.6 1.25x 107
4.15x10° 853 x10*  1.08 x10° 20.6 1.36 x 10
418 x10° 9.83x10* 127 x10° 23.5 1.52 x 107
418 x10° 1.10 x10°  1.45x 107 26.4 1.64 x 107

ky=1.15% 10" L mol™

-1
S

y =1.151E+01x + 3.806E-03
R? = 9.996E-01

0 00003 0.0006 0.0009 0.0012
[Nu] / mol L

Determination of Reactivity Parameters N and sy _for the Anion of Ethyl 3-Ox0-3-

phenylpropanoate (1-CO,Et) in DMSO

Table 58: Rate Constants for the reactions of 1-CO,Et with different electrophiles (20 °C).

Electrophile E ky /L mol's™” Ig &k,
3e -9.45 895 x 10°°A 595
3t -10.04 428 x 10 563
3g -12.18 8.67 x 10°*4) 3.4
3h -13.39 8.92 x 102RA 2,95
3j -15.83 1.99 x 10'RA 130
3k 16.11 1.15 x 10'RA 106

N=17.52,sn=0.74
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4.6.2.7. Reactions of the Potassium Salt of Ethyl 3-Oxo-3-phenylpropanoate (1-CO;Et)-
K in Absence of 18-Crown-6

Table 59: Kinetics of the reaction of 1-CO,Et with 3e (20 °C, stopped-flow, at 635 nm). A

[36] / [1-C02Et] / i} kobs/ 600 ., _
mol L' mol L™ [1-CO,Et]/[3e] st Y _f_':ggggfx N
1.85x 107 2.46 x 10 13.3 201 %102 _ *°0[ F=1.000800
1.85%x10° 3.69 x 10™ 20.0 3.11 x 10?
1.85%x10° 4.92 x10™ 26.6 4.11 x 10°
kr=8.14%x 10° L mol's™ 0.0000 0.0003 0.0006

[Nu] / mol L

Table 60: Kinetics of the reaction of 1-CO,Et with 3f (20 °C, stopped-flow, at 630 nm). **!

[3f]/ [1-CO,Et]/ Kops /
. R [1-CO,Et]/[3f] > 400
mol L mol L' ? 5" y = 3.630E+05x + 1.200E+01
2.02x10° 2.46 x 10 12.2 9.60 x 10" 300 | R = 9.963E01
2.02x10° 3.69 x 10™ 18.3 1.50x 10> @ »00
202%10° 4.92 x 10 244 195% 10 =
100
2.02x10° 6.14 x 10™ 30.4 2.34 x 10°
2.02x10° 7.37 x 10 36.5 2.77 x 10° 0 ‘
0 0.0002 0.0004 0.0006 0.0008
ky=3.63x 10’ Lmol's™ Nl ol

Table 61: Kinetics of the reaction of 1-CO,Et with 3g (20 °C, stopped-flow, at 422 nm). [RA]

3g]/  [1-CO,Ef]/ e/
n[lo%]L‘1 [ molzL'l] [1-CO:Et]/[3g] Stfl 12y 7180E02x + 2.572E.03

5 1 R = 9.991E-01

201 x 10° 4.16 x 10° 143 313 ool

291 x10° 625 x 10* 215 469 o |

291 x10° 833 x 10* 28.6 617 =

291 x10° 1.04 x 10° 35.8 772 %

291 x10° 125 % 107 4.9 9.08 0 —

0 0.0004 0.0008 0.0012 0.0016

k=718 x 10° L mol ™' s! [Nu] / mol L

Table 62: Kinetics of the reaction of 1-CO,Et with 3h (20 °C, stopped-flow, at 533 nm). **

3g]/ 1-CO,Et] / kobs /
nEO%]L_I [ molzL'l] [1-CO,Et]/[3¢g] St-’l 12 7.180E02x + 2.572E-03
R? =9.991E-01
2.55%10° 2.57 x 10™ 10.1 1.77 x 10! 09 f
2.55%10° 5.13 x 10™ 20.1 3.77 x 10" Em o8
2.55%10° 7.70 x 10™ 30.2 565x 10"~
0.3
2.55%x10° 1.03 x 10 40.3 745 %10
2.55%x10° 128 x 102 50.3 9.13 x 10 0 : : !
0 0.0004 0.0008 0.0012 0.0016
ky=7.18 x 10° L mol ™' 5! [Nu] /ol L
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Table 63: Kinetics of the reaction of 1-CO,Et with 3j (20 °C, diode array, at 371 nm). ®*!

[3j1/  [1-CO.Et]/ . kobs / 0.024
mol L™ mol L' [1-CO-Et]/[3]] g! y = 1.718E+01x + 3.941E-03
R2=9. E-
372 %105 4.11 x 10 11.0 1.09 x 1072 aots | 8976501
3.69 x 10°  5.09 x 10™* 13.8 128 x10% %
=, 0.012
3.67x10° 6.08 x 10™ 16.6 145x 102 &
3.65x10° 7.05 x 10™ 19.3 1.59 x 10 0.006 |
3.62x 107 7.99 x 10™ 22.1 1.77 x 107 . ,
1 1 - 0 0.0002 0.0004 0.0006 0.0008
k2 = 1.72 X 10 L mOl S [Nu] / mol Lt

Table 64: Kinetics of the reaction of 1-CO,Et with 3k (20 °C, diode array, at 393 nm). ®*

[3k]/  [1-COEt]/ [1-CO,Et] Kops /
mol L' mol L /[3K] s 0.020
446 x 10°  5.24 x 10™ 11.7 1.02 x 102

444 x10° 6.52 x 10™ 14.7 1.15x 102

y = 8.836E+00x + 5.630E-03
R? = 9.984E-01

0.015

444 x10° 7.75x10* 17.6 1.25 x 107 :ﬂ 0010 |

434 x10° 893 x 10" 20.6 134 % 102 o005 F

436x10° 1.02x10° 235 147107 0.000 . . .
430x10°  1.14 x 107 26.4 1.57 x 107 00000 00004 00008  0.0012

[Nu] / mol L™

ky=8.84 L mol s’

4.6.2.8. Reactions of the Sodium-Salt of Ethyl 3-Oxo-3-phenylpropanoate (1-CO,Et)-Na
Table 65: Kinetics of the reaction of (1-CO,Et)-Na with 3e (20 °C, stopped-flow, at 635 nm). (RA]

[3e]/ [((1-COEt)-Na]/  [1- CO,Et] kegbs / 300 Y = 4-271E+05x + 3.900E+01
mol L mol L™ /[3e] s R? = 9.992E-01
1.44 x 107 1.58 x 10 11.0 104 |
1.44 x 107 3.16 x 10 21.9 177 2
1.44 x 107 473 x 10 329 242 < oo |
1.44 x 107 6.31 x 10 43.8 307
ky=4.27 x10° Lmol's™! 0 0 OO malia 00006

Table 66: Kinetics of the reaction of (1-CO,Et)-Na with 3f (20 °C, stopped-flow, at 630 nm). ®*

[31]/ [(1-COEt)-Na]  [1- CO,Et] keobs / y = 1.840E+05x + 1.90E+1
mol L' /mol L' /[3f] s Re = 9.983E-01
1.30 x 107 1.58 x 10 12.2 46.6 100 F
1.30 x 107 3.16 x 10 243 78.8 i)g
s 4 < 50 |
1.30 x 10 4.73 x 10 36.5 107
1.30x10°  631x10" 48.7 134 . ,
5 11 0  0.0002 0.0004 0.0006
k2 = 1.84 X 10 L 1’1’101 S [Nu] / mol Lt
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Table 67: Kinetics of the reaction of (1-CO,Et)-Na with 3g (20 °C, stopped-flow, at 422 nm). ®*
[3g]/ [(1-CO,Et)-Na] [1- CO,Et] keobs /

mol L' /mol L' /[3g] s .|
2.59x 107 3.45x 10" 13.3 1.48
259%10°  5.18x10" 20.0 2.00 W2t
2.59 %107 6.91 x 10" 26.7 2.48 <
1}
5 _4 y = 2.630E+03x + 6.160E-01
2.59% 10 8.63 x 10 33.3 2.90 RN
2.59 x 107 1.04 x 107 40.0 3.30 0 : :
0 0.0004 0.0008
ky=2.63 x 10° L' mol" s Il mot

Table 68: Kinetics of the reaction of (1-CO,Et)-Na with 3h (20 °C, stopped-flow, at 533 nm). [R4!
[3h]/ [(1-CO,Et)-Na] [1- CO,Et] Kobs /

mol L' /mol L' /[3h] 5! 03 t
254x10°  345x10* 13.6 0.137
254x10° 518 x 10" 20.4 0.184 w 02
254x10° 691 x10" 272 0.228 4 ot |l
254x10°  8.63x10* 33.9 0.269 Y =B AN 5002
254x10°  1.04x 107 40.7 0.306 0 —

0  0.0003 0.0006 0.0009
[Nu] / mol L'

ky=2.45x 10 L mol's™

Table 69: Kinetics of the reaction of (1-CO,Et)-Na with 3j (20 °C, diode array, at 371 nm). [RAJ
[3j1/ [(1-COzEt)-Na] [1- CO,Et] kobs /

mol L™! /mol L' /13i] 5! 0012 ¢
3.81 x 107 7.35 % 10™ 19.3 9.10 x 107
s 4 3 _ 0.008 |
3.81 x 10 8.57 x 10 225 9.87 x 10 g
3.79x10°  9.75x 10" 25.7 105x 107 <000 |
5 3 5 ' y =5.643x +0.005
3.79 x 107 1.10 x 107 29.0 1.12 x 10° R = 0.999
3.77 x 10° 1.21 x 103 32.1 1.18 x 10 0 : : :
0.0000 0.0004 0.0008 0.0012
ky=5.64 L mol's! (Nu] /ol L

Table 70: Kinetics of the reaction of (1-CO,Et)-Na with 3k (20 °C, diode array, at 393 nm). '®*!
[3k] / [(1-CO,Et)-Na] [1- CO,Et] Kops /

mol L™ /mol L /[3K] s 0010 |
4.55x 107 9.00 x 10™ 19.8 8.51 x 107
457x10°  1.05x10° 23.0 920x10°  © 0005 F
4.51 x 107 1.19 x 107 26.4 9.66 x 107 < y = 3.6697x + 0.0053

P 3 2 Re = 0.9954
4.47 x 10 1.33 x 10 29.8 1.01 x 10 5000 o
4.48 x 107 1.48 x 107 33.0 1.07 x 107 0.000 0.000 0.000 0.001
0 /oL 2

kh=367L mol s
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4.6.2.9. Reactions of the Lithium-Salt of Ethyl 3-0xo0-3-phenylpropanoate (1-CO;Et)-Li
Table 71: Kinetics of the reaction of (1-CO,Et)-Li with 3f (20 °C, stopped-flow, at 630 nm). [®4]

[3f] / [(1-CO,Et)-Li] [1- CO,Et] Kops / 20 -
mol L™ /mol L /[3f] s .
1.35 x 107 1.48 x 10 11.0 8.61 S5y .
1.35% 107 2.95x 10" 21.9 12.6 %w - )
135x10° 443 x10* 32.9 14.9 |
135x10° 590 x 10" 43.9 16.5
1.35 x 107 738 x 10 54.9 17.7 ’ 0 00005 00006

[Nu] / molL*

4.6.2.10. Reactions of the Anion of 3-Oxo0-3-phenylpropanenitrile (1-CN)
Table 72: Kinetics of the reaction of 1-CN with 3e (20 °C, stopped-flow, at 635 nm). ®*]
[3e]/ [1-CN]/ [18-Crown-6] [1-CN] Kops /

mol L' mol L' mol L™ /[3e] ¢! 200y _3.213E405x + 2.400E-01
S ) R? = 9.999E-01
122 % 10° 1.35x 10 11.1 43.6 150 |
122x10° 2.02x10* 547 x 10" 16.6 65.3 ° 0ol
122 % 10° 2.70 x 10* 222 863 <
122x10° 337x10%  9.12x10% 277 109 o1
1.22x10° 4.04 x 10 33.3 130 0 : :
0 0.0002 0.0004
kr=3.21x10° L mols™ Nl ot

Table 73: Kinetics of the reaction of 1-CN with 3f (20 °C, stopped-flow, at 630 nm). ®*!
[3f]/ [1-CN]/  [18-Crown-6] [1-CN] kobs /
-1

mol L™ mol L! mol L! /[3f] S 60 y=1'2222§+32);5+s£00501
1.71 x 10° 1.35 x 10™ 11.5 17.8
171 x10° 2.02 x10* 547 x 10™ 17.3 26.9
1.71 x 10° 2.70 x 10* 23.0 34.8
1.71 x10° 337 x10*  9.12 x 10™ 28.8 44.1
-5 _4 L L
1.71 x 10°  4.04 x 10 34.5 52.4 o 0.0002 0.0008
ky=1.28 x 10° L mol™!s™! [Nu] /ol L

Table 74: Kinetics of the reaction of 1-CN with 3g (20 °C, stopped-flow, at 422 nm). ®*!
[3g]/ [1-CN]/  [18-Crown-6] [1-CN] Kobs /
1

mol L' mol L' mol L /[3¢g] S 3r y=3.6523E+03x-5.142E-O1
= ) 1 R? = 9.997E-01
2.52%10° 2.73 x 10 108 4.72x10 ,
2.52x10° 4.09x10%  9.12x10" 162 9.83x10" ©
2.52x 105 5.46 x 10 21.6 1.49 <
252x10° 682x10* 1.82x10? 27.1 1.99
0 1 1 1 1
2.52x10° 8.19 x 10™ 325 2.46 0  0.0003 0.0005 0.0008 0.001

[Nu] / mol Lt

ky=3.65%10° L mol's™
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Table 75: Kinetics of the reaction of 1-CN with 3h (20 °C, stopped-flow, at 533 nm). *A
[3h]/ [1-CN]/  [18-Crown-6] [1-CN] kobs /

mol L mol L! mol L! /[3h] g1 04 ry =2599E+02x - 1.062E-02

s ) 2 R? = 9.999E-01
2.55x10° 2.75 %10 10.8  6.21x10
2.55%10° 550 x 10" 8.99 x 10 26 1313107 %
2.55x10° 825 x 10 324 203x107 <&
2.55%x10° 1.10x10°  1.80 x 107 432 276 % 10"
2.55%10° 138 x 107 540 3.47x10" 0 ; ; ; :

0 0.0004 0.0008 0.0012 0.001€
ky=2.60 x 10° L mol ™' s! (Nu] /ol L

Table 76: Kinetics of the reaction of 1-CN with 3j (20 °C, diode array, at 371 nm). **]
[3§1/ [1-CN]/  [18-Crown-6] [1-CN] ko /
-1

mol L mol L mol L /[3i] S 0008 y = 3.811E+00x - 1.492E-04
434 x10° 520 %10 120 1.86x107 RP = 9.995E-01
411%10° 739 %10 999 x10* 180  2.66x10° B |
429 x10° 1.03 x 10” 240  372x10° < 0l
404 x10° 121 x10°  1.64 x103 30.0 4.49x 107
416 x10° 1.50 x 103 36.0 5.57x10° 0
0 0.0005 0.001 0.001&
-1 - Nu] / mol L™
k2=3.81Lmolls1 (Rl /o
Table 77: Kinetics of the reaction of 1-CN with 3k (20 °C, diode array, at 393 nm). **!
H[I?)II(]L/I [rln-(gl;i]l/ [18;5510 I\j/_r11—6] [}[-3(:k1;1] k‘;‘}i/ 0.004 [ y=2.019E+00x - 2.720E-07
R? = 9.998E-01
522 x10° 8.64 x 10™ 16.6 176 x 107
493 x10° 1.09 x10°  1.67 x 107 221 219x10° @ 0002 |
510x10° 1.41 x 103 277 284x10° <
474 x10° 157 x10° 240 x 107 331 3.16x10°
498 x10° 1.92 x 107 385  3.89x10° 0 : : : :
0 0.0005 0.001 0.0015 0.002
k,=2.02 Lmol!s! [Nu] /ol L

Determination of Reactivity Parameters N and sy _for the Anion of 3-Oxo-3-phenylpropanitrile
(1-CN) in DMSO™

Table 78: Rate Constants for the reactions of 1-CN with different electrophiles (20 °C).

6

Electrophile E  k /L mol's” g ky y = 0.7845x + 12.98
3e 945  321x10° 5.51 Re = 0.9989
3 -10.04  128x10°  5.11 4r
3g 1218 3.65x10° 356 O
3h -13.39 260 x 10> 241 2
3j -15.83 3.81 0.58
3k -16.11 2.02 0.30 0 - - -
-16.5 -14.5 -12.5 -10.5
N= 16.55, SN — 0.78 E-Parameter

121



Chapter 3: Quantification of lon-Pairing Effects on the Nucleophilic Reactivity of Carbanions

4.6.2.11. Reactions of the Anion of 1-Phenylbutane-1,3-dione (1-COMe)
Table 79: Kinetics of the reaction of 1-COMe with 3e (20 °C, stopped-flow, at 635 nm).

[3e] / [1-COMe] [18-Crown-6] [1-COMe] kobs / 400 -
mol L™ /mol L™ mol L™ /[3e] s y =478829x - 1.1314
3 » 300 R? = 0.9961
1.22%x10° 147 %10 12.1 71.8 T
1.22x10° 293x10*  3.12x10™ 24.1 130 T 20
X
1.22 x10°  4.40 x 10™ 36.2 218 100 t
1.22%x10° 7.33x10™ 60.3 348 0 . . . .
0.0000 0.0002 0.0004 0.0006 0.000&
ky=4.79 x 10° L mol's™ Nu] / oL

Table 80: Kinetics of the reaction of 1-COMe with 3f (20 °C, stopped-flow, at 630 nm).
[3f]/ [1-COMe] [18-Crown-6] [1-COMe]  kops /

-1 1 1 : 200
mol L /mol L mol L /[3f] s y = 122279% + 14.05
123x10° 293 x10* 23.8 483 R =0.9985
123x10° 587x10* 624 x10* 47.6 87.5 - 100 |
123 x 10°  8.80 x 10* 71.4 123
123x10° 1.17x10°  125x 107 95.2 156 0 . .
_ 5 1 -1 0.0000 0.0005 } 0.0010
kr=122x10"Lmol " s (Nl / molL

Table 81: Kinetics of the reaction of 1-COMe with 3g (20 °C, stopped-flow, at 422 nm).
[3g]/ [1-COMe] [18-Crown-6] [1-COMe] keops /

mol L' /mol L’ mol L /[3¢g] s Ty = 177120+ 0081
1.14x 10° 2.90 x 10* 255 5.90x 10" Fe=0.9999
1.14x10° 579 x 10*  6.00 x 10 51.0 1.11 ®
1.14 x 10° 8.69 x 10 76.5 1.63 £,
1.14x10° 1.16 x 10°  1.20 x 10° 102 2.12
1.14x10° 1.45x 107 128 2.65 0

0.0000  0.0005 0.0010  0.0015
[Nu] / molL*

ky=1.77x10° L mol!s™

Table 82: Kinetics of the reaction of 1-COMe with 3h (20 °C, stopped-flow, at 533 nm).

[3h]/  [1-COMe] [18-Crown-6] [1-COMe] Kops / 03 - .
mol L /mol L' mol L™ /[3h] s y =198.45x - 0.0031
119 x 10° 2,93 x 10* 246 597x107 | 0N
1.19x10° 587 x10*  6.24 x 10* 49.2 1.16 x 10" @
1.19x 105 8.80 x 10 738  1.64x107 < |
1.19x10° 1.17x10°  1.25x 107 98.4 2.18 x 10
1.19x10° 1.47 x 107 123 3.00x 10" 00
0.0000 0.0005 0.0010 0.0015
ky=1.98 x 10° L mol ™' s! [Nul / molL?
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Determination of Reactivity Parameters N and sy _for the Anion of 1-Phenylbutan-2.3-dione

(1-COMe) in DMSO

Table 83: Rate Constants for the reactions of 1-COMe with different electrophiles (20 °C).

6 r
Electrophile E  k /L mol s lg kp y =0.8562x + 13.723
3e 945 479x10°  5.68 51 RF =099
3f -10.04  122x10°  5.09
3g 12,18 1.77x10° 325 ¢
3h -13.39  1.98x10° 230 sl
2
-13.5 -12.5 -11.5 -10.5 -9.5
N= 16.03, SN = 0.86 E-Parameter

4.6.2.12. Reactions of the Anion of Dibenzoylmethane (1-COPh)
Table 84: Kinetics of the reaction of 1-COPh with 3¢ (20 °C, stopped-flow, at 618 nm).

[3¢c]/ [1-COPh] [1-COPh] kg /
molL"'  /mol L' /[3¢] s 400 |

1.07x10° 1.08x10* 101 1.36x 107 e !

107 % 10° 1.62x 10* 152  184x10° 7 |

1.07 x 10° 2.17 x10* 202  2.45x10° ; 200 |

1.07x10° 271 x10* 253 3.10 x 10 100 |

1.07x10° 325 x10* 303  3.59 x 10 . ‘ ‘ ‘

Jy = 1.06 10° L mol ! 0.0000 o.ooo[Lu]/iZ?:? 0.0003

Table 85: Kinetics of the reaction of 1-COPh with 3d (20 °C, stopped-flow, at 627 nm).

[3d]/ [1-COPh]/ [1-COPh] kups/ 160 .
mol L™ mol L™ /[3d] 5! y = 474614x - 4.83
9.42 x 10° 1.62 x 10* 172 74.0 120 | FF=0994
9.42x10° 2.17x10* 230 961 .
942 x10° 271 x10* 287 122 &
9.42 x 10 3.25 x 10™ 34.5 151 40 ¢
O 1 1 1
ky=4.75 x 10° L molts™ 0.0000 0.0001  0.0002  0.0003
[Nu] / molL"
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Table 86: Kinetics of the reaction of 1-COPh with 3e (20 °C, stopped-flow, at 635 nm).
[3e]/ [1-COPh]/ [18-Crown-6] [1-COPh] ks / 160.0

mol L mol L mol L' /[3e] s y =195134x - 0.28
> ) 1200 | R? = 0.9993

1.08 x 10° 1.45x 10 13.4 29.3

1.08 x 10° 2.89 x 10" 3.29 x 10 26.8 551 Zgo0 |

1.08 x 10° 430 x 10™ 50.2 83.6 *°400 i

1.08 x10° 579 x 10*  6.58 x 10™ 53.6 112

0.0 L '

1.08 x 10° 7.23 x 10 67.0 142 0.0000 0.0004 0.0008

[Nu] / molL!

ky=1.95%10° L mol's™

Table 87: Kinetics of the reaction of 1-COPh with 3f (20 °C, stopped-flow, at 630 nm).

[3f]/ [1-COPh]/ [18-Crown-6] [1-COPh] kqp,/ 65002+ 5.404

mol L' mol L' /mol L /[3f] 5! O e
1.06x 10° 1.10 x 10™ 104 124 |
1.06 x 10° 220 x 10* 2.88 x 10* 20.8 193 @

£ 20
1.06 x 10° 3.30 x 10* 313 278 <
1.06 x 10° 4.40 x 10*  6.73 x 10* 417 342 10t
1.06 x 10° 5.51 x 10™ 52.1 408 0 . . .
4 1 0.0000 0.0002 0.0004 0.0006
kr,=6.50x 10" L mol™ s [Nu] / molL

Determination of Reactivity Parameters N and sy _for the Anion of Dibenzoylmethane (1-

COPh) in DMSO
Table 88: Rate Constants for the reactions of 1-COPh with different electrophiles (20 °C).

6.5
Electrophile E kz /L m()l_l S_l lg kz y = 0.6534x + 11.409
3¢ 822  1.06x10° 6.03 60 r Re = 0.9943
3d 876  475x10° 5.68 o507
3e 945  1.95x10° 529 =54
3f -10.04 650 x 10*  4.81 s |
4.0 . . . .
-10.5 -10.0 -95 -9.0 -8.5 -8.0
N=17.46, sy =0.65 E-Parameter

4.6.2.13. Reactions of the Anion of 1-Phenyl-2-(phenylsulfonyl)ethanone (1-SO,Ph)
Table 89: Kinetics of the reaction of 1-SO,Ph with 3a (20 °C, stopped-flow, at 613 nm).

[3a]/ [1-SO,Ph] [1-SO,Ph]  fyys/ 400 -
-1 -1 -1
mol L /mol L /[3a] s y = 508461x + 7.58
1.23x10° 1.27 x 10™ 103 7.26 x 10 300 | R =09999

123 x10° 2,54 x10% 206 136 x10° »
3
1.23x10° 381 x10* 309  202x10° =~
1.23 x 107 5.08 x 10™ 41.1 2.65 x 102
-5 -4 2 s N
123 x10° 635 %10 514 331x10 0 oo - -
ky=5.08 x 10° L mol ™ s (Nu1 / rolL
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Table 90: Kinetics of the reaction of 1-SO,Ph with 3b (20 °C, stopped-flow, at 620 nm).

[3b]/ [1-SO,Ph]/ [1-SO,Ph] Ky /

mol L' mol L”! /[3b] s
1.18 x 10° 127 x 10* 10.7  3.57x10'
1.18 x 10° 2.54 x 10 21,5 6.59 x 10
1.18 x 10° 3.81 x 10 322 9.59x 10
1.18 x 10° 5.08 x 10 429  126x10°
1.18 x 10° 6.35 x 10 537  1.50 x 10°

kr=227%10° Lmol's™

150 -

y =227304x + 8.09
R? = 0.9982

0.0003
[Nu] / molLt

0.0006

Table 91: Kinetics of the reaction of 1-SO,Ph with 3d (20 °C, stopped-flow, at 627 nm).

[3d]/  [1-SO,Ph] [18-Crown-6] [1-SO,Ph]  kus/
molL!  /molL" mol L™ /[3d] s
1.19x 10° 241 x10* 271 x 10™ 20.3 14.1
1.19x10° 3.21 x10* 27.1 17.7
1.19x 10° 482 x10* 541 x 10™ 40.6 25.5
1.19 x 10° 5.62 x 10™ 474 29.1

ky=4.71 x 10* L mol's™

S0 r y = 47096x + 2.7
R =0.9997
20
P
3
=10 |
0 1 1 I
0.0000  0.0002 0.0004  0.0006
[Nu] / molL!

Table 92: Kinetics of the reaction of 1-SO,Ph with 3e (20 °C, stopped-flow, at 635 nm).

[3¢]/  [1-SO,Ph] [18-Crown-6] [1-SO,Ph] g,/
mol L™ /mol L™ mol L™ /[3e] s
1.13x10° 2.74 x 10* 24.3 7.87
1.13x10° 548 x10*  6.32 x 10™ 48.7 14.0
1.13x 10° 821 x 10™ 73.0 19.3
1.13x10° 137 x 103 122 31.4

kry=2.14 x 10* L mol's™

y =21373x +2.0503
R? = 0.9995

30

20

Kops 1S™"

10 +

0
0.0000

0.0005 0.0010
[Nu] / molL"!

0.001£

Table 93: Kinetics of the reaction of 1-SO,Ph with 3f (20 °C, stopped-flow, at 630 nm)."*!

[3]/  [1-SO,Ph] [18-Crown-6] [1-SO,Ph] Ky /
molL!  /molL" mol L™ /[3f] s
9.99 x 10° 2.74 x 10™* 27.4 3.60
9.99 x 10° 548 x 10*  6.32 x 10™ 54.8 6.57
9.99 x 10° 8.21 x 10™ 82.2 9.46
9.99 x 10° 1.37 x 107 137 15.6

ky=1.10x 10* L mol!'s™

[a] Only the first half-live of the reaction was evaluated.

125

16 r y=10952x +0.5614

R? = 0.9998
12 +
»
~ 8t
S
4 b
0
0.0000 0.0005 0.0010 0.001&
[Nu] / molL"!
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Determination of Reactivity Parameters N and sy for the Anion of 1-Phenyl-2-

(phenylsulfonyl)ethanone (1-SO,Ph) in DMSO
Table 94: Rate Constants for the reactions of 1-SO,Ph with different electrophiles (20 °C).

6.0

Electrophile E  k/Lmol's” Igk, y = 0.5612x +9.6436
3a 2702 5.08x10°  5.71 55 | RP = 0.9975
3b 2769 227x10° 536
3d 876 471x 10" 467 3 50
3e 945  2.14x10* 433 us
3f -10.04  1.10 x 10*  4.08 '
4.0
-10.5 -9.5 -8.5 -7.5
N: 17.18, SN = 0.56 E-Parameter

4.6.2.14. Reactions of the Anion of 2-Nitro-1-phenylethanone (1-NO;)
Table 95: Kinetics of the reaction of 1-NO, with 3a (20 °C, stopped-flow, at 613 nm).
[3a]/  [1-NO,]/ [18-Crown-6] [1-NOs] kops/

y = 148772x + 3.89

mol L™ mol L™ mol L™ /[3a] s R - 0.9983
1.25%x10° 1.35x10* 10.9 23.1 80 |
125%10° 2.71 x 10* 298 x 10* 21.7 447 @
1.25%10° 4.06 x 10™ 32.6 64.4 <40 |
1.25x10° 541 x10*  5.96 x 10™ 434 86.2
1.25x10° 6.77 x 10™ 54.3 103 0 ‘ ‘
0.0000 0.0003 0.0006
ky=1.49 x 10° L mol!'s™ [Nu] / molL”

Table 96: Kinetics of the reaction of 1-NO, with 3b (20 °C, stopped-flow, at 620 nm).
[3b]/ [1-NO;]/  [18-Crown-6] [1-NO;]  kobs/

molL"  mol L’ mol L™ /[3b] 5! Vo a2
112 % 105 135 x 10* 121 110 0 °
1.12x10° 271 x10*  2.98 x 10™ 24.1 212 @
112 % 105 4.06 x 10 362 297 <2
1.12x10° 541 x10* 596 x 10™ 482 40.0
1.12x10° 6.77 x 10°* 60.3 47.8 0

0.0000 0.0003 0.0006
ky=6.83 x 10° L mol ™' s! [Nuj / molL

Table 97: Kinetics of the reaction of 1-NO, with 3d (20 °C, stopped-flow, at 627 nm).

[3d]/  [1-NO;]/ [I8-Crown6] [I-NO;] kus/ o
mol L' mol L mol L' /[3d] s! y= 61200-9X +0.431
LOSX10° 271 x10% 298 x10¢ 257  2.00 oo

LO5 X107 541 x10*  596x10% 513 383 @
105107 812 % 10° 770 544 <5
105 10" 1,08 x 107 103 6.96
105 X107 135 %107 128 869 O ‘ ‘
0.0000 0.0005 0.0010
ky=6.10 x 10° L mol ' s™! Ml ol
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Table 98: Kinetics of the reaction of 1-NO, with 3e (20 °C, stopped-flow, at 635 nm).
[3e]/ [1-NO,]/  [18-Crown-6] [1-NO,]  kobs/

mol L™ mol L! mol L™ /[3e] s *1 y=-23333x + 02182
= 2 R? = 0.9955

1.14 x 10° 3.16 x 10 27.8 0.874 3l

1.14x10° 633 x10*  6.81 x10™ 556 175 % |

1.14% 10° 949 x 10 833 248 &
1t

1.14x10° 127x10° 136 x10° 111 3.24

1.14 x10° 1.58 x 107 139 3.81 0 ' ' '
0.0000 0.0005 0.0010 0.0015

ky=2.33x10° L mol ' s [Nu] / molL

Table 99: Kinetics of the reaction of 1-NO, with 3f (20 °C, stopped-flow, at 630 nm).
[3f]/ [1-NO,]/  [18-Crown-6] [1-NO,]  kobs/

mol L™ mol L mol L /[3f] 5! e y=g;§fg_xgg:2'0738
1.01 x 10° 3.16 x 10™ 31.4 0356 12|
1.01x10° 633 x10*  6.81 x 10 627 0706 %
1.01 x 10° 9.49 x 10™ 94.1 0960
1.01 x10° 127 x10° 136 x10° 125 128 %7
1.01 x 10° 1.58 x 107 157 1.57 0.0 : : :
0.0000 0.0005 0.0010 0.0015
k»=9.49 x 10° L mol's™ [Nu] / molL

Determination of Reactivity Parameters N and sy _for the Anion of 2-Nitro-1-Phenylethanone

(1-NO») in DMSO
Table 100: Rate Constants for the reactions of 1-NO, with different electrophiles (20 °C).

55

Electrophile E ky/L mol”'s™! Ig &y y = 0.7575x + 10.536
3a 27.02 0 149x10°  5.17 R? = 0.9908
3b -7.69  6.83x 10"  4.83 45 ¢
3d -876 6.10x10° 3.79 <
3e 945 233x10° 337 35l
3f -10.04 949 x 10> 2.98
2.5 L L L
-10.5 -9.5 -8.5 -7.5
N= 1391, SN = 0.76 E-Parameter
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4.6.3. Determination of the Nucleophilicity of the Benzyl Anions 2

4.6.3.1. Reactions of the Anion of 2-Phenylacetonitrile (2-CN)

Table 101: Kinetics of the reaction of 2-CN (generated from (2-CN)-H by addition of 1.07 equivalents of
dimsyl-K) with 3n (20 °C, stopped-flow, at 486 nm).!

[3n]/ [2-CN]/ [18-Crown-6] [2-CN]  kops/ 800 -
mol L™ mol L™ mol L™ /[3n] s y = 3.89E+06x - 4.15E+02
1.83 x 10°  1.70 x 10* 9.3 243 600 | F=1008:00
1.83x10° 255x10*  276x10% 139 581 2 40!
1.83x10° 2.97x10* 16.3 736 < 00 |
6 -1 -1 0 ' ' '
kr=3.89 x 10° L mol ™" s 0.0000  0.0001  0.0002  0.0002
[Nu] / molL*

[a] The negative intercept with the abscissa is due to slow/incomplete mixing of the reactants in comparison with
the fast reaction.

Table 102: Kinetics of the reaction of 2-CN (generated from (2-CN)-H by addition of 1.07 equivalents of
dimsyl-K) with 30 (20 °C, stopped-flow, at 521 nm)."

[30]/ [2-CN]/  [18-Crown-6] [2-CN] kg / — 1.96E+06x - 2.08E+02
mol L mol L™ mol L™ /[30] s 200 L FP=9.98E01
1.82 x10° 1.70 x 10* 9.3 124
1.82x10° 2.12x10* 230 x 10™ 11.7 206 @200
1.82x10° 2.55 x10™ 14.0 296 *"100
1.82x10° 2.76 x 10*  3.04 x 10™ 15.2 328
O 1 1
k2 — 196 x 106 L mol-l S-l 0.0000 0.0001 0.0002 0.000Z
[Nu] / molL"!

[a] The negative intercept with the abscissa is due to slow/incomplete mixing of the reactants in comparison with
the fast reaction.

4.6.3.2. Reactions of the Anion of Phenylacetone (2-COMe)

Table 103: Kinetics of the reaction of 2-COMe (generated from (2-COMe)-H by addition of 1.05 equivalents of
KO7Bu) with 3m (20 °C, stopped-flow, at 490 nm).

[3m]/ [2-COMe]/ [2-COMe]  kops/ 8 1 ivisror. 12000
-1 -1 -1 y= X - 12.
mol L mol L /[3m] s R - 0.9984
1.74 x 10° 2.14 x 10* 12.3 1.75 x 10 60 |
1.74x 10° 3.21 x 10* 185 350x10" @ |
1.74 x 10° 428 x 10™ 246  5.04x10" <
174x10° 642x10% 369 797x10' X
0
ky=1.44 x 105 L mol'l S-l 0.0000 0.0003 ) 0.0006
[Nu] / molL.
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Table 104: Kinetics of the reaction of 2-COMe (generated from (2-COMe)-H by addition of 1.05 equivalents of
KO7Bu) with 3n (20 °C, stopped-flow, at 486 nm).

[3n]/ [2-COMe] [18-Crown-6] [2-COMe] kobs/ 25 -y 44847y - 7176

mol L' /mol L™ mol L™ /[3n] s R = 0.9884
1.87x10° 2.33 x 10™ 12.4 3.66 2
1.87x10° 3.49x10* 377 x 10* 18.6 7.44 w15 T
1.87 x 10° 4.65 x 10* 24.8 14.8 ot
1.87x10° 581 x10*  6.10 x 10™ 31.0 18.1 5t
1.87 x10° 6.98 x 10™ 37.3 24.4 0

0.0000 0.0004 0.000€
ky=4.48 x 10* L mol ™' 5! [Nu] / rolL

Table 105: Kinetics of the reaction of 2-COMe (generated from (2-COMe)-H by addition of 1.05 equivalents of
KO#Bu) with 30 (20 °C, stopped-flow, at 486 nm).

[30]/ [2-COMe] [18-Crown-6] [2-COMe] kons/ 29 .

y =16863x - 1.791

mol ]_4-l / mol I_z-l mol I_z_l /[30] S_l R? = 0.9956
1.58 x 10° 2.33 x 10™ 14.7 1.93 15 |
1.58 x 10° 4.65 x10*  5.02 x 10* 29.4 593 @ |
1.58x 10° 6.98 x 10™ 44.1 107 <
1.58 x10° 930 x10*  1.00 x 107 58.8 13.6 > T
1.58x10° 1.16 x 103 73.5 17.7 0

0.0000 0.0005 0.0010
kr=1.69 x 10° L mol”s! [Nu] / ol

Determination of Reactivity Parameters N and sy _for the Anion of 2-Phenylacetone (2-

COMe) in DMSO
Table 106: Rate Constants for the reactions of 2-COMe with different electrophiles (20 °C).

Electrophile E  k/Lmol's' lgk, °° y = 0.5993x + 14.978
3m  -1636 144x10° 516 5o | 0%
3n -1729  448x 10" 465 &
30 -17.90  1.69 x 10*  4.23 45 |
4.0 . . . .
N= 24.99, sy = 0.60 180 -175 -17.0 -165 -16.0

E-Parameter

4.6.3.3. Reactions of the Anion of Benzyl Phenylsulfone (2-SO,Ph)

Table 107: Kinetics of the reaction of 2-SO,Ph (generated from (2-SO,Ph)-H by addition of 1.06 equivalents of
KO#Bu) with 3m (20 °C, stopped-flow, at 490 nm).

[3m]/  [2-SO,Ph] [2-SO,Ph] kg, / 100 LY = 195E+05x - 2.42E401
mol L' /molL" /[3m] s | Re=9.99E01

1.78 x 10 2.63 x 10™ 148  2.77x 10

178 x 10° 395 x10* 222 517x10' 50
&
1.78 x10° 527 x10*  29.7  8.01 x 10
1.78 x 10° 6.59 x 10*  37.1 1.04 x 10? o , ,
0.0000 0.0003 0.0006
k2 =1.95 x 105 L mol'l S-1 [Nu] / molL-!

129



Chapter 3: Quantification of lon-Pairing Effects on the Nucleophilic Reactivity of Carbanions

Table 108: Kinetics of the reaction of 2-SO,Ph (generated from (2-SO,Ph)-H by addition of 1.05 equivalents of
KO7Bu) with 3n (20 °C, stopped-flow, at 486 nm).

[3n]/  [2-SO,Ph] [18-Crown-6] [2-SO;Ph]  kobs/ y = 5.84E+04x - 8.57E+0
mol L /mol L™ mol L /[3n] s R? = 9.99E-01

1.58 x 10° 2.12 x 10™* 13.4 3.62 a0 |

1.58 x10° 424 x10* 523 x10* 26.8 170 °

1.58 x 10° 6.36 x 10 40.2 27.5 <20

1.58x10° 848 x 10"  1.05x 107 53.6 41.5

158 10° 1.06 x 107 670 533 sowo  oooos  ooomo

ky=75.84x10*L mol's™ (Nu] / molL.*

Table 109: Kinetics of the reaction of 2-SO,Ph (generated from (2-SO,Ph)-H by addition of 1.09 equivalents of
KO#Bu) with 30 (20 °C, stopped-flow, at 521 nm).

[30]/  [2-SO,Ph] [18-Crown-6] [2-SOPh] o/

moll"  /molL'  /molL’ /[30] g1 [y-266E00x - 2756400
3 ) Re = 9.98E-01
1.45%x 10° 2.12 x 10 14.6 2.72 o
1.45%x10° 424 x10%  4.64 x 10 29.3 874 »
1.45x10° 6.36 x 10* 43.9 139 <0
145x10° 848 x10* 928 x 10™ 58.6 20.4
5 3 0 . .
1.45 % 10° 1.06 x 10 73.2 25.1 00000 00005 00010
ky=2.66 x 10* L mol ™ s™! (Nu] 7 molL"

Determination of Reactivity Parameters N and sy _for the Anion of Benzyl Phenylsulfone
(2-SO,Ph) in DMSO
Table 110: Rate Constants for the reactions of 2-SO,Ph with different electrophiles (20 °C).

Electrophile E k& /Lmol's! lgk 1y -osstoxs adse
3m  -1636  195x10° 516 | et
3n 1729 584x 10  4.65
30 -1790 2.66x10° 423 .|
4.0 : : A ;
N=25.77,sy=0.56 -180 -175 -17.0 -165 -16.0

E-Parameter
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5. Appendix
5.1. Determination of the Nucleophilic Reactivity of 8-NO,
5.1.1. Synthesis of 8-NO,

Potassium 2-ethoxy-1-nitro-2-oxoethan-1-ide (8-NO,)-K was obtained according GP1 from
KO7Bu (844 mg, 7.88 mmol) and ethyl 2-nitroacetate (8-H, 1.08 g, 8.11 mmol) as a colorless
solid (948 mg, 5.54 mmol, 70%).

o 'H-NMR ([D¢]-DMSO, 300 MHz): 6 = 1.10 (t, *J = 7.2 Hz, 3 H,
/\O)J\_/ +NO2 OCH,CH;), 3.89 (q, °J = 7.2 Hz, 2 H, OCH,CHj3), 6.12 (s, CH"). “C-
NMR ([Dg]-DMSO, 75.5 MHz): § = 14.8 (q, OCH,CH;), 56.7 (t,

OCH,CHj3), 99.0 (d, CH'), 163.3 (s, CO).

5.1.2. Reaction of 8-NO, with 3e-BF,

According to GP2, the potassium salt (8-NO,)-K (43.1 mg, 0.252 mmol) and 3e-BF4 (106 mg,
0.299 mmol) yielded ethyl 3,3-bis(1,2,3,5,6,7-hexahydropyrido[3,2,1-ij]quinolin-9-yl)-2-
nitropropanoate (96.5 mg, 0.197 mmol, 82%) as yellow solid.

'H-NMR (CDCls, 400 MHz): 6= 1.05 (t, °J = 7.0 Hz, 3 H, 12-
H), 1.87-1.93 (m, 8 H, 7-H), 2.67-2.70 (m, 8 H, 6-H), 3.05 (t, *J
= 5.6 Hz, 8 H, 8-H), 4.00-4.08 (m, 2 H, 11-H), 4.57 (d, *J = 12.0
Hz, 1 H, 1-H), 5.74 (d, °J = 12.0 Hz, 1 H, 9-H), 6.61 and 6.66 (s,
4 H, 3-H). "C-NMR (CDCls, 100 MHz): 5= 13.6 (q, C-12), 22.0
(t, C-7), 27.7 (t, C-6), 49.0 (t, C-8), 51.1 (d, C-1), 62.5 (t, C-11),
91.8 (d, C-9), 121.55 and 121.63 (s, C-4), 125.0 and 126.0 (C-2), 125.6 and 126.5 (d, C-3),
142.1 (s, C-5), 163.8 (s, C-10). HR-MS (ESI): m/z calcd for [CaoH3604N3]" 490.2700 found:
490.2701.
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5.1.3. Kinetic Experiments of 8-NO; with Benzhydrylium Ions

Table 111: Kinetics of the reaction of 8-NO, with 3¢ (20 °C, stopped-flow, at 618 nm).

[3c]/ i a4 [2-NOy] kb /
mol L™ [8-NO,] / mol L /[3c] st
1.66 x 107 1.75 x 10™ 10.5 302
1.66 x10°  3.49 x 10™ 21.1 589
1.66 x 10° 5.24 x 10™ 316 879
1.66 x 10° 6.99 x 10™ 22 116
1.66 x 10° 8.73 x 10™ 527 114

ky=1.63 x10° L mol!s™

1

=1
n
~
P
<
S

x

50

00

50

0

0.0000

[y =163003x + 1.99
R? = 0.9999

0.0005
[Nu] / molL"

Table 112: Kinetics of the reaction of 8-NO, with 3d (20 °C, stopped-flow, at 627 nm).

[3d]/ i a4 [2-NOy] ko /
mol L.] [8 NOz] /mol L /[3d] S_l
1.43 x 10° 1.75 x 10* 12.1 100
1.43 x 107 3.49 x 10 245 195
1.43 x 107 5.24 x 10™ 36.7 289
1.43 x 107 6.99 x 10 489 385
1.43 x 10° 8.73 x 10™ 612 480

ky=5.44x10* L mol's™

0.0000

y = 54391 +0.48
Re=1

0.0005
[Nu] / molL"

Table 113: Kinetics of the reaction of 8-NO, with 3e (20 °C, stopped-flow, at 635 nm).

[3e]/ ] 1 [18-Crown-6] [8-NO,] kobs/
mol L1 BNO2J/mol L2 i g™
1.19x10°  3.13 x 10* 263  6.59
1.19 x 10° 6.25 x 10" 7.08 x 10 526 129
1.19x10°  9.38 x 10 789 188
1.19 x 107 1.25 x 107 2.12 x 107 105 239
1.19 x 107 1.56 x 107 132 29.0

ky=1.79 x 10* L mol!'s™

30 y =17861x + 1.492

R? = 0.9975

20
10

Kyps /87

0.0010
[Nu] / molL*

0.0000

Table 114: Kinetics of the reaction of 8-NO, with 3f (20 °C, stopped-flow, at 630 nm).

[3f] / ] 1 [18-Crown-6] [8-NO,] kobs/
mol L1 BNO2J/mol L2y i g™
134x10°  3.13x10* 274 2.60
1.34 x 10° 6.25 x 10 7.08 x 10 549 527
1.34x10° 938 x10* 823  7.49
1.34 x 107 1.25 x 107 2.12 x 107 110 9.59
1.34 x 107 1.56 x 10 137 117

ky=7.21%10° L mol!s™

132

y =7206x + 0.574
R? =0.9974

0.0010
[Nu] / molL"*
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Determination of Reactivity Parameters N and sy _for the Anion of Benzyl Phenylsulfone
(8-NO,) in DMSO
Table 115: Rate Constants for the reactions of 8-NO, with different electrophiles (20 °C).

Electrophile E  k,/Lmol's" lgk, 6
5 y =0.7377x + 11.241

3c -8.22 1.63 x 10 5.21 R2 = 0.9962

3d 876 544 x10° 4.74 5t

3e 945  1.79x 10" 425 &

3f 1004 721x10° 386 © |

3 1 1 ]
-11.0 -10.0 -9.0 -8.0
N=15.24,sn=0.74
E-Parameter
5.2. Correlations
8 r ® °
o] Phlal
- (OO
1-X 3f
6 ® CONE,E!
[ ]
CO,Et COMe
| [ ] e O
lgk, 5 o o
COPh
4 | °
SO,Ph
3 )
NO,
2 1 1 1 1 1 1 1 1
40 50 60 70 80 90 100 110 120

b

Figure 17: Plot of Ig k, of the reactions of the carbanions 1-X with the benzhydrylium ion 3f (in DMSO, 20 °C)
vs. the *C NMR shifts of the their carbanionic center (in [D6] DMSO). [a] k; calculated with eq (1).
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6T A CO,Et
A COMe A
SO,Ph
4}
lg k, CéPh
o L tBu
e el
\6 * Me;N“O Noz
tBu
2X 3n A
0
30 50 70 90 110

S —

Figure 18: Plot of Ig k, of the reactions of the carbanions 2-X with the quinone methide 3n (in DMSO, 20 °C) vs.
the '*C NMR shifts of the their carbanionic center (in [D6] DMSO).

° 0o 2
75 1 Po® X+ O O
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3f
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6.5 |
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p

Figure 19: Plot of Ig k, of the reactions of the carbanions 1-X with the benzhydrylium ion 3f (in DMSO, 20 °C)
vs. Hammett’s o, substituent constants. [a] &, calculated with eq (1).
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; oN T ON
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2| mre I
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1} 2X 3n
tBu A
2-X 3n NO, 0
0 , , , , . . -0.1 0.1 0.3 0.5 0.7
0.0 0.2 0.4 0.6 0.8 1.0 12 o,
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Figure 20: Plot of Ig k, of the reactions of the carbanions 2-X with the electrophile 3n (in DMSO, 20 °C) vs.
Hammett’s o, (left) and o, (right) substituent constants.

134



Chapter 3: Quantification of lon-Pairing Effects on the Nucleophilic Reactivity of Carbanions

lg k,

o Phial
6l y =-7.9433x + 6.0313
R =0.8137

y =-5.4318x + 6.5752
R? = 0.9088

lgk, 3}

NO,? @

0.0 0.2 0.4 0.6 0.8 1.0 1.2 -0.1 0.1 0.3 0.5 0.7

%p

o —

Figure 21: Plot of Ig k, of the reactions of the carbanions 8-X with the electrophile 3k (in DMSO, 20 °C) vs.
Hammett’s o, (left) and g, (right) substituent constants. [a] k, calculated with eq (1).
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Chapter 4

Quantification of the Nucleophilic Reactivities of Cyclic

[Ketoesters

Francisco Corral Bautista and Herbert Mayr

1. Introduction

Relationships between ring size and reactivities of cycloalkyl derivatives have attracted the
attention of chemists for several decades.'™ Several investigations dealt with the physical
and chemical properties of cyclic Bketoesters of different ring-size and their anions.”! In
extention of our earlier studies on the nucleophilic reactivities of differently substituted

4 we now report how the nucleophilicities of cyclic fketoesters (Scheme 1)

carbanions,
depend on ring-size.

For this purpose, we have studied the kinetics of the reactions of the anions of the cyclic f-
ketoesters I (Scheme 1) with quinone methides 2 (reference electrophiles, Table 1) in DMSO
solution and calculated the nucleophilicity parameters of these anions by using the linear free-
energy relationship (1).”! In this equation E is an electrophile-specific parameter, N and sy are
nucleophile-specific parameters which are derived from the rates of the reactions of 7, n-,

and o-nucleophiles with benzhydrylium ions and structurally related Michael acceptors

(reference electrophiles).[6]

lgk,(20°C)=s (N +E) (1)

=}

o}

ﬁCOZEt
)

n
1

O N WN -
- —— — —
ST T T
N No G

Scheme 1: Structures of the studied carbanions 1.

Table 1: Quinone methides 2 employed as reference electrophiles in this study.

Electrophile E® 4
R! _ R'=Ph R°=4-OMe 2a -12.18 422
2 R'=Ph R’=4-NMe, 2b -1339 533
o P R'=Bu R’=4NO, 2c -1436 374

R R'=Bu R>=3F 2d 1503 354

R'=Bu R’=4-Me 2e -15.83 371

R'=Bu R?*=4-OMe 2f -16.11 393
[a] E-Parameters taken from Ref. ¢!
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2. Results and Discussion
2.1. Synthesis of the Anions I

The anions of the 5- and 6-membered rings (I-5 and I-6) were synthesized as described by
Mayer and Alder'” by adding the cyclic ketoester to a cold solution (0 °C) of potassium
hydroxide in ethanol/water and successive filtration of the precipitated salt (Scheme 2). The
anions I-(7-12) were synthesized according to a previously described method™® by mixing the
corresponding CH acid I-H with potassium tert-butoxide (KO7Bu) in ethanol (Scheme 2). The
anions I-(7-12) were isolated only in moderate yields because of their solubility in diethyl

ether and diethyl ether/pentane mixtures, which were use to purify the precipitated salts.

0 [e) n_ 1 conditions Yield §C"/ ppm
COzEt conditions COgEt 115 KOH/EtOH/HQO 66% 85.3
[ I - = 2 16 KOH/EtOH/H,0 73%  86.7
) ) 3 17 KOtBUEtOH 47%  90.3
LH P 4 1-8 KO!BUEtOH 18% 87.6
8 IM2 KO!BU/EtOH 22%  90.0

Scheme 2: Synthesis of the anions I and BC NMR (in [Dg]-DMSO) shifts of their anionic center.

2.2. Product Studies

The cyclic ketoesters (I-(5-7))-H were mixed with the quinone methide 2e and catalytic
amounts of 1,5-diazabicyclo[4.3.0]non-5-ene (DBN, 10 mol-%) in DMSO solution. After the
reaction solutions turned from yellow to blue (three to six hours), saturated NaCl-solution was
added and the products II were extracted with diethyl ether and purified by column

chromatography (Scheme 3).

% tBu
COEt O A ‘ DBN
—_—
) Me 0) DMSO

n

tBu
I-H 2e
n_ Il Yield dr'®
105 77% 112
2 16 73% 1:1.3
317 67% 1:1.3

Scheme 3: Reactions of the cyclic ketoesters (I-(5-7))-H with the quinone methide 2e. [a] Derived
from "H NMR experiments of the crude products.

When the quinone methide 2¢ was added to solutions of the potassium salts I-(7-12)-K in
DMSO, the solutions turned immediately from yellow to blue. After aqueous acidic work up
and column-chromatographic purification, the addition products III were isolated as shown in
Scheme 4.
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X
o CO.Et +
ON 1) DMSO

2) H;0* O,N
tBu
2¢ n
n_ M Yield dr®
3 M7 87% 1:11
4 M-8 83% 118
812 61%M 1:35

Scheme 4: Reactions of the anions of the cyclic ketoesters I-7-12 with the quinone methide 2e¢. [a]
Derived from 'H NMR experiments of the crude products. [b] Only the major isomer was isolated
after column chromatographic purification.

2.3. Kinetic Investigations

The reactions of the anions I with the reference electrophiles 2 were performed in DMSO
solution at 20 °C and monitored by UV-Vis spectroscopy at the absorption maxima of the
electrophiles. To simplify the evaluation of the kinetic experiments, the carbanions I were
used in large excess (> 10 equiv.). Thus, their concentrations remained almost constant
throughout the reactions, and pseudo-first-order kinetics were obtained in all runs. The first-
order rate constants kops were derived by least-squares fitting of the exponential function 4, =
Ao exp(-kobst) + C to the time-dependent absorbances A, of the electrophiles. Second-order rate
constants (Tables 2 and 4) were obtained as the slopes of plots of ks versus the nucleophile

concentrations (Figure 1).

0.4

20
T K e = 1.69 X 104[I-5] - 0.31

03 | o

x%

02

0.0000 0.0005 0.0010
[1-5] / mol L' — 3

Absorbance 533 nm g

0.0 L L T
0 0.2 0.4 0.6 0.8
t/s —»

Figure 1: Plot of the absorbance (at 533 nm) vs. time for the reaction of I-5 (4.53 x 10~ mol L™") with
2b (1.14 x 107 mol L™") in DMSO at 20 °C in presence of 18-crown-6. Inset: Plot of the first-order
rate constants k. vS. the concentration of I-5.
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As some carbanions derived from f-ketoesters have recently been shown to interact with
potassium ions in DMSO solutions even at low concentrations (10 mol L™),® Kinetic
experiments with the potassium salts (I-(5-12))-K were performed in presence and absence of

18-crown-6 (1.2-2.5 equiv., Table 2).

Table 2: Second-order rate constants of the reactions of I with 2 in the presence and absence of 18-
crown-6.

Reaction ky/Lmol™ s k,(I-K/crown)
I-K/crown I-K 1k>(I-K)
I-5+2b 1.69x10* 1.39x 10* 1.22
I-55+2d  934x10° 7.67 x 10 1.22
I-6+2b 133x10* 1.14x10* 1.17
I-7+2b  1.09x10° 9.55x 10 1.14
I-8+2b 938x10* 8.09x10* 1.16
I-12+2b  3.09x10* 2.97x10* 1.04

The 5- and 6-membered ring compounds (I-5,6)-K reacted 1.2 times faster in the presence of
crown ether (free anions) than in the absence, as was found for the anion of ethyl
benzoylacetate, an acyclic S-ketoester.”® The interactions between the carbanion and the

potassium decreases with increasing ring-size (Table 2).

These counter ion effects were studied in more detail by performing kinetic experiments in
the presence of variable concentrations of KBPhy. Plots of the relative reaction rates (100-k;))
with respect to the rate constant of the free carbanion (potassium salt in presence of 18-crown-
6) against the total concentration of potassium ions, show that rate constants of the anion of
the 6-membered ring (I-6) decreases to around 15% at a potassium-concentration of 107
mol L. The rate constant of the anion of the 12-membered ring (I-12), however, remains at
around 80% of reactivity with respect to the free carbanion at the same K'-concentration

(Table 3, Figure 2).

As shown in Tables 2 and 3, the anions of the cyclic f-ketoesters I interact with their counter
jons at the concentration employed for the kinetic measurements (10°-10~ mol L™).
Therefore, 18-crown-6 (1.2-2.5 equiv.) was added to determine the reactivities of the free

carbanions towards the reference electrophiles (Table 4).
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Table 3: ko values of the reactions of the carbanions I-6,12 with the quinone methide 2b with
successive addition of KBPhs in DMSO at 20 °C. 100-k. was derived from kinetics of the free
carbanions (presence of 18-crown-6).

[KBPh4]/mol L' [K'lew /Mol L kys/s™ 100k,

o) 4.06" 100
CO.Et 0 3.02x 107 2.79 68.7

© 1.28 x 107 430% 107 2.76 68.0

6 2.55x 107 5.57x 107 259 638

2 » 5.10 x 10 8.12x 10 2.30 56.7

3.02x 107 molL 123 %107 153 x 1073 179 441
2.55%107° 2.85x%107° 1.23 30.3

492 x 107 522% 107 0.983 24.2

737 %107 7.68 x 107 0.771 19.0

1.11x 1072 1.14 x 1072 0.591 14.6

1.70 x 1072 173 x 1072 0.441 10.9

o) 9.121 100
CO,Et 1.44 x 107 439 x 107 8.24 90.4

°© 2.88 x 107 5.83x 107 8.06 88.4

5.76 x 107 871 x 107 7.88 86.4

145% 107 1.75% 107 7.74 84.9

112 259 %107 2.89x 107 7.63 83.7

2.95 x 10 molL.™ 436 x 107 4.65x 107 7.53 82.6
1.02 x 1072 1.05x 1072 7.37 80.8

1.31x 1072 1.34 x 1072 7.32 80.3

[a] Calculated for the free carbanions from the data in Table 4.

100

100 k

0 1 1 1
0.000 0.005 0.010 0.015
[K*yote / MOl L

Figure 2: Plot of the relative pseudo-first-order rate constants for the reactions of the carbanions I-6
and I-12 with the quinone methide 1b versus the total concentration of K™ in DMSO solution at 20°C.

142



Chapter 4: Quantification of the Nucleophilic Reactivities of Cyclic f-Ketoesters

Table 4: Second-order rate constants k, for the reactions of the carbanions I with the reference
electrophiles 2 in DMSO at 20 °C (in presence of 1.2-2.5 equiv. of 18-crown-6 for the complexation
of the K* counterion).

Anion (27\1) Electrophile L m’:)zl‘/l &1
o) 18.63 2a 221 % 10°
é/coza (0.82) 2b 1.69 x 10*
© 2¢ 3.03 x 10°
I-5 2d 9.34 x 10°
2e 2.06 x 10°
2f 1.19 x 10°
0 18.32 2b 1.33 x 10*
COEt  (0.84) 2¢ 234 % 10°
© 2d 4.67 x 10
6 2e 1.24 x 10°
2f 747 x 10'™
0 19.53 2b 1.09 x 10°
©/@COZE‘ (0.83) 2¢ 2.46 x 10
2d 5.11 % 10°
2e 1.10x 10°
-7 2f 6.89 x 107
o 20.02 2b 9.38 x 10*
£OE (0.76) 2¢ 3.12 % 10*
2d 6.75 % 10°
2e 137 x 10°
-8
0 20.60 2b 3.09 x 10*
COEt  (0.63) 2¢ 9.39 x 10°
© 2d 2.95% 10°
2e 1.01 x 10°
2f 6.24 x 10>

1-12
[a] Rate constants were acquired by addition of variable
concentrations (3-5 equiv.) of CH acid.

2.4. Correlation Analysis

Plots of 1g &, for the reactions of the carbanions I with the reference electrophiles 2 against the
electrophilicity parameters £ were linear, as shown in Figure 3, indicating that equation (1) is
applicable to these reactions. From the slopes of these correlations, the nucleophile-specific
parameters sy were derived, and the negative intercepts on the abscissa (Ig k&, = 0) correspond

to the nucleophilicity parameters N (Table 4).
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6 r
5}
4t
lg k,
3}
5L é/COZEt
6
! 2e

of 6

1 1 1 1 1 1 1 1 1 1

-16.5 -16.0 -15.5 -15.0 -145 -14.0 -13.5 -13.0 -12.5 -12.0
Electrophilicity E

Figure 3: Correlation of the second-order rate constants lg &, for the reactions of the nucleophiles 1
with the electrophiles 2 in DMSO with their electrophilicity parameters £.

2.5. Structure-Reactivity Relationships

The sx-parameters of the 5-, 6- and 7-membered rings I-5-7 are almost identical (0.82, 0.83,
0.84) which is illustrated by the parallel lines in Figure 3, i.e. the relative reaction rates are
independent of the nature of the electrophile. When the ring-size increases further, the

sensitivity parameter (sx) decreases to 0.76 for I-8 and 0.63 for I-12.

The different sy parameters are also responsible for the reactivity order. If one just looks at
the nucleophilicity parameters N one would see that the reactivity increases with the ring size
(Table 4). However when the reaction rates towards a certain electrophile are compared, as

done in Figure 4 for the quinone methides 2b,c,e one can see that this trend is not valid.
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T
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lgk,35 L
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2e
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2.0
Ring Size ——

Figure 4: Plot of the rate constants Ig k, of the reaction of the nucleophiles I with the electrophiles
2b,c,e against the ring size.

Plots of the reported rate constants for the oxygen attack (black triangles) and the carbon
attack (white squares) of the reactions of I-5,6,8 with isopropyl iodine in DMSO against the
rate constant for the reactions of I-5,6,8 with the quinone methide 2¢ is shown in Figure 5.13d
From these correlations, one can see that the rate constants of the carbon-attack in the
alkylation reactions increase with the rate constants for the reactions with the quinone methide
2c. However, the rate constant for the oxygen attack do not show a trend when they are

correlated with the rate constants towards the quinone methide 2c.

31 | .o
/” !

e |

-, 1

-33 . C-attack ~ !
_- - 1

m-- |

! 1

35| ! -
lg k, (iPrl) H H
o ! !

o -8

87+ 0 A-__ ,
A "7 O-attack « _ !

1 ! S |

39f o 15 N
I-6 SO

S

A

-4.1 : -
3.20 3.70 4.20

Ig k, (2¢) ——

Figure 5: Plot of the rate constants Ig k, of the reactions of I with isopropyl iodide in DMSO vs. the
rate constants of the reactions with the quinone methide 2¢ in DMSO. Black triangles: oxygen attack;
white squares: carbon attack.”"
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The carbanions I-5-12 react with methyl iodide in methanol yielding exclusively the carbon-
alkylated products. When the rate constants of the methylations in methanol are correlated
with the rate constants of the reactions of I-5-12 with the quinone methide 2¢, a pot of low
quality is obtained (Figure 7, Appendix). The ordering of the reactivities of the carbanions I-§
to I-12 from this work, do not correlate either with other reactivities of cycloalkyl-derivatives,

e.g. hydrolysis of lactones (Figure 8, Appendix),”’ hydroboration of cycloalkenes (Figure 9,

), Jiia

Appendix or solvolysis of cycloalkyl chlorides (Figure 10, Appendix and tosylates
(Figure 11, Appendix)"'". It might be expected that no correlations are obtained in Figures 8—
11 since in some cases the cycloalkyl-derivatives are acting as electrophiles, however, as no
trends are found, one can see that the ordering of the reactivities caused by the ring size of the

cycloalkyl-derivative, is different for each system and reaction.

3. Conclusion

The rate constants for the reactions of the anions of the cyclic fketoesters I-5-12 with
quinone methides in DMSO follow the linear free-energy relationship [Equation (1)],
allowing us to include these compounds in our comprehensive nucleophiliciy scale.” Their
nucleophilic reactivities cover a range of about 1.5 orders of magnitude and are comparable to
ethyl acetylacetate (Figure 6). We found that the reactivity of these cyclic carbanions does not
correlate with their ring size, however, we found that the counter ion effect depends on the
ring size.

0]

N COEt
‘ 6
R 20.60 (0.63)

1-12

(0]
CO,Et
©
D @ 20.02 (0.76)
(0]
CO,Et 18
[ °  19.53(0.83)

-7 o o

e N 1882 (0.69)
19 e Me 3 OEt
0
- &COZE‘ 18.63 (0.82)
— I-5 o
—_— CO,Et
“““ e 18.32 (0.84)
18— 1-6

Figure 6: Nucleophilic reactivities, NV (sn), of the cyclic f-ketoesters I in comparison to an acyclic S
ketoester. [a] N and sy paramters from Ref. [Sb]
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Additionally, the rate constants obtained in this work were correlated with the rate constants
of different reactions of other cyclic reagents in dependency of their ring size concluding that

each reaction is affected differently by the ring size.

4. Experimental Section

4.1. General
Materials

Commercially available DMSO (H,O content < 50 ppm) was used without further
purification. The reference electrophiles used in this work were synthesized according to
literature procedures.[6b’e] The cyclic ketoesters (I-5)-H and (I-6)-H were purchased from
Merck-Suchard, (I-8)-H was purchased form Sigma-Aldrich. (I-7)-H and (I-12)-H were

synthesized as described bellow.

NMR spectroscopy

In the 'H and "°C NMR spectra chemical shifts are given in ppm and refer to tetramethylsilane
(61 = 0.00, 5c = 0.0), [Dg]-DMSO (34 = 2.50, dc = 39.5) or to CDCl; (g = 7.26, 5c = 77.0),1""
as internal standards. The coupling constants are given in Hz. For reasons of simplicity, the
'H-NMR signals of AA’BB’-spin systems of p-disubstituted aromatic rings are treated as
doublets. Signal assignments are based on additional COSY, gHSQC, and gHMBC
experiments. Chemical shifts marked with (*) refer to the minor isomer when the product was

obtained as a mixture of two diastereomers.

Kinetics

As the reactions of colored quinone methides 2 with colorless nucleophiles I yield colorless
products (or products with a different absorption range than the reactants), the reactions could
be followed by UV-Vis spectroscopy. As all reactions were fast (71,2 < 10 s), the kinetics were
monitored using stopped-flow techniques. The temperature of all solutions was kept constant
at 20.0 = 0.1 °C by using a circulating bath thermostat. In all runs the concentration of the
nucleophile was at least 10 times higher than the concentration of the electrophile, resulting in
pseudo-first-order kinetics with an exponential decay of the concentration of the minor

compound. First-order rate constants ko,s were obtained by least-squares fitting of the
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exponential function A4; = 4y exp(-kobst) + C to the time-depending absorbances. The second-
order rate constants k, were obtained from the slopes of the linear plots of £, against the

nucleophile concentrations.

4.2. Synthesis of the Cyclic Ketoesters (I-H) and their Anions (I-K)
4.2.1. Synthesis of the Cyclic Ketoesters (I-H)

4.2.1.1. Ethyl 2-Oxocycloheptanecarboxylate ((I-7)-H)

A mixture of sodium hydride (1.23 g, 51.2 mmol) and diethyl carbonate (4.3 mL, 35.3 mmol)
in 40 mL of toluene were heated up to 100 °C. A solution of cycloheptanone (2.0 mL, 17.0
mmol) in 20 mL of toluene was added drop wise to the hot suspension during 2 h. The
reaction mixture was stirred at 100 °C for further 45 min. After cool down, aqueous HCl
(2 mol L' 40 mL) was added and the mixture was extracted with ethyl acetate (2 x 40 mL).
The combined organic layers were washed with brine and dried over sodium sulfate before
the solvent was removed. After column chromatography (silica/pentane/ethyl acetate), ethyl
2-oxocycloheptanecarboxylate ((I-7)-H, 2.75 g, 14.9 mmol, 88%) was yielded as a colorless
liquid.

'"H NMR-Signals as in Literature.""!

4.2.1.2. Ethyl 2-Oxocyclododecanecarboxylate ((I-12)-H)

A mixture of sodium hydride (4.66 g, 194 mmol) and diethyl carbonate (12.0 mL, 99.9 mmol)
in 45 mL of toluene were heated up to 110 °C. A solution of cyclododecanone (11.9 g, 65.3
mmol) in 25 mL of toluene was added drop wise to the hot suspension during 1.5 h. The
reaction mixture was stirred at 110 °C for further 3 h. After cool down, aqueous HCI
(2 mol L, 60 mL) was added and the mixture was extracted with diethyl ether (3 x 30 mL).
The combined organic layers were washed with brine and dried over sodium sulfate before
the solvent was removed. After distillation (4 x 10~ mbar, 108-110 °C) ethyl 2-oxocyclo-
dodecanecarboxylate ((I-12)-H, 12.8 g, 50.3 mmol, 77%) was yielded as a colorless liquid.

'H NMR-Signals as in Literature.!'
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4.2.2. Synthesis of the Anions (I-K)
4.2.2.1. Potassium 1-(Ethoxycarbonyl)-2-oxocyclopentan-1-ide ((I-5)-K)""!

Following the procedure of Mayer and Alder:'"” potassium hydroxide (5.60 g, 99.8 mmol)
were dissolved in 25 mL of ethanol and 1.5 mL water. Ethyl 2-oxocyclopentanecarboxylate
((I-5)-H, 15.6 g, 99.9 mmol) was added drop wise at 0 °C. 15 mL of diethyl ether were added
to the formed precipitate before filtration. The obtained solid was recrystalized from ethanol
yielding potassium 1-(ethoxycarbonyl)-2-oxocyclopentan-1-ide ((I-5)-K, 12.7 g, 65.4 mmol,
66%) as a light yellow solid.

'H-NMR ([Dg]-DMSO, 400 MHz) &= 1.08 (t, >J = 7.0 Hz, 3 H, OCH,CH3), 1.50-1.58 (m, 2
H, CH,), 1.84-1.88 (m, 2 H, CH,), 2.36-2.39 (m, 2 H, CH,), 3.84 (q, °J = 7.0 Hz, 2 H,
OCH,CH3). "C-NMR ([Dg]-DMSO, 101 MHz) 8 = 15.4 (q, OCH,CH3), 20.0 (t, CHy), 29.2
(t, CH,), 40.0 (t, CH»), 55.5 (t, OCH,CH3), 85.3 (s, C), 165.8 (s, COOEL), 190.0 (CO).

4.2.2.2. Potassium 1-(Ethoxycarbonyl)-2-oxocyclohexan-1-ide ((I-6)-K)

Following the procedure of Mayer and Alder:""! potassium hydroxide (1.96 g, 34.9 mmol)
were dissolved in 25 mL of ethanol and 1.5 mL water. Ethyl 2-oxocyclohexanecarboxylate
((I-6)-H, 15.6 g, 99.9 mmol) was added drop wise at 0 °C. 15 mL of diethyl ether were added
to the formed precipitate before filtration. The obtained solid was recrystalized from ethanol
yielding potassium 1-(ethoxycarbonyl)-(2-oxocyclohexyl)methanide ((I-6)-K, 5.32 g, 25.6
mmol, 73%) as a light yellow solid.

'H-NMR ([Dg]-DMSO, 400 MHz) 6= 1.08 (t, °J = 6.8 Hz, 3 H, OCH,CH3), 1.45-1.50 (m, 4
H, CH,CH,), 1.85 (b, 2 H, CH,), 2.23 (b, 2 H, CH,), 3.83 (q, *J = 6.8 Hz, 2 H, OCH,CH3).
BC-NMR ([Dg]-DMSO, 101 MHz) &= 15.3 (q, OCH,CH3), 24.1 (t, CH,), 24.7 (t, CHy), 26.2
(t, CH,), 38.3 (t, CH»), 55.5 (t, OCH,CH3), 86.7 (s, C), 167.5 (s, COOEL), 182.8 (CO).

4.2.2.3. Potassium 1-(Ethoxycarbonyl)-2-oxocycloheptan-1-ide ((I-7)-K)

Potassium fert-butoxide (226 mg, 2.01 mmol) was dissolved in ethanol (5 mL) and ethyl 2-
oxocycloheptanecarboxylate ((I-7)-H, 379 mg, 2.06 mmol) was added dropwise. After 10
min. the solvent was removed under reduced pressure and the residue was washed several
times with dry pentane/ diethyl ether yielding potassium 1-(ethoxycarbonyl)-2-
oxocycloheptan-1-ide ((I-7)-K, 212 mg, 0.954 mmol, 47%) as a colorless solid.
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'H-NMR ([Dg]-DMSO, 400 MHz) 6= 1.08 (t, >J = 7.0 Hz, 3 H, OCH,CH3), 1.34-1.40 (m, 2
H, CH,), 1.43-1.48 (m, 2 H, CH>), 1.54-1.60 (m, 2 H, CH,), 2.15-2.17 (m, 2 H, CH,), 2.35-
2.38 (m, 2 H, CHy), 3.81 (q, °J = 7.0 Hz, 2 H, OCH,CH3). >C-NMR ([Ds]-DMSO, 101 MHz)
8= 15.4 (g, OCH,CH3), 25.2 (t, CHy), 27.1 (t, CHy), 31.0 (t, CHy), 32.1 (t, CHy), 44.5 (t,
CH,), 55.5 (t, OCH,CH3), 90.3 (s, C"), 167.0 (s, COOE), 190.6 (CO).

4.2.2.4. Potassium 1-(Ethoxycarbonyl)-2-oxocyclooctan-1-ide ((I-8)-K)

Potassium tert-butoxide (905 mg, 8.07 mmol) was dissolved in ethanol (5 mL) and ethyl 2-
oxocyclooctanecarboxylate ((I-8)-H, 1.62 g, 8.26 mmol) was added dropwise. After 10 min.
the solvent was removed under reduced pressure and the residue was washed several times
with dry pentane/diethyl ether yielding potassium 1-(ethoxycarbonyl)-2-oxocyclooctan-1-ide
((I-8)-K, 340 mg, 1.44 mmol, 18%) as a colorless solid.

'H-NMR ([Ds]-DMSO, 400 MHz) 6= 1.07 (t, °J = 7.0 Hz, 3 H, OCH,CHj3), 1.33-1.46 (m, 6
H, CH,), 1.48-1.57 (m, 2 H, CH,), 2.13-2.20 (m, 2 H, CH,), 2.31-2.50 (m, 2 H, CH,), 3.82 (q,
3J = 7.2 Hz, 2 H, OCH,CHj3). C-NMR ([D¢]-DMSO, 101 MHz) & = 15.3 (q, OCH,CH3),
25.9 (t, CHy), 26.6 (t, CH,), 27.0 (t, CH,), 28.9 (t, CH,), 31.5 (t, CHy), 40.3 (t, CH,), 55.3 (t,
OCH,CH3), 87.6 (s, C), 167.2 (s, COOEY), 187.8 (CO).

4.2.2.5. Potassium 1-(Ethoxycarbonyl)-2-oxocyclododecan-1-ide ((I-12)-K)

Potassium tert-butoxide (384 mg, 3.42 mmol) was dissolved in ethanol (5 mL) and ethyl 2-
oxocyclododecanecarboxylate ((I-12)-H, 876 mg, 3.44 mmol) was added dropwise. After 10
min. the solvent was removed under reduced pressure and the residue was washed several
times with dry pentane/diethyl ether yielding potassium 1-(ethoxycarbonyl)-2-
oxocyclododecan-1-ide ((I-12)-K, 221 mg, 0.756 mmol, 22%) as a colorless solid.

'H-NMR ([Dg]-DMSO, 400 MHz) & = 1.06 (t, >J = 7.2 Hz, 3 H, OCH,CH3), 1.10-1.44 (m,
CH,), 1.49-1.59 (m, CH,), 1.85-1.91 (m, CH,), 2.51-2.56 (m, CH,), 3.65-3.78 (m, CH,), 3.82-
3.90 (m, CH,). >C-NMR ([D6]-DMSO, 101 MHz) 5= 15.5 (g, OCH,CH3), 23.2, 24.1, 24.56,
24.61, 25.2, 25.4, 25.7, 26.0, 26.4 (all t, CH,), 39.5 (t, CH,, superimposed with solvent), 55.1
(t, OCH,CH3), 90.0 (s, C), 169.5 (s, COOEL), 190.0 (CO).
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4.3. Reaction Products

4.3.1. Reactions of Cyclic Ketoesters (I) with Quinone Methides (2)

General Procedure 1 (GP1):

The cyclic ketoester (I-H, 50-100 mg, 0.32-0.35 mmol) and the quinone methide (2e, 95-110
mg, 0.31-0.32 mmol) were dissolved in 10-15 mL of dry DMSO and 2-3 drops of 1,5-
Diazabicyclo(4.3.0)non-5-ene (DBN) were added. After 3 to 5 hours, 20 mL of brine were
added and the mixture was extracted with diethyl ether (3 x 20 mL). The combined organic
layers were washed with brine and dried over sodium sulfate. After removing the solvent by
distillation, the crude products were purified by column chromatography

(silica/pentane/dichloromethane).

General Procedure 2 (GP2):

The potassium salt of the cyclic ketoester (I-K, ~100 mg, 0.30-0.35 mmol) was dissolved in
5-10 mL of dry DMSO and a solution of the quinone methide 2¢ (~100 mg, 0.29-0.31 mmol
in 5 mL DMSO) was added. When the solution turned dark blue, 30 mL of aqueous acetic
acid (0.5%) was added and the mixture was extracted with diethyl ether (3 x 15 mL). The
combined organic layers were washed with brine and dried over sodium sulfate before the
solvent was removed under reduced pressure. The crude products were purified by column

chromatography (silica/pentane/dichloromethane).

4.3.1.1. Reaction of (I-5)-H with the Quinonemethide 2e

According to GP1, ethyl 2-oxocyclopentanecarboxylate ((I-5)-H, 54.1 mg, 0.346 mmol), and
2¢e (954 mg, 0.309 mmol) yielded ethyl 1-((3,5-di-tert-butyl-4-hydroxyphenyl)(p-
tolyl)methyl)-2-oxocyclopentanecarboxylate II-5 (110 mg, 0.237 mmol, 77%, dr ~ 1:1.2) as

yellow oil.

'H-NMR (CDCls, 300 MHz) &= 0.74, 0.84* (t, °J = 7.2 Hz, 3 H,
OCH,CHj), 1.34*, 1.40 (s, 18 H, 12-H), 1.49-1.89 (m, CH,),
2.11-2.25 (m, CHy), 2.27, 2.28* (s, 3 H, 10-H), 2.94-3.05 (m,
CH,), 3.72-4.05 (m, OCH,CH3), 5.04, 5.06% (s, 1 H, OH), 5.10
(bs, 1 H, 5-H), 6.96-7.00 (m, Haom), 7.04-7.06 (m, Hyrom), 7.16
(d, °J = 8.1 Hz, 2 H, Hyom). "C-NMR (CDCl3, 75.5 MHz) & =
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13.4, 13.5* (q, OCH,CH3), 19.5%, 19.8 (t, CH»), 20.93, 20.96* (q, C-10), 29.38, 29.43* (t,
CH,), 30.29%, 30.32 (q, C-12), 34.3 (t, CH»), 38.65, 38.73* (s, C-11), 54.85, 54.94* (d, C-5),
61.4, 61.5* (t, OCH,CH3), 66.5%, 67.0 (s, C-13), 125.6, 126.5* (d, C-3), 128.8, 128.9, 129.8
(d, C-7, C-8, both isomers), 131.6, 131.9* (s, C-4), 135.3+, 135.4 (s, C-2), 135.6*, 136.0 (s,
C-9), 137.9, 138.0* (s, C-6), 152.2, 152.3* (s, C-1), 168.4, 169.0* (s, COOEY), 214.4*, 214.4
(s, CO). HR-MS (EI): m/z caled for [C30Hy0O4] ™ 464.2921 found: 464.2912.

4.3.1.2. Reaction of (I-6)-H with the Quinonemethide 2e

According to GP1, ethyl 2-oxocyclohexanecarboxylate ((I-6)-H, 55.0 mg, 0.323 mmol), and
2¢ (989 mg, 0.321 mmol) yielded ethyl 1-((3,5-di-tert-butyl-4-hydroxyphenyl)(p-
tolyl)methyl)-2-oxocyclohexanecarboxylate II-6 (113 mg, 0.236 mmol, 73%, dr ~ 1:1.4) as

yellow oil.

'H-NMR (CDCls, 300 MHz) 8= 0.82, 0.91* (t, *J = 7.2 Hz, 3 H,
OCH,CH3), 1.25-1.35 (m, CH,), 1.390%, 1.393 (s, 18 H, 12-H),
1.43-1.60 (m, CH,), 1.69-1.96 (m, CH,), 2.26%, 2.27 (s, 3 H, 10-
H), 2.34-2.45 (m, CH,), 2.57-2.67 (m, CH,), 3.67-3.93 (m,
OCH,CHy), 4.84*,5.06 (s, 1 H, 5-H), 5.006, 5.014* (s, 1 H, OH),
7.01-7.05 (m, 2 H, 8-H), 7.20, 7.22% (s, 2 H, 3-H), 7.29-7.32 (m,
2 H, 7-H). >C-NMR (CDCls, 75.5 MHz) & = 13.45, 13.54* (q, OCH,CH3), 20.9 (g, C-10),
22.9,26.7,34.5, 35.6, 41.9, 42.0 (t, CHy), 30.41*, 30,35 (q, C-12), 34.3, 34.4* (s, C-11), 52.9,
54.3* (d, C-5), 61.0, 61.1 (t, OCH,CH3), 66.36%, 66.42 (s, C-13), 126.8, 127.3* (d, C-3),
128.45%, 128.54 (d, C-8), 130.2*, 130.5 (d, C-7), 131.1%, 131.4 (s, C-4), 134.8*, 134.9 (s, C-
2), 135.6, 135.8* (s, C-9), 138.2, 138.4* (s, C-6), 152.1*, 152.2 (s, C-1), 170.5, 171.0* (s,
COOE), 206.4, 206.6% (s, CO). HR-MS (ESI): m/z calcd for C3H404Na: 501.2981 found:
501.2974.

4.3.1.3. Reaction of (I-7)-H with the Quinonemethide 2e

According to GP1, ethyl 2-oxocycloheptanecarboxylate ((I-7)-H, 62.0 mg, 0.337 mmol), and
2¢e (105mg, 0.341 mmol) yielded ethyl 1-((3,5-di-tert-butyl-4-hydroxyphenyl)(p-
tolyl)methyl)-2-oxocycloheptanecarboxylate II-7 (113 mg, 0.229 mmol, 67%, dr ~ 1:1) as

yellow oil.
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'H-NMR (CDCl3, 400 MHz) & = 0.54-0.68 (m, CH,), 0.77, 0.87
(t,>J =7.2 Hz, 3 H, OCH,CH3), 1.38, 1.39 (s, 18 H, 12-H), 1.40-
1.46 (m, CH,), 1.58-1.48 (m, CH,), 2.26, 2.27 (s, 3 H, 10-H),
2.30-2.50 (m, CH,), 3.76-3.89 (m, 2 H, OCH,CH3), 4.97, 5.02 (s,
1 H, OH), 5.01, 5.03 (s, 1 H, 5-H), 7.03, (d, °J = 7.6 Hz, 2 H, 8-
H, both isomers), 7.12, 7.24 (s, 2 H, 3-H), 7.26, 7.33 (d, 3 =
8.0 Hz, 2 H, 7-H). >C-NMR (CDCl3, 101 MHz) & = 13.4, 13.5 (q, OCH,CH3), 20.9, 21.0 (q,
C-10), 24.9 (b, CH,), 26.1, 26.2, 26.3, 26.5, 31.5, 31.7, 42.1, 42.3 (t, CH»), 30.3, 30.4 (q, C-
12), 34.31, 34.35 (s, C-11), 53.6, 54.4 (d, C-5), 61.0, 61.1 (t, OCH,CHj3), 68.3, 68.4 (s, C-13),
126.3, 126.9 (d, C-3), 128.61, 128.63 (d, C-8), 129.2, 130.2 (d, C-7), 131.1, 132.0 (s, C-4),
135.0, 135.1 (s, C-2), 135.66, 135.68 (s, C-9), 138.2, 138.6 (s, C-6), 152.1, 152.2 (s, C-1),
171.7 (s, COOEY), 207.9, 208.2 (s, CO). HR-MS (EI): m/z calcd for [C3,HysOgN]*: 493.3312
found: 493.3318.

Due to dr ~ 1:1, the NMR-signals could not be assigned to the isomers.

4.3.1.4. Reaction of the Potassium Salt (I-7)-K with the Quinonemethide 2¢

According to GP2, potassium 1-(ethoxycarbonyl)-2-oxocycloheptan-1-ide ((I-7)-K, 78.0 mg,
0.351 mmol), and 2¢ (104 mg, 0.306 mmol) yielded ethyl 1-((3,5-di-tert-butyl-4-
hydroxyphenyl)(4-nitrophenyl)methyl)-2-oxocycloheptanecarboxylate III-7 (139 mg, 0.265
mmol, 87%, dr ~ 1:1.2) as yellow oil.

'H-NMR (CDCls, 300 MHz) & = 0.40-0.63 (m, CH,), 0.77%,
0.88 (t, °J = 7.2 Hz, 3 H, OCH,CH;), 1.38*, 1.40 (s, 18 H, 11-
H), 1.42-1.47 (m, CHy), 1.63-1.75 (m, CH,), 2.17-2.54 (m, CH,),
3.78-3.96 (m, OCHCH3), 5.126 (s, OH), 5.16, 5.133 (s, 1 H, 5-
H, both isomers), 7.07, 7.15* (s, 2 H, 3-H), 7.56* (d, 37 =90
Hz, 2 H, 7*-H), 7.67 (d, °J = 8.7 Hz, 2 H, 7-H), 8.08 (d, °*J = 8.7
Hz, 2 H, 8-H), 8.10* (d, °J = 9.0 Hz, 2 H, 8*-H). "C-NMR (CDCl;, 75.5 MHz) &5 = 13.4,
13.5*% (q, OCH,CH3), 24.8, 24.9, 26.1, 26.3, 29.7, 30.0, 31.76, 31.83, 41.9, 42.2 (t, CHy),
30.26, 30.31* (q, C-11), 34.37, 34.38 (s, C-10, both isomers), 53.9%, 54.1 (d, C-5), 61.45,
61.47 (t, OCH,CHjs;, both isomers), 67.90, 67.94 (s, C-12, both isomers), 123.0, 123.1* (d, C-
8), 126.2, 127.0* (s, C-3), 129.2, 130.1 (s, C-4, both isomers), 130.4*, 131.2 (d, C-7), 146.2,
146.3 (s, C-9, both isomers), 149.6, 150.1 (s, C-6, both isomers), 152.7, 152.8 (s, C-1, both
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isomers), 171.3, 171.4 (s, COOEt, both isomers), 207.3, 207.7 (s, CO, both isomers). HR-MS
(EI): m/z calcd for [C3,H41O6N]™: 523.2928 found: 523.2916.

4.3.1.5. Reaction of the Potassium Salt (I-8)-K with the Quinonemethide 2¢

According to GP2, potassium 1-(ethoxycarbonyl)-2-oxocyclooctan-1-ide ((I-8)-K, 82.5 mg,
0.349 mmol), and 2¢ (103 mg, 0.303 mmol) yielded ethyl 1-((3,5-di-tert-butyl-4-
hydroxyphenyl)(4-nitrophenyl)methyl)-2-oxocyclooctanecarboxylate III-8 (135 mg, 0.251
mmol, 83%, dr ~ 1:1.7) as yellow oil.

'H-NMR (CDCl;, 600 MHz) &= 0.79%, 0.93 (t, "J = 7.2 Hz, 3 H,
OCH,CH3), 0.84-0.89 (m, CHy), 1.11-1.19 (m, CH,), 1.23-1.35
(m, CHy), 1.37%, 1.41 (s, 18 H, 11-H), 1.45-1.58 (m, CH), 1.62-
1.68 (m, CH), 1.77-1.83 (m, CH,), 2.12-2.18 (m, CH,), 2.27-
2.32 (m, CHy), 2.44-2.61 (m, CH,), 3.65*-3.61%, 3.76-3.82,
3.89%-3-94*,4.00-4.06 (m, OCH,CH3), 4.94 (s, 1 H, 5-H), 5.08*
(1 H, OH), 5.13 (s, 5*-H and OH major isomer), 7.19%, 7.24 (s, 2 H, 3-H), 7.63, 7.82* (d, 3] =
8.4 Hz, 2 H, 7-H), 8.05, 8.15* (d, °J = 9.0 Hz, 2 H, 8-H). "C-NMR (CDCls, 151 MHz) & =
13.3*%, 13.5 (q, OCH,CH3), 22.85, 22.90, 24.5, 24.7, 25.7, 26.3, 27.4, 28.0, 30.8, 32.5, 40.3,
40.6 (t, CHy), 30.2%*, 30.3 (q, C-11), 34.37%*, 34.43 (s, C-10), 52.2*, 53.6 (d, C-5), 61.1%, 61.2
(t, OCH,CHj3), 66.8%, 67.0 (s, C-12), 122.8, 123.3* (d, C-8), 126.6, 126.7* (d, C-3), 129.9,
130.1%* (s, C-4), 130.8, 131.2* (d, C-7), 135.2%, 135.7 (s, C-2), 146.0, 146.4* (s, C-9), 149.7*,
150.5 (s, C-6), 152.4*, 152.8 (s, C-1), 171.8 (bs, COOEt, both isomers), 210.4*, 211.3 (s,
CO). HR-MS (EI): m/z caled for [C3,Hy306N]™: 537.3085 found: 537.3077.

4.3.1.6. Reaction of the Potassium Salt (I-12)-K with the Quinonemethide 2¢

According to GP2, potassium 1-(ethoxycarbonyl)-2-oxocyclododecan-1-ide ((I-12)-K,
103 mg, 0.352 mmol), and 2¢ (97.0 mg, 0.286 mmol) yielded ethyl 1-((3,5-di-tert-butyl-4-
hydroxyphenyl)(4-nitrophenyl)methyl)-2-oxocyclododecanecarboxylate ~ III-12 (104 mg,
0.175 mmol, 61%) as yellow oil.

'H-NMR (CDCl;, 300 MHz) & = 1.00 (t, °J = 7.1 Hz, 3 H, OCH,CHj), 1.06-1.37 (m, 15 H,
CH,), 1.41 (s, 18 H, 11-H), 1.93-2.02 (m, 2 H, CH,), 2.05-2.15 (m, 1 H, CH,), 2.26-2.37 (m, 1
H, CH,), 2.67-2.80 (m, 1 H, CH,), 3.87-4.13 (m, OCH,CH3), 5.00 (s, 1 H, 5-H), 5.14 (s, 1 H,
OH), 7.10 (s, 2 H, 3-H), 7.54 (s, °J = 8.7 Hz, 2H ,7-H), 8.03 (s, °J = 9.0 Hz, 2 H, 8-H). "’C-
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NMR (CDCls, 75.5 MHz) ¢ = 13.5 (q, OCH,CHj3), 18.9, 21.8,
22.0,22.2,22.7,234,26.5, 26.8, 31.6, 35.5 (t, CH»), 30.3 (q, C-
11), 34.3 (s, C-10), 51.3 (d, C-5), 61.3 (t, OCH,CH3), 68.3 (s, C-
12), 122.5 (d, C-8), 126.3 (d, C-3), 129.5 (s, C-4), 131.2 (s, C-7),
135.8 (s, C-2), 145.8 (s, C-9), 150.7 (s, C-6), 152.7 (s, C-1),
172.4 (s, COOEt), 205.9, (s, CO). HR-MS (EI): m/z calcd for

[C36Hs:NOg] ™: 593.3711 found: 593.3697.

4.4. Kinetic Experiments

4.4.1. Determination of the Nucleophilicity of Cyclic f~Ketoester Anions I-K

4.4.1.1. Reactions of Potassium 1-(Ethoxycarbonyl)-2-oxocyclopentan-1-ide ((I-5)-K)

Table 5: Kinetics of the reaction of (I-5)-K with 2a (20 °C, stopped-flow, at 422 nm).

[2a] / [(I-5]/  [18-crown-6]/ [I-5] Kops /
mol L™ mol L! mol L! /[2a] st
922x10° 9.78x10° 1.22x10* 10.6 8.81
922x10° 122x10° 1.83x10* 13.3 14.2
922x10° 147x10* 1.83x10* 15.9 19.6
922x10° 1.96x10* 244x10* 21.2 30.4

kr,=2.21x10° L mol's

y =220657x - 12.791
R =1

0.00000

0.00005 0.00010 0.00015 0.00020
[1-5] / molL"

Table 6: Kinetics of the reaction of (I-5)-K with 2b (20 °C, stopped-flow, at 533 nm).

[2b] / (1-5]/ [18-crown-6]/ [I-5]  kops/
mol L! mol L! mol L! /[2b] st
1.14x10° 227x10* 3.57x10% 198 342
1.14x10°  453x10* 951x10* 396 736
1.14x10°  6.80x 10™ 951x10* 594 112
1.14x10°  9.06 x 10* 238x10° 792 153
1.14%x10°  1.13x10? 1.66x 107  99.0  18.6

ky=1.69 x 10* L mol ™' s™!
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Table 7: Kinetics of the reaction of (I-5)-K with 2b (20 °C, stopped-flow, at 533 nm).
[2b] / (I-5]/  [I-5] kops/

mol L! molL'  /[2b] s’

1.21 x10° 2.45x10* 203 3.92

121x10° 490x10* 40.6 7.40

121x10° 735%x10* 609 11.1

1.21x10° 9.80x 10* 81.2 14.1

121x10° 1.23x10° 101 17.6

20

y = 13898x + 0.606
R? = 0.9991

0.0005 0.0010

kr=1.39% 10*L mol's™
[1-5] / molL"

Table 8: Kinetics of the reaction of (I-5)-K with 2¢ (20 °C, stopped-flow, at 374 nm).

[2¢] / [I-5]/  [18-crown-6]/ [I-5]  kops/ 10 -
mol L' mol L' mol L' /[2¢] s Y = 3030 +0.888
990x 10° 1.31x10° 1.73x10° 136 491 &1 R =09973
9.90x 10° 1.75x10° 1.97x10° 177  6.08 ERI
990x 10° 2.19%x10° 271x10° 221 7.61 S
990x 10° 2.63x10° 296x10° 265  8.82 2|
O 1 1
k=3.03x 10° L mol's™ 0.0000 0.0010 0.0020
[1-5] / molIL"!

Table 9: Kinetics of the reaction of (I-5)-K with 2d (20 °C, stopped-flow, at 354 nm).

[2d]/ [I-5]/  [18-crown-6]/ [I-5] kobs / 25 ¢

mol L™ mol L mol L™ /[2d] s! y =934.44x +0.07
1.33%10° 135x10° 143x10° 101 1.33
133x10° 225x10° 237x10° 169 2.17

ky=9.34x 10°L mol's™!

0.0020

0.0010

0.0000
[1-5] / molL"
Table 10: Kinetics of the reaction of (I-5)-K with 2d (20 °C, stopped-flow, at 354 nm).
[Zd] / [I'S] / [I'S] kobs / 25 -
mol L' mol L /[2d] s o lV” 767.02x - 0.0053
133x10° 899x10* 675  0.681 [ F-0se
1.33x10° 1.80x10° 135 138 %157
133x10° 2.70x10° 203 2.06 Giot
05 |
ky=7.67 x 10° L mol's™ 0.0 .
0.0000 0.0010 0.0020 0.0030
[1-5] / molL"
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Table 11: Kinetics of the reaction of (I-5)-K with 2e (20 °C, stopped-flow, at 371 nm).

[2e] / [I-5]/ [18-crown-6] / [I-5] Kobs !
mol L™ mol L™ mol L! /[2e] s! 08 1 205.79x + 0.0324
1.66 x10° 8.13x10* 928x10* 49.0 1.90x 10" 05 | R =0.9958
1.66x10°  1.22x10°  1.74x10° 735 292x10" _ 04¢
166x 10° 1.63x10°  186x10° 980 370x 10" =, 03t
166 x10°  2.03x10°  290x10° 123 459x10" = o2}
1.66x 10°  2.44x10° 278x10° 147 5.25x10" 01}
0.0
kz — 206 x 102 L IIlOl_l S_l 0.0000 0.0010 0.0020
[1-5] / molL"
Table 12: Kinetics of the reaction of (I-5)-K with 2f (20 °C, stopped-flow, at 393 nm).
[2f] / (I-5]/  [18-crown-6]/ [I-5] Kops /
mol L™ mol L mol L /[2f] s 04} V= ”Ri-i“g_;gg-””
131107 899x10% 943x10% 685 2.18x10" 0 |
1.31x10° 1.80x10°  2.00x 107 137 327x10" %
1.31x10° 225x10° 295x 107 171 386x 107 F 0%
131x10° 270x 107  3.06 x 107 205  4.30x 10" 0.1 f
0.0 : :
kry=1.19 x 10 L mol™s™ 0.0000 0.0010 0.0020

[I-5] / molL!

Determination of Reactivity Parameters N and sy for Potassium 1-(Ethoxycarbonyl)-2-

oxocyclopentan-1-ide ((I-5)-K) in DMSO

Table 13: Rate constants for the reactions of (I-5)-K with different electrophiles (20 °C, in presence of
18-crown-6).

Electrophile E  k/Lmol's" logk, 61
2a 1218 221x10° 534 5| YTOSIOM IS0
2b -13.39  1.69x 10" 4.23 al
2¢ -1436  3.03x10° 348 o
2d -15.03 934x10> 297 <
2¢ 1583 206x 10 231 27
2A -16.11 119x10°  2.08 1-16.5 -1;3.5 -1;1.5 »1;.5 »1.2.5

N=18.63, sn =0.82 E-Parameter
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4.4.1.2. Reactions of Potassium 1-(Ethoxycarbonyl)-2-oxocyclohexan-1-ide ((I-6)-K)

Table 14: Kinetics of the reaction of (I-6)-K with 2b (20 °C, stopped-flow, at 533 nm).

[2b]/ [I-6] / [18-crown-6]/ [1-6] Kobs !
mol L mol L™ mol L™ /[2b] s
1.14x 10°  3.05x10* 476 x 10*  26.7 3.23
1.14x10°  6.10x10* 190x10° 533 7.6 o
1.14x10°  9.16x 10* 1.43x10°  80.0 11.8 3
1.14x10° 122x10° 476 x 107 107 15.9
1.14%x10°  1.53x 107 2.38x 107 133 19.5

k=133 % 10*L mol's™

25 -
y = 13328x - 0.566
20 + Re = 0.9985

0.0000 0.0005 0.0010 0.0015
[1-6] / molL"

Table 15: Kinetics of the reaction of (I-6)-K with 2b (20 °C, stopped-flow, at 533 nm).

[2b]/
mol L!

(I-6]/ [I-6]
mol L' /[2b]

kobs /
S-l

1.21x 107
1.21x10°
1.21x 107
1.21x 107
1.21x 107

3.18 x 10* 26.3
6.35%x10* 52.6
9.53x 10* 78.9
127%x10° 105
1.59 x 107 132

3.37
7.39
10.8
14.4
18.0

k=1.14%x 10* L mol's™

20

y =11416x - 0.089

R? = 0.9994

0.0000

0.0005 0.0010 0.0015
[1-6] / molL"

Table 16: Kinetics of the reaction of (I-6)-K with 2¢ (20 °C, stopped-flow, at 374 nm).

y =2338.9x + 0.438

R? = 0.9986

[2¢]/ [1-6]/ [18-crown-6] [I-6] kg / 8 -
mol L! mol L™ / mol L! 2] s
1.52x 107 9.06x 10* 1.08x10° 59.5 2.48 6|
1.52x10° 136x10° 2.03x10° 892 3.69 -,
152x10° 1.81x10% 2.16x10° 119 4.70 ; T
1.52x10° 226%x10° 3.25x10° 149 5.76 .l
1.52%x10° 2.72x 107 325x10° 178 6.74
(()).0000

kr=2.34%10° L mol's™

0.0010 0.0020 0.0030
[1-6] / molL"

Table 17: Kinetics of the reaction of (I-6)-K with 2d (20 °C, stopped-flow, at 354 nm).

L e e
1.86x 10° 1.01x 107 1.06 x 10° 544  559%x10"
1.86x 10° 1.51x10° 1.98x10? 81.6 8.24x10"
1.86x10° 2.02x10° 2.11x 107 109 1.07
1.86x 10° 2.52x10° 3.17x10° 136 1.28
1.86x 10° 3.03x10° 3.17x 107 163 1.51

1]

~
@
ks
S

x

ky=4.67x 10° L mol"'s™!

158

16
y =467.22x + 0.1054
R? = 0.9981
12 |
0.8
04
0.0 L . L
0.0000 0.0010 0.0020 0.0030

[1-6] / molL"
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Table 18: Kinetics of the reaction of (I-6)-K with 2e (20 °C, stopped-flow, at 371 nm).
[2e] / [I-6]/  [18-crown-6] [I-6] Kobs / 04 -

mol L mol L /molL"  /[2e] s

1.76 x 10° 8.89x 10" 1.09x10° 504 1.59x 10" 03 |

1.76 x 10° 133x10° 1.63x10° 756 223x10" -

1.76 x 10° 178 x 10° 2.18 x10° 101 2.79 x 10" :

1.76 x 10° 2.22x 107 2.72x10° 126 3.33x 10" o1 L

1.76 x 10° 2.67x10° 327x10° 151 3.80x 10

y =124.16x + 0.054
R? = 0.9969

02

0.0

k2 =1.24 % 102 L mol-l S>1 0.0000 0.0010 0.0020 0.0030
[1-6] / molL"!

Table 19: Kinetics of the reaction of (I-6)-K with 2f (20 °C, stopped-flow, at 393 nm, with addition of CH acid).
[2f] / [1-6]/ [(I-6)-H]/ [(I-6)-H] [18-crown-6] Kops /
mol L™ mol L! mol L! /[1-6] /mol L st
1.72x10° 1.08x 10° 450x 10°  4.17 1.64 x 107 627 1.20x 10"
1.72x 107 1.62x10° 540x10°  3.34 1.85x 10° 94.1 1.58x 10
1.72x 107 2.16x10° 9.89x10°  4.59 3.29 x 107 125 1.98x 10
1.72x10° 2.70x 107 899 x 10°  3.34 3.08 x 107 157 2.41x10"

[1-61/(2f]

ky=7.47 % 10' L mol's™

y = 74.727x + 0.0382
R? = 0.9992

0.0 . .
0.0000 0.0010 0.0020
[1-6] / molL"

Determination of Reactivity Parameters N and sy for Potassium 1-(Ethoxycarbonyl)-2-

oxocyclohexan-1-ide ((I-6)-K) in DMSO

Table 20: Rate constants for the reactions of (I-6)-K with different electrophiles (20 °C, in presence of
18-crown-6).

Electrophile E ky/Lmol!s! log k, 4L y=0837x + 15335
2b -13.39  1.33x10* 4.12 RP = 0.9969
2¢ -1436 234x10° 3.37 3t
2d -1503 467x10° 267 3
2e ~15.83  124x10° 2.09 2r
2f -16.11 747x10'  1.87 1 , ,
N=18.32, sy =0.84 -16.5 -15.5 E_P;::eter -13.5

159



Chapter 4: Quantification of the Nucleophilic Reactivities of Cyclic f-Ketoesters

4.4.1.3. Reactions of Potassium 1-(Ethoxycarbonyl)-2-oxocycloheptan-1-ide ((I-7)-K)

Table 21: Kinetics of the reaction of (I-7)-K with 2b (20 °C, stopped-flow, at 533 nm).

[2b]/ [I-7]/ [18-crown-6]/ [I-7]  kups/
mol I;1 mol L-1 mol I;1 /[Zb] S_1 60 | y=108891x - 6.84
127%x10°  220x10* 2.82x10% 173 16.9 RP = 0.9993
127x10°  331x10* 7.05%x10* 260 299 » a0 L
127x10°  4.41x10* 5.64x10% 347 405 2
1.27%10° 551 x10™* 141x10° 433 533 20 |
1.27x10°  6.61 x 10™ 846 x 10* 520 652
0
k2 — 1 09 % 105 L mol'l S-l 0.0000 0.0002 0.0004 0.0006

[1-7] / molL*

Table 22: Kinetics of the reaction of (I-7)-K with 2b (20 °C, stopped-flow, at 533 nm).
[2b]/ (1717  [I-71  kops/
mol L™ mol L™ /[2¢] s 60 |y _oB46ix-17
127%x10° 220%x10* 173  19.0 R? = 0.9981
127%x10° 331x10* 260 309
127%x10° 441x10* 347 398
127%x10° 551x10* 433 503 20 |
127x10° 6.61x10* 520 619

40

Kops 187

0 1 1 1
0.0000 0.0002 0.0004 0.0006

[-7]/ molL*

k=9.55% 10* L mols™

Table 23: Kinetics of the reaction of (I-7)-K with 2¢ (20 °C, stopped-flow, at 374 nm).
[2¢]/ [1-71/ [18-crown-6] [I-7] kops /
mol L' mol L' /mol L /[2¢] 5! 60 ¥ =24638¢- 128
= v ) R? = 0.9966

173 x 10° 898 x 10 9.53 x 10 51.8 20.0
1.73%x10° 135x10° 1.43x10° 77.7 31.9
1.73%x10° 1.80%x10° 191x10? 104 44.4
173%x10° 224x10° 238x10° 130 54.5 20
1.73%x10° 2.69%x10° 2.86x10° 156 64.0

40

Kops 187

0

_ 4 -1 -1 0.0000 0.0010 0.0020
k=246 x 10" L mol ' s 7]/ molL

Table 24: Kinetics of the reaction of (I-7)-K with 2d (20 °C, stopped-flow, at 354 nm).

[2d]/ [1-7]/ [18-crown-6] [I-7]  kgpe/ 16 -

mol L™ mol L™ /mol L /[2d] g y =5110.7x + 1.135
R = 0.9998

2.15%x10°  1.05%x10° 1.17x10° 490  6.51 12}
2.15%x10°  1.58%x10° 204%x10° 735 922 -
2.15%x10°  2.10x 107 233x10° 980 11.8 K &1
2.15x 107  263x10°  321x10° 123 146 ol
3 11 0 : :
ky=5.11x 10" L mol " s 0.0000 0.0010 0.0020

[1-7]/ molL*
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Table 25: Kinetics of the reaction of (I-7)-K with 2e (20 °C, stopped-flow, at 371 nm).

[2e]/ [I-7]/ [18-crown-6] [I-7] Kobs 4 -
mol L’ mol L™ /mol L™ /[2€] /st Y e
1.72x10° 898 x10* 953 x10™ 52.3 1.72 3t
1.72x10° 135x10° 1.43x10° 78.4 2.24 %
1.72x10°  224x10°  238x10° 131 325 &7
1.72%x10°  2.69x10° 2.86x10° 157 3.68 1|
kr =1.10 x 10° L mol's™! (?.oooo o.o.o1o o.o.ozo

[1-7]/ molL"

Table 26: Kinetics of the reaction of (I-7)-K with 2f (20 °C, stopped-flow, at 393 nm).

[2f]/ [I-7]/ [18-crown-6] [I-7]  kobs
mol L™ mol L™ /molL" /2] /s 40 r
143x10° 1.05x10° 1.17x10% 735 183

y =689.04x +1.14
R? = 0.9962

143%x10° 1.58x10° 204x10° 110 224  _ >
143x10° 2.10x10°  233x10° 147 262 20
143%x10° 263x10° 321x10° 184 298 <
143%x10° 3.15x10° 350x10° 220 3.27 T
0.0 L L
kz — 689 % 102 L mol—l S-l 0.0000 0.00“1-(;]/m(l)|_.3020 0.0030

Determination of Reactivity Parameters N and sy for Potassium 1-(Ethoxycarbonyl)-2-

oxocycloheptan-1-ide ((I-7)-K) in DMSO

Table 27: Rate constants for the reactions of (I-7)-K with different electrophiles (20 °C, in presence of
18-crown-6).

Electrophile E ky /L mol's! log k, 5 f y = 0.8292x + 16.195
2b 1339 1.09x10° 5.04 R=09955 o
2¢ ~1436 246x10° 439 T
2d -15.03 s5.11x10° 371 %
2e -15.83 1.10x10° 3.04 T
2f -16.11  6.89x10* 284 , , ,
-16.5 -15.5 -14.5 -13.5
N= 19.53, SN = 0.83 E-Parameter
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4.4.1.4. Reactions of Potassium 1-(Ethoxycarbonyl)-2-oxocyclooctan-1-ide ((I-8)-K)

Table 28: Kinetics of the reaction of (I-8)-K with 2b (20 °C, stopped-flow, at 533 nm).

[2b]/

(I-8]/

[18-crown-6]

(1-8]

kobs

60
mol L' : mol L' i / mol L"4 n2d] /s’ J = 93603x - 1.06
127x10° 2.17x10%  282x10*  17.1 187 R = 0.9986
127x10° 326x10*  7.05x10* 256 303 o °F
127x10° 434x10*  564x10% 341 394 ;
127x10° 543x10*  1.13x10° 427 503 2r
127%x10° 651x10* 846x10* 512 596
0 1 1 1
_ 4 -1 -1 0.0000 0.0002 0.0004 0.0006
kr=9.38x 10" L mol™ s 8]/ molL

Table 29: Kinetics of the reaction of (I-8)-K with 2b (20 °C, stopped-flow, at 533 nm).

[2b]/ (1-8]/  [I-8]  kops/
mol L! mol L /[2d] s y = 80903 - 0.82
127%x10° 217x10* 17.1  16.8 40 Re = 0.9989
127x10° 326x10* 256 252 .
127x 107 434x10* 341 343 7
127x10° 543x10* 427 438 27
127x10° 651x10% 512 514
k2 - 809 % 104 L mol'l S_l (;).OOOO O.OO()[iS]/&?ﬁ?4 0.0006

Table 30: Kinetics of the reaction of (I-8)-K with 2¢ (20 °C, stopped-flow, at 374 nm).

[2¢]/ [I-8]/ [18-crown-6] [I-8]  kobs

mol L' mol L' /molL"  /[2¢] /s’
141x10° 217x10° 258x 10" 153 6.16 0 a2
141x10° 433x10*  645x10* 306 133
141x10° 650x10*  774x10% 460 196 =7
141x10° 867x10* 129x10° 613 267 < |
141 x10° 1.08x10° 129x10° 766 332

o . .
kz — 312 x 104 L mol-l s—l 0.0000 [I-(s).](J/Or(TJ‘S”;1 0.0010

Table 31: Kinetics of the reaction of (I-8)-K with 2d (20 °C, stopped-flow, at 354 nm).

[2d]/ (1-8]/  [18-crown-6] [I-8]  kops
mol L' mol L' /molL"  /[2d] /s
147x10° 2.17x10* 258x10* 147 217
147x10° 433x10* 645x10* 294 3.79
147x10° 650x10*  7.74x10* 441 522
147x10° 8.67x10% 129x10° 589 6.66
147%x10° 1.08x10° 129x10° 736 8.05

ky=6.75% 10’ L mol's™!

162

y =6753.5x + 0.789
R? = 0.9992

"
\g .
x
2}
0
0.0000 0.0005 0.0010
[1-8] / molL!
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Table 32: Kinetics of the reaction of (I-8)-K with 2e (20 °C, stopped-flow, at 371 nm).

[2e]/ [1-8]/ [18-crown-6] [I-8] kg

mol L! mol L™ /mol L' /[2¢e] /st
1.38%10° 6.50x 10*  7.74x10% 471 2.69 3t
138x10° 7.58x10* 116x10° 549 284
138x10° 867x10* 1.03x10° 627 3.02 2°

5 " 3 & y = 1366.4x + 1.81
1.38x10° 9.75x% 10 1.42 x 10 70.6 3.14 i R = 0.996
1.38x10° 1.08x10° 129x10° 784 3.28
0 1 1
3 11 0.0000 0.0005 0.0010
k=137 x 10" L mol s [1-8] / molL"

Determination of Reactivity Parameters N and sy for Potassium 1-(Ethoxycarbonyl)-2-

oxocyclooctan-1-ide ((I-8)-K) in DMSO

Table 33: Rate constants for the reactions of (I-8)-K with different electrophiles (20 °C, in presence of 18-

crown-6).

Electrophile  E

ky/Lmol's! log k,

2b -1339  9.38x10*
2¢ -1436 3.12x10*
2d -15.03 6.75x10°
2e -15.83 137x10°

4.97
4.49
3.83
3.14

N=20.02, sy =0.76

50 r [}
y =0.7648x + 15.315
2 _
45 R? =0.9783
~ 4.0
x
ko))
35
30 1 1 1
-16.5 -15.5 -14.5 -13.5
E-Parameter

4.4.1.5. Reactions of Potassium 1-(Ethoxycarbonyl)-2-oxododecan-1-ide ((I-12)-K)

Table 34: Kinetics of the reaction of (I-12)-K with 2b (20 °C, stopped-flow, at 533 nm).

[2b] / [I-12]/  [18-crown-6] [I-12] oy
mol L mol L™ /molL'  /2d] /s’ w0l
127%10° 211x10* 3.07x10* 166 5.05
127 x10° 422x10% 7.68x10* 332 115 w20 |
127%x10° 633x10% 922x10* 498 17.7 ;
127x10° 844 x10* 1.84x10° 664 24.7 10|
127%x10° 1.06x10° 154x10° 83.0 31.0
0

ky=3.09x 10* L mol's™

163

y =30858x - 1.54
R? = 0.9997

0.0005 0.0010
[-12] / molL*
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Table 35: Kinetics of the reaction of (I-12)-K with 2b (20 °C, stopped-flow, at 533 nm).

[2b]/ (1-12]/  [I-12]  hops/
mol L mol L /[2d] 5! S0 pg7asx - 0.694
1.27x10° 2.11x10* 166 577 RP =0.9995
127x10° 422x10* 332 11,6 27
127x10° 633x10* 498 180 %
127x10° 844 x10* 664 247 or
127%x10° 1.06x10° 83.0 306
ks =2.97 x 10° L mol"' 5™ (;).oooo 0.0005 7 0.0010
[1-12] / molL"*

Table 36: Kinetics of the reaction of (I-12)-K with 2¢ (20 °C, stopped-flow, at 374 nm).
[2¢]/ [1-12]/ [18-crown-6] [I-12] oy

mol L! mol L! /mol L /[2c] /st 12 | Y =9387.7x + 1.675
152x10° 228x 107 252x10° 150 3.7 e 0.0081
1.52%x10° 456x10* 840x10* 300 6.05 %
1.52x10° 6.84x 10"  756x10% 450 817 3
1.52x10° 9.12x10* 1.68x10° 60.0 10.0
152x10° 1.14x10° 126x10° 750 125

s 0 0.0000 0.0005 0.0010
k,=9.39 x 10° L mol " s [112]/ molL!

Table 37: Kinetics of the reaction of (I-12)-K with 2d (20 °C, stopped-flow, at 354 nm).
[2d]/ [I-12]/  [18-crown-6] [I-12] oy .
mol L mol L! / mol L n2dy /st y =2950.9x + 1.902
= = = R? = 0.9966

146 x 10° 456 x10*  8.40x 10 313 3.20
146 x 10° 6.84x 10* 1.01x10° 470 3.99
146%10° 9.12x10* 1.68x10° 626 4.60
146x10° 1.14x10° 1.68x10° 783 524

ky=2.95x 10° L mol ' s™! 0.0000 0.0005 0.0010
1-12) / molL*

Table 38: Kinetics of the reaction of (I-12)-K with 2e (20 °C, stopped-flow, at 371 nm).

[2d]/ [I-12]/  [18-crown-6] [I-12]  kops 9.
mol L™ mol L™ /molL"  /2d] /s
139%10° 1.52x10% 1.66x10° 109  6.03 .
139%x10° 227x10° 356x10° 163 676 o
139x10° 3.03x10° 333x10° 217 741 & | y = 1008.3x + 4.466
139x10° 3.79x10° 7.13x10° 272  8.36 R¥=0.9934
0 1 1 1
kr=1.01 x 10° L mol's™ 0.000 0.001 0002 0.003 0.004

[1-12] / molL"
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Table 39: Kinetics of the reaction of (I-12)-K with 2f (20 °C, stopped-flow, at 393 nm, with addition of CH

acid).
[2f] / [I-12]/ [(I-12)-H]/ [(I-12)-H] [18-crown-6] [I-12]  kobs/
mol L! mol L™ mol L /[1-12] /mol L' /[2f] s
1.72x10° 254x 10" 9.84x 10"  3.88 3.14x 10" 148 4.38x10"
1.72x 107 571 x 10* 246x10°  4.31 837x 10" 332 6.39x10"
1.72x10° 1.01x10° 492x10°  4.85 1.67x10°  59.0 9.17x 10"
1.72x10° 127x10° 4.92x10°  3.88 157%x10°  73.8 1.07

k=624 x 10° L mol's™!

09

06

»

-
2
S

x

0.3

y =623.52x + 0.2815
R? = 0.9999

0.0
0.0000

0.0005

[-12]/ molL*

0.0010

Determination of Reactivity Parameters N and sy for Potassium 1-(Ethoxycarbonyl)-2-

oxocyclododecan-1-ide ((I-12)-K) in DMSO

Table 40: Rate constants for the reactions of (I-12)-K with different electrophiles (20 °C, in presence of

18-crown-6).

Electrophile E  k/Lmol's" logk,

2b
2¢
2d
2e
2f

-1339  3.09x10*
1436 9.39x 10°
-15.03 2.95x10°
-15.83 1.01x10°
-16.11 6.24x 10"

4.49
3.97
3.47
3.00
2.79

N =20.60, sy=0.63

165

lg k,

45 ¢

4.0

35

30

25

y =0.6272x + 12.918

R? = 0.9971

-16.5

-15.5 -14.5 -13.5
E-Parameter
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4.4.4.2. Coordination Experiments with KBPhy

Table 41: Pseudo-first-order rate constants for reaction of (I-6)-K'* with 2b with variable concentrations of
KBPh, (20 °C, stopped-flow, at 533 nm).

[2b]/ (1-6] / [KBPh,] (K otat o /)
mol L™! mol L™! /mol ™! /mol L™ obs
3.02x10* 4,02
146 x 10°  3.02x10* 0 3.02x10* 2.79

146 x10° 3.02x 10" 128x 10" 4.30x10* 2.76
146 x10° 3.02x 10" 255%x 10" 5.57x10* 2.59
146 x10° 3.02x 10" 5.10x10* 8.12x10™ 2.30
146 x10° 3.02x10* 123x10° 1.53x10° 1.79
146 x10° 3.02x10* 255%x10° 2.85x10° 1.23
146 x 10° 3.02x 10" 4.92x10° 522x10° 9.83x 10"
146 x10° 3.02x 10" 737x10° 7.68x10° 7.71 x 10"
146 x10° 3.02x10* 1.11x10? 1.14x10% 5.91x10"
146 x10° 3.02x10* 1.70x 102 1.73x10% 4.41x 10"

[a] Calculated from the second-order rate constant of the free anion
(potassium salt in presence of 18-crown-6) given in Table 4.

Table 42: Pseudo-first-order rate constants for reaction of (I-12)-K ! with 2b with variable concentrations of
KBPh, (20 °C, stopped-flow, at 533 nm).

[2b] / [I-12]/ [KBPhy] (K" Tootal ke /!
mol L™ mol L™ /mol L™ /mol L™ obs
2.95x 10" 9.121

1.30x10° 295x10* 1.44x10* 4.39x10* 8.24
1.30x10° 295x10* 2.88x10* 5.83x10* 8.06
130%x10° 295x 10" 5.76x10* 8.71x10* 7.88
1.30x10° 295x10* 145%x10° 1.75x10° 7.74
1.30x10° 2.95x 10" 2.59x10° 2.89x 107 7.63
1.30x 107 2.95x 10" 436x10° 4.65x 107 7.53
1.30x 107 295x10* 1.02x 107 1.05x 107 7.37
1.30x10° 295x10* 131x 107 1.34x 10 7.32

[a] Calculated from the second-order rate constant of the free anion
(potassium salt in presence of 18-crown-6) given in Table 4.
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5. Appendix
- APP
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Figure 6: Reaction rate of the methylation of I-5-12 in methanol (30 °C) vs. the reaction rates of I-5-
12 with the quinone methide 2¢ in DMSO (20 °C)."!
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Figure 7: Reaction rate of the solvolysis of lactones vs. the reaction rates of the cyclic fketoester
anions I with the quinone methide 2¢."”’

-20
°
I-7;n=3
. °
§ 30 F I5n=1
®
o]
Qo
- H
©
T ka2
S B ——
< a0l g HBR, BR,
) n °
- THF, 0 °C n
1-6;n=2
°
-5.0 1 1
3.30 3.80 4.30

Ig k , (2¢) —=

Figure 8: Reaction rate of the hydroboration of cycloalkenes vs. the reaction rates of the cyclic £
ketoester anions I with the quinone methide 2¢.” HBR, = Disiamylborane.
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Figure 9: Reaction rate of the solvolysis of 1-chloro-1-methylcycloakanes vs. the reaction rates of the
cyclic fketoester anions I with the quinone methide 2¢.!"
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Figure 10: Reaction rate of the solvolysis of cycloakyl tosylates vs. the reaction rates of the cyclic £
ketoester anions I with the quinone methide 2¢."!! Filed circles: solvolysis in EtOH/H,O. Empty
circles: solvolysis in TFE.
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Chapter 5

From Carbanions to Organometallic Compounds:

Quantification of Metal-Ion-Effects on Nucleophilic Reactivities
Francisco Corral Bautista, Roland Appel, Lydia Klier, Paul Knochel and Herbert Mayr

1. Introduction

Organometallic compounds belong to the most important reagents in organic synthesis, which
allow chemo- and stereoselective transformations.!'! Depending on the nature of the metal, the
carbon-metal bond is more or less covalent and influences drastically various properties, such
as reactivity, selectivity, and tolerance towards functional groups.!'** Organolithium
compounds, for example, are easily accessible and highly reactive towards a wide range of
functional groups,””) whereas organo-zinc or organo-tin compounds are much less reactive,
but show higher selectivity and tolerance towards functional groups.*** Though these huge
differences in reactivity are well-known to any organic chemist, a quantitative comparison
between the reactivities of free carbanions and different organometallics has to our knowledge

so far not been described.

The linear-free energy relationship (1),! where E is an electrophile-specific parameter, and N
and sy are nucleophile-specific parameters, which are derived from the rates of the reactions
of 7-, n-, and o-nucleophiles with benzhydrylium ions 1, quinone methides 2, and structurally
related Michael acceptors 3-5 (reference electrophiles, Table 1),/ has previously been used

to characterize the nucleophilic reactivities of a variety of organo-silicon(®®"]

(8]

and organo-

tin!®®! compounds, as well as of carbanions.

lgk,(20°C)=s\ (N + E) (1)

In this study, we report about the kinetics of a series of organometallic derivatives (Li, Na, K,
Zn, Sn, Si) of cyclopentadiene, indene and fluorene (Scheme 1) towards reference
electrophiles (Table 1) of widely differing reactivity. In this way it will become possible to
quantify the influence of increasing covalent character of the carbon-metal bond on its

nucleophilic reactivity.
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Table 1: Reference electrophiles applied in this study.

E[a]
R1 " A/nm
la R‘ R*=Me 3.63
1b OPh R*=Me 2.16 475
1c ‘ =OMe R*=Me 1.48 488
1d R'=OMe R*=0OPh 0.6l 517
le R'=OMe R*=OMe  0.00 513
®
1f w 081 520
AT L
1g R'=R’=N(Ph)(CH,CF;) -3.14 601
1h R'=R?=N(Me)(CH,CF;) -3.85 593
1j R'=R?=N(Ph), —4.72 672
1k R'=R?=N-morpholino  —5.53 620
11 R'= R2 = N(Me)(Ph) -5.89 622
1m R'=R?=N(Me), -7.02 613
In R'= R2 N-pyrrolidino —-7.69 620
[©]
Me Me
1o n=2 -8.22 618
1p n=1 -8.76 627
JOCX
nl In
1q n -9.45 635
1r n=1 -10.04 630
PO tBu
R'%
& o
tBu
2a R'=3-F -15.03 354
2b R'=4-Me -15.83 371
2¢ R'=4-OMe ~16.11 393
2d R'=4-N(Me), -17.29 486
N tBu
2e N O ‘ o ~17.90 521
tBu
~ COEt
3a Lo,et -21.11
CO,Et
3b O/\( 2310 400
Me,N CO,Et
~CO2Et
3c cozEt -23.80 407
4 -13.84 520
(0]
Me
A
1468 520

a] From ref. [6a-c.e.9]
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Met

=

Met = K, Na, Li, ZnCl, ZnBr, Znl, SnMe;, SiMe;

6

Scheme 1: Nucleophiles studied in this work.

2. Results and Discussion

2.1. Alkali Metals

All investigations of the alkali derivatives of the nucleophiles 6-8 were performed in DMSO
solution. The alkali salts of 6 were synthesized by deprotonation of freshly distilled
cyclopentadiene with butyl lithium at —35 °C or by direct heating of sodium or potassium in
dicyclopentadiene and washing the precipitated alkali salts with dry pentane (Scheme 2).!'"!
As the alkali salts of 7 and 8 are highly reactive and have a low stability, they were not
isolated in substance, but generated in solution by treating the corresponding hydrocarbons

with ~1.05 equivalents of alkali zert-butoxide (KO7Bu, NaOsBu, LiO7Bu).

BuLi

ﬁ'@m

Met Yield

Li* 74%

7 Na* 77%
Met K* 82%

6
‘ Na or K +
A4

Scheme 2: Synthesis of the alkali derivatives of 6.

To elucidate the course of the reactions, which have been studied kinetically, representative
product analyses for the reactions of the potassium salts (6-8)-K with quinone methides (2)
and diethyl benzylidenemalonates (3) were performed. For that purpose, potassium
cyclopentadienide (6-K) was combined with a solution of the quinone methide 2b in DMSO;
after aqueous acidic work up, 70% of the addition products 9a and 9b were isolated as a
mixture of two regioisomers. The initially formed cyclopentadiene derivative with the
substituent at the sp>-carbon of the cyclopentadiene ring was not detected but underwent rapid
1,5-sigmatropic hydrogen shifts to give 9a and 9b. In order to facilitate the product analysis,
the addition product from 6-K and 2d was hydrogenated to yield 72% of 10 (Scheme 3). The
alkali salts 7-K and 8-K were generated by adding KO/Bu to the corresponding CH acids in

DMSO and a solution of the quinone methide 2¢ or the diethyl benzylidene malonate 3a was
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added subsequently. After aqueous acidic work up, the products 11, 12 and 13 were obtained
(Scheme 4).

1) 2b, DMSO C O

2)HCL H,0 Bu tBu
‘ Me ‘ ‘ OH  Me ‘ ‘ OH
tBu tBu
) .
5@ 9 (70%): 9a:9b = 1:1.5
6-K
1) 2d, DMSO
2) HCI, H,0 tBu
3) Pd/C, H,, EtOH O O
MezN
10 (72%)

Scheme 3: Reaction of 6-K with the quinone methides 2b and 2d in DMSO at ambient temperature.
[a] Determined by 'H NMR-spectroscopy after purification by chromatography.

) 2¢, DMSO
HOAC HQO
®
© K MeO OH
7K © N

11 (65%) dr~1 1.3

1) 2¢, DMSO ii
2) HOAc, H,O
| B ORGH
O O MeO OH
1

8-K
‘ 1) 3a, DMSO .

2) HOAc, Hy0
O CO,Et
Ve CO,Et

13 (77%)

Scheme 4: Reaction of 7-K and 8-K with the reference electrophiles 2¢ and 3a in DMSO at ambient
temperature. [a] Determined by 'H NMR-spectroscopy after purification by chromatography.

The kinetic studies of the reactions of the alkali derivatives 6-8 with the reference
electrophiles 2-5 were performed in DMSO solution at 20 °C and monitored by UV-Vis

spectroscopy at or close to the absorption maxima of the electrophiles. To simplify the

173



Chapter 5: From Carbanions to Organometallic Compounds

evaluation of the kinetic experiments, the nucleophiles were used in large excess (> 10
equiv.). Thus, the concentrations of the nucleophiles remained almost constant throughout the
reactions, and pseudo-first-order kinetics were observed in all runs. The first-order rate
constants ko»s were obtained by least-squares fitting of the exponential function 4, = Aoexp(-

kobst) + C to the time-dependent absorbances A; of the electrophile.

0.8

Absorbance at 486 nm

0 0.02 0.04 0.06 0.08 0.1
time /s —

Figure 1: Plot of the absorbance (at 486 nm) vs. time for the reaction of 7-K (9.78 x 10* mol L") with
2d (2.03 x 10”° mol L") in DMSO at 20 °C.

To investigate the influence of cation concentrations on the rates of the reactions, the pseudo-
first-order rate constants for the reactions of 7-Li with the quinone methide 2d were
determined while the Li"-concentration in solution was subsequently increased by addition of
LiCl or LiBF4 (Table 2, Figure 2). The ko5 values are also given as relative rate constants (ke
= 1) with respect to the rate constant of the free carbanion, which corresponds to the reactivity

of 7-K in the presence of 18-crown-6.

Figure 2 illustrates that in a 10° mol L™ solution indenyl lithium (7-Li), obtained by
treatment of 7-H with LiO7Bu, shows around 60% of the reactivity of the free carbanion.
Addition of LiBF, causes a moderate increase of reactivity from 65 to 69 % at [Li'] = 6 x 10~
mol Lfl; further addition of LiBF, reduces the first-order rate constant to 62% of the reactivity
of the free carbanion, which remains almost constant at LiBF4; concentrations between
2x10%and 5 x 102 mol L™". The addition of LiCl to 7-Li (10 mol L") causes a decrease of
reactivity to 30% of the reactivity of the free carbanion at [Li"] = 2 x 10~ mol L™'; at higher
concentrations of LiCl, the reactivity increases again, and at [Li’] between 5 x 107 and
7 x 102 mol L™, the rate constants in both series approach each other at around 50-60% of
the reactivity of the free carbanion. This behavior indicates the formation of different
aggregates at different concentrations, which have not been investigated in detail. As the first-

order rate constants ks of the reactions of 7-Li with quinone methides correlate linearly with
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[7-Li] at concentrations < 3 x 10~ mol L', as shown in the left part of Figure 3, one can

assume that indenyl lithium (7-Li) does not form aggregates in this concentration range when

the stoichiometric ratio carbanion/lithium is one.

Table 2: k,ps values for the reactions of 7-Li with the quinone methide 2d with variable concentrations
of LiCl or LiBF4 in DMSO at 20 °C. k. = 1 was derived from kinetics of 7-K in presence of 18-

crown-6.
M Additive [Li'lm/mol L kg /st 100k,
K 18-crown-6 0 44.6 100
‘ ® Li none 1.00 x 103! 25.8 58
SRV Li LiCl 1.62x10°° 14.0 31
7 Li LiCl 1.99 x 107 17.6 39
9.52x 10*molL" Li LiCl 3.17x 107 19.4 43
Li LiCl 597 x 107 20.7 46
Li LiCl 1.09 x 1072 233 52
Li LiCl 2.00 x 1072 23.4 52
Li LiCl 3.28 x 1072 233 52
Li LiCl 6.92 x 1072 26.0 58
K 18-crown-6 0 4421 100
‘ o Li none 9.89 x 1074 28.6 65
oM Li LiBF, 1.53x10°° 29.0 66
7 Li LiBF, 2.08x107 30.0 68
942 x 10" molL™" Li LiBF, 3.60 x 107 30.6 69
Li LiBF, 6.43 x 107 30.3 69
Li LiBF, 1.12x 107 27.6 62
Li LiBF, 2.14% 107 27.3 62
Li LiBF, 3.51x1072 26.9 61
Li LiBF, 5.55x 1072 27.6 62
[a] Calculated from the second-order rate constant of the free carbanions
(potassium salts + 18-crown-6) in Table 3. [b] Corresponds to the concentration
of LiOrBu which was used for the deprotonation of 7-H.
100 m 80 )
| +2
! © | o ® e LiBF
80 1‘: 7 \‘../. ~ 2 N 4
”° LiBF 60 |, e
< |
60 by ¢--—-0 ¢ —---*- R o
100k , \ e -o-----o Lo 100k , | B
- \ _gLic
40 -l;:l | /B -
K 40 F ‘o
20 | o
0 : : : 20 : :
0.00 0.02 0.04 0.06 0.000 0.005 0.010

[Li] / mol L~ ———e

[Li*] / mol L~

Figure 2: Left: Plot of the relative first-order rate constants (1004.) of 7-Li (10’3 mol L 'versus the
total concentration of lithium in the solution (DMSO, 20 °C). Right: Amplification of the diluted
region (dashed square).
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- . K o = 1.44x10*1[7-Na] + 0.07 _ - 8
200 _3.47x10%7-Li]- 3.9 obs x1041[7-Na] + 120 [k, =4.69x1047-K] + 5.99
‘ 30
150 80
™ 20 | © 7-K+2d
=, 100 ¢ . ]
Q Q _ o
{Q 7-Li+2b & 7-Na + 2e x 40 L . .
50 10 ¢ filed @ : without crown
openO : 1.2 eq. crown
0 ) L 0 L I 0 I I
0.0000 0.0002 0.0004 0.000 0.001 0.002 0.0000 0.0010 0.0020

[7-Li] / mol L' ——= [7-Na] / mol L ——= [7-K] / mol L' ——

Figure 3: Plots of the first-order rate constants ks vs. the concentration of 7-Met.

Linear correlations of ks with the concentrations of the organoalkali compounds are obtained
for all alkali derivatives of cyclopentadiene, indene and fluorene, as shown for representative
examples in Figure 3 and for all studied systems in the Experimental Section. As the kqps
values for the reactions of 6-K, 7-K and 8-K with reference electrophiles, which are measured
in the presence and in the absence of 18-crown-6, are on the same ko5 versus carbanion-
concentration plots (compare right part of Figure 3 and Experimental Section), we conclude
that the kinetics of the reactions of these potassium salts reflect the reactivities of the free

carbanions.

Table 3: Second-order rate constants k, of the reaction of the alkali metal derivatives 6-8 with

reference electrophiles in DMSO at 20 °C.

Lit Na* K+
. Electro- ky/ k,/ ky/
Nucleophile phile L mol s’ L mol’ s L mol’ s

@ 4 4.86 x 10° 474 x 10° 5.07 x 10°

5 1.64 x 10° 1.60 x 10° 1.69 x 10°

© 2b 1.28 x 10* 1.32 x 10* 1.21 x 10*

6 2¢ 6.23 x 10° 6.85 x 10° 6.39 x 10°

2d 6.49 x 10° 6.52 x 10° 6.74 x 10°
N (sn) 20.59 (0.86) 20.64 (0.85) 20.58 (0.86)

2a 1.41 x 10° 1.90 x 10° 2.16 x 10°

2b 3.47 x10° 336 x 107 5.70 x 10°
© 2¢ 1.77 x 10° 237 x 10° 2.82 x 10°

7 2d 2.85 x 10* 3.35x10* 4.69 x 10*

2e 1.14 x 10* 1.44 x 10* 2.04 x 10*
N (sn) 23.44 (0.73) 23.54(0.73) 23.93 (0.71)

2d 4.03 % 10° 7.00 x 10° 7.86 x 10°

0.0 2e 2.67 % 10° 2.02 % 10° 5.83 % 10°
S 3b 4.90 x 10! 7.44 x 10 8.89 x 10!

8 3c 4.11 % 10' 4.63 % 10' 7.34 % 10
N (sn) 26.00 (0.65) 26.18 (0.65) 26.35 (0.66)

[a] Rate constants, N and sy parameters correspond to the free anions.

Table 3 shows that the alkali counter ions influence the reactivities of the carbanions in

different ways. While the second-order rate constants (k2) for 6-Na and 6-Li are almost
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identical to those the free anion 6-K, the rate constants for 7-Na are about 0.7—-0.8 times and
those for 7-Li about 0.6 times of the rate constants of 7-K. In the fluorenyl-series 8, the
sodium salt 8-Na reacts about 0.6-0.8 and the lithium-salt 8-Li around 0.5 times as fast as the
free anion (8-K). The increase of the counter ion effect from the cyclopentadienyl- (6) to the
indenyl- (7) and the fluorenyl-derived alkali salts (8) can be explained by increasing

concentration of the negative charge on the nucleophilic center along this series.

Plots of 1g k, for the reactions of the alkali derivatives 6-8 with the reference electrophiles
against their electrophilicity parameters £ are linear, as shown for the potassium-derivatives
(6-8)-K in Figure 4. As depicted in the Experimental Section, all reactions of this type
followed analogous linear correlations, indicating that equation (1) is applicable. From the
slopes of these correlations, the nucleophile-specific parameters sy were derived, and the
negative intercepts on the abscissa (Ig k» = 0) correspond to the nucleophilicity parameters N

(Table 3).

0.5

-24 -23 -22 -21 -20 -19 -18 -17 -16 -15 -14
Electrophilicity E ——

Figure 4: Correlation of the Ig &, values for the reactions of the potassium salts (6—8)-K with reference
electrophiles vs. their electrophilicity parameters E.

2.2. Organozinc Compounds

As described in detail in the Appendix, attempts to study the kinetics of LiX-free solutions of
(6-8)-ZnX (X = Cl, Br) failed. For that reason, also the product studies were performed with
(6-8)-ZnCI-LiCl. Treatment of solutions of the CH acids (6—8)-H in DMSO with a solution of
TMP-ZnCI'LiCl (~1.1 equiv.) and subsequent combination with the benzhydrylium
tetrafluoroborate 1m-BF,4 gave the crude products 15 and 16 after aqueous work-up, which
were recrystallized from dichloromethane/ethanol (Scheme 5). As the combination of 6-Zn

with 1m-BF, led to a mixture of two isomers (compare reaction of the potassium salt 6-K
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with quinone methides, Scheme 3), the addition product was hydrogenated to give 14 in 60%
yield (Scheme 5).

Me>(j<Me M’ MGQMe ﬂ» Me>(j<Me
Me N Me
H

Me” "N “Me  THF Me” "N~ “Me THF .
@L_@ ZnX-LiX X=Cl,Br, |
TMPH ' TMP-ZnX LiX
1) 1m-BF, .
@ TMP-ZnCI-LiC| _ DMsO
DMSO 2) H,, Pd/C
6-H ZnCILiCl MeOH O O
6-Zn MegN NM62

14 (60%)

C TMP-ZnCI-LiCl O 1m-BF,
O DMSO DMSO

7-H ZnCI-LiCl MeoN
7-Zn 15 (68%)

1 1m-
TMP-ZnCI-LiC| O O m-BF,
O DMSO O DMSO O O
8-H Me,N NMe,

ZnCI'LiCl

8-Zn 16 (60%)

Scheme 5: Reactions of the organozinc-compounds (6-8)-ZnCl with the benzhydrylium
tetrafluoroborate 1m-BF, in DMSO at ambient temperature.

For the kinetic studies, the organozinc compounds were not isolated in substance, but
generated by treating the CH acids with 1.05-1.10 equiv. of TMP-ZnX-LiX (X = Cl, Br, I) in
DMSO prior to the kinetic measurements. The generation of the zinc species can be followed
by UV-Vis-spectroscopy as the absorptions of (6-8)-ZnCl differ from those of their
hydrocarbon precursors. As the absorbances of (6—8)-ZnCl generated from (6—8)-H and 1.05—
1.10 equiv. of TMP-ZnCl-LiCl remain constant when additional 2—4 equiv. of TMP-base were
added, one can conclude that 1.05-1.10 equiv. of TMP-base are sufficient for the complete
deprotonation of the CH acids (plots depicted in the Experimental Section). The kinetic
studies were performed as described above for the alkali salts, using pseudo-first-order
conditions with an excess of the organozinc compounds and monitoring the UV-Vis
absorbances of the electrophiles. The second-order rate constants were derived from linear

plots of the pseudo-first-order rate constants versus the nucleophile concentrations (Table 4).
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Table 4: Second-order rate constants k, for the reactions of the zinc derivatives (6-—8)-ZnX with
reference electrophiles in DMSO at 20 °C.

. N Electro- ky/
Nucleophile ) phile L mol's"
16.46 1m 2.89 x 10
(0.48) 1n 1.50 x 10*
ZnCILiCl 1p 5.26 x 10°
6-ZnCl 1q 1.92 x 10°
18.09 1m 1.38 x 10°
(0.46) In 6.85 x 10°
1p 1.90 x 10*
ZnCI'LiCl 1q 1.08 x 10*
7-ZnCl 1r 5.46 x 10°

1o 5.24 x 10°

15.52 1m 2.03 x 10
‘ (0.51) In 1.19 x 10*

ZnBrLiBr 1p 275 % 10°
7-ZnBr
14.36 1m 3.69 x 10°
(0.49) In 239 x 10°
1o 1.20 x 10°
ZniLil 1p 5.12 % 10°
7-Znl
14.05 1m 338 x 10*
(0.66)  1n 1.78 x 10*
1p 3.26 x 10°
ZnCI'LiCl 1q 9.00 x 10°
8-ZnCl

To exclude that reactions of the chloride anions with the benzhydrylium ions affect the kinetic
measurements, the benzhydrylium salt 1n-BF, (1.3-1.4 x 10~ mol L") was combined with
excess LiCl (3.8 x 10~ molL™") or BuNCI (2.1 x 10° molL™) in DMSO while the
absorbance of the electrophile was followed. The absorbance of the benzhydrylium ion
decreased to 40—50% within 30 min, probably because of a slow reaction of 1n-BF, with
DMSO. As the reactions of 1n-BF4 with the organozinc reagents (6-8)-ZnX proceed within
less than 1-5 s under the conditions of the kinetic experiments, one can exclude that parallel
reactions of 1n with either DMSO or CI™ affect the rate constants listed in Table 4.

As secondary amines such as piperidine (N = 17.19) and morpholine (N = 16.96) have similar

(M e have also examined whether

nucleophilicity parameters as the zinc-nucleophiles,
tetramethylpiperidine (TMPH) which is formed during deprotonation of the hydrocarbons
affects the kinetic experiments. Therefore the benzhydrylium salt 1n-BF, (1.43 x 107
mol L") was combined with TMPH (0.9-3.8 x 10> mol L") in DMSO and the kinetics of the
reactions were followed by monitoring the absorbance of In by UV-Vis spectroscopy. Since

only slow decreases, which remain in a plateau at around 60—70% of the initial absorbance of
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the benzhydrylium ion are observable, a quantitative reaction of TMPH and 1n could be
excluded. Though the reason of the decrease of the absorbance is not clear yet, the
consumption of the electrophile in this reaction is that small and slow compared to the
reactions in Table 4, that a participation of TMPH in the kinetic experiments of Table 4 can
be excluded. In order to examine whether TMPH interacts with the organozinc compounds,
kinetic experiments were performed in which the TMPH-concentration was varied while
keeping the concentration of the electrophile (In) and the nucleophile (7-Zn) constant. As
shown in Figure 5, the influence of TMPH on the reaction rates is marginal; in view of the
fact that the TMPH concentrations in these control experiments were 10—-100 times higher
than in the experiments described in Table 4, one can conclude that the presence of TMPH in

our kinetic experiments can be neglected.

40
°
@& @ g PY
30
K oo =-177[TMPH] + 34.7
Kops /8120
[1n] =1.95x 10 molL"!
10
[7-ZnCl] = 5.97 x 10* molL"
0
0.000 0.005 0.010

[TMPH] / mol L' ——=

Figure 5: kops values for the reaction of 7-ZnCl with In in DMSO in the presence of variable
concentrations of TMPH.

The nucleophilicity parameters N and sy were derived from linear plots of Ig &, versus the E-
parameters of the corresponding electrophiles as shown for 7-Zn and 8-Zn in Figure 6.
Analogous correlations for the other systems listed in Table 4 are shown in the Experimental

Section (Tables 66, 72, 82, 87).

The nucleophilic reactivities of the organozinc reagents (6—8)-ZnX in Table 4 show that the
indenyl derivative 7-ZnCl is about one order of magnitude more reactive than the
cyclopentadienyl 6-ZnCl and the fluorenyl analogue 8-ZnCl. Because of the significantly
different values of the sensitivity s, the relative reactivities will change when looking at
reactions with weaker or stronger electrophiles. Table 4 also shows the influence of the halide
on the reactivity of the different zinc-derivatives. Thus 7-ZnCl is 6 to 7 times more reactive
than 7-ZnBr and 20—40 times more reactive than 7-Znl. The different sx parameters again

indicate that these reactivity ratios depend on the electrophile.
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Figure 6: Correlation of Ig k, for the reactions of 7-Zn and 8-Zn with reference electrophiles vs. their
electrophilicity parameters E.

As lithium or magnesium salts are known to improve the yields of palladium- and nickel-
catalyzed cross-couplings of organozinc reagents, and generally enhance the reactivity of
organometallic reagents,[lz] we also studied the influence of different additives (LiCl, LiBr,
BusNCI, MgCl,) on the reactivity of the zinc-nucleophiles 7-ZnX-LiX (X = Cl, Br, I). For that
purpose, rate constants for the reactions of the nucleophiles 7-ZnX with the benzhydrylium
ion 1n were determined at variable concentrations of additives while the concentration of the

organozinc compound and of the electrophile remained constant (Table 5).

Table 5 shows that all additives increase the reactivities of the investigated organozinc
reagents, however to different extent. While 7 equiv. of LiCl increase the reactivity of 7-ZnCl
by a factor of 4 (entries 7 versus 1), the reactivity of 7-ZnBr is increased by a factor of 16 by
7 equiv. of LiCl (entries 14 versus 9) and the reactivity of 7-Znl-Lil increases even 82 times
when 8 equiv. of LiCl are added (entries 24 versus 17). As 7-Znl is approximately 30 times
less reactive than 7-ZnCl, the larger effect of LiCl additives on the reactivity of 7-Znl can be
explained by halide exchange.
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Table 5: kqs values and k. for the reactions of 7-ZnCl-LiCl, 7-ZnBr-LiBr and 7-Znl-Lil with the
benzhydrylium ion 1n with successive addition of additives in DMSO at 20 °C.

Entry Additive [Additive]/ mol L kg, /s’  kp

1 none 0 62.9 1
2 LiCl 1.66 x 10°* 721 115
3 LiCl 332x 10" 793  1.26
ZnCILiCl 4 LiCl 6.64 x 107 872  1.39
7-ZnCl 5 LiCl 1.66 x 10°° 117  1.86
c=863x10*"molL" 6 LiCl 332x10° 156 248
7 LiCl 6.64 x 107 243 3.86
8 LiCl 1.66 x 1072 415  6.60

9 none 0 5.53 1
10 LiCl 1.66 x 107 6.62  1.20
11 LiCl 3.32x 10" 873 1.8
ZnBrLiBr 12 LiCl 6.64 x 107" 143  2.59
7-ZnBr 13 LiCl 1.66 x 107 354  6.40
c=473x10"mol L' 14 LiCl 332x10° 87.1 158
15 LiCl 498 <107 135 244
16 LiCl 6.64 x 10°° 196 354

17 none 0 2.13 1
18 LiCl 332% 107 238 112
19 LiCl 6.64 x 107 3.14 147
ZnlLil 20 LiCl 1.66 x 107 165 775
7-Znl 21 LiCl 249 %107 50.5 237
c=833x10"molL" 22 LiCl 332x10° 78.1 366
23 LiCl 498 x10° 110 516
24 LiCl 6.64 x 107 176  82.6

25 none 0 30.8 1
26 LiBr 177 x 10°* 203 095
27 LiBr 3.55x 107 284  0.92
ZnCILiCl 28 LiBr 7.09 x 107 30.7  1.00
7-ZnCl 29 LiBr 1.77 x 107 364  1.18
c=452x10"molL" 30 LiBr 426x 107 548 178
31 LiBr 8.87 x 107 718 233
32 LiBr 1.77 x 1072 823  2.67

33 none 0 26.5 1
34 BwNCl 1.80 x 107 313 1.18
35 Bu,NClI 3.60 x 107 353 133
ZnCILiCl 36 Bu,NClI 7.20 x 107 428 1.62
7-ZnCl 37  BwNCl 126 x 10°° 514 1.94
c=389x10*molL" 38  BuNCl 2.16 107 589 222
39  BuNCl 432x10° 779 294
40 Bu,NCl 9.00 x 107 948  3.58
41 Bu,NCl 1.44 x 1072 115 434

42 none 0 23.8 1
43 MgCl, 2.00x 107 341 143
44 MgCl, 3.99x 10 437  1.84
ZnCILiCl 45 MgCl, 7.98 x 107 60.0 2.52
7-ZnCl 46 MgCl, 1.40x 107 78.8  3.31
c=353x10"molL" 47  MgCl 239x%107 90.6  3.81
48 MgCl, 479 %107 100  4.20
49 MgCl, 9.98 x 10°° 104 437
50 MgCl, 1.60 x 1072 114 479

According to the literature, alkylzinc halides form ate-complexes of the type [RZnX;,] when
lithium-salts are added.!'**'*! Fleckenstein and Koszinowski reported that BuZnl does not
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undergo significant ionic disproportionation with formation of zincates in pure THF, but
zincates [RZnX;] are observed when LiCl is added and their concentration increase with the
concentration of the added LiCl. Furthermore, the ESI mass spectrometry experiments of
Fleckenstein and Koszinowski show for the system BuZnl/(LiCl), signals of the zincates
BuZnl, : BuZnlICI" : BuZnCl, with a intensity ratio of 50 : 5 : 1, indicating that at low

(31 I line with this observation,

excess of Cl” over I, iodide rich complexes still predominate.
comparison of entries 20 and 5 (Table 5) show that the 7-ZnCl-(LiCl); system is
approximately 7 times more reactive that the 7-Znl-(Lil)(LiCl), system. However, further

addition of LiCl results in an approximation of the reactivities of both systems (Figure 7).

30 [LiCI] = 6.64 mmol L~

25 L
6-ZnCl + LiCl

2.0

lgk,. 15 F

6-Znl + LiCl

obs

ZnX'LiX

0 1 2 3 4 5 6 7 8 9

equiv. LiCl ————

Figure 7: Plots of 1g kus of the reactions of different zinc-derivatives of 7 with the electrophile 1n
versus the concentration of added lithium chloride (DMSO, 20 °C).

Figure 8 shows how the reactivity of 7-ZnCl is affected by addition of LiCl, LiBr, BusNCI or
MgCl,. One can see, that 20 equiv. of LiBr accelerate by a factor of 2, the same amount of
BusNCl by a factor of 3, MgCl, by factor of 4 and LiCl by factor of 7. The relative
accelerations by these additives vary when other concentrations are considered, and it is most
remarkable that MgCl, is the best activator when less than 5 equiv. are employed. Small
quantities of LiBr even reduce the reactivity due to the replacement of the chlorozincate [7-

ZnCl;] by the less reactive complexes [7-ZnCIBr] or [7-ZnBr;] .

In summary, the present experiments show that additives enhance the nucleophilic reactivity
of organozinc reagents. However, the magnitude of the acceleration of the reaction rates was

different depending on the organozinc reagent and on the nature of the additive.
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[LiCI] = 16.6 mmol L™

6L ZnX-LiX

[MgCl,] = 16.0 mmol L
7-ZnCl + LiCl

7-ZnCl + MgCl,

7-ZnCl + BuyNCl

7-ZnCl + LiBr '
[LiBr] = 17.7 mmol L™

0 5 10 15 20 25 30 35 40 45
equiv. Additve ———

Figure 8: Plots of k. of the reactions of 7-Zn with the electrophile 1n versus the concentration
different additives (DMSO, 20 °C).

2.3. Organotin and Organosilicon Compounds

(1H-Inden-1-yl)trimethylstannane (7-Sn) was synthesized in analogy to the reported
procedure for the corresponding tributylstannyl compound!**! by deprotonation of indene with
butyl lithium and subsequent addition of trimethyltin chloride. After distillation, 7-Sn was
isolated in 52% yield. (1H-Inden-1-yl)trimethylsilane (7-Si) was synthesized analogously by
adding trimethylsilyl chloride to a solution of lithium indenide (7-Li) in THF. The crude
product was distilled to yield 79% of 7-Si.t'*!

Combination of indenyl-tin (7-Sn) with 1e-BF, in dichloromethane at ambient temperature

yielded 97% of 17 after filtration over Al,O3; and chromatographic purification (Scheme 6).

OO 1e—BF4
s —
CH,Cl,
OA®
MeO OMe

7-Sn 17 (97%)

Scheme 6: Reaction of 7-Sn with the benzhydrylium salt 1e-BF, in dichloromethane at ambient
temperature.

As the reaction of 7-Si with the pregenerated benzhydrylium salts used for the kinetic
investigations (see below) led to complex product mixtures, 7-Si was combined with the

covalent benzhydryl bromide 1a-Br in acetonitrile. GC/MS monitoring of the reaction
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progress showed that the formation of product 18 was completed after 4 to 6 hours. The
hydrodesilylation which leads to product 19 is much slower. Though traces of 19 were already
observed after two hours, the subsequent transformation of 18 into 19 was not even complete
after 5 days. Pure 18 was obtained in 46% yield, when NaHCO; was added to the reaction
mixture after 4 hours, before the solvent was evaporated and the residue was purified by
column chromatography. Stirring the mixture of 7-Si and 1a-Br in acetonitrile for 5 days,

evaporation of the solvent, and column chromatography (silica/pentane/CH,Cl,) of the residue

yielded 49% of 19.

Svls B

SiMe; SiMe;
7-Si 18
+ HBr
TMeCN l— Me;SiBr
0~
Me Me Tol
1a-Br 19

Scheme 7: Reaction of 7-Si with the benzhydrylium bromide 1a-Br in acetonitrile at ambient
temperature.

The kinetic studies of the reactions of 7-Sn and 7-Si with the benzhydrylium ions 1 were
performed in dichloromethane at 20 °C applying the same method as described above (UV-
Vis-techniques and pseudo-first-order conditions) to give the second order rate constants
listed in Table 6. The nucleophilicity parameters N and sy were derived in the usual way from
linear plots of lg k, versus the E-parameters of the corresponding electrophiles. The high

quality of these correlations is demonstrated in section 2.4.

Table 6: Second-order rate constants k, of the reaction of 7-Sn and 7-Si with reference electrophiles in
CH2C12 at 20 °C.

N Electro- ky/
(sn) phile L mol’s?

6.68 1g 7.36 x 10°
O (0.81)  1h 1.92 x 10°

1j 3.74 x 10

Nucleophile

SnMes 1k 7.70
7-Sn 11 4.79

-0.10 1b 1.15 x 102

(1.05)  1Ic 3.77 x 10"
1d 3.38

SiMeg 1le 7.69 x 10"

7-Si 1f 1.04 x 107!
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2.4. Structure-Reactivity Relationships and Correlation Analysis

Table 7 summarizes that benzo-annelation of the cyclopentadienyl anion increases the
nucleophilic reactivity of the carbanions. While the mono-benzoannelated system 7 is two
orders of magnitude more reactive than the cyclopentadienyl anion 6, the bis-benzoannelated
fluorenyl anion 8 is even three orders of magnitude more reactive than 6. Bordwell reported
an analogous increase of Bronsted basicity in the series 6 — 7 — 8 (Table 7) and explained
this trend by decreasing aromaticity along this series.!'®! This interpretation was supported by

181 which also indicate

Schleyer’s NICS parameters''” for the five-membered rings (Table 7),!
that benzoannelation of the cyclopentadienyl anion 6 is associated with a decrease of
aromaticity. The Brensted plot in Figure 10 with a slope of « = 0.63 shows that roughly % of
the increase of basicity in the series 6 — 7 — 8 is reflected by the nucleophilic reactivities of

these carbanions toward the quinone methide 2d, which serves as a reference electophile.

Table 7: Nucleophilic reactivities, Bransted basicities, and NICS values of the Carbanions 6-8.

9o G

Ig k, vs. 2d 2.83 4.67 5.90
pK, (ODMSO)™ 18.0 20.1 22.6
NIcSs!¥ -21.5 -19.9 -16.3
6 -
®
| L)
S
Ig k2 4 8
3t ;e . lg k, = 0.63pK, - 8.37
R?=0.96
6
2
17 18 19 20 21 22 23

pK

aH

Figure 10: Ig k, for the reaction of the potassium derivatives (free carbanions) of 6—8 with the quinone
methide 2d in DMSO at 20 °C versus the pK,y values (in DMSO) of the conjugated acids.!"”!

As illustrated in Figure 11, a different reactivity order is found for the organozinc compounds
(6-8)-ZnCl. Using 1p as the reference electrophile, the second-order rate constants listed in
Table 4 yield the relative reactivities 6-ZnCl : 7-ZnCl : 8-ZnCl = 1.0 : 3.6 : 0.62. Though this

ratio changes when the reference electrophile is varied, in all investigated reactions the
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indenyl compound 7-ZnCl is 3—5 times more reactive than the cyclopentadienyl derivative 6-
ZnCl, while the fluorenyl compound 8-ZnCl has a similar, even slightly lower reactivity than
the corresponding cyclopentadienyl derivative 6-ZnCl. While the reactivity increase from 6-
ZnCl to 7-ZnCl (though attenuated compared to the free carbanions 6 and 7), which can again
be explained by the higher localization of the negative charge in the indenyl compound 7-
ZnCl, the lower reactivity of 8-ZnCl compared with 7-ZnCl can be assigned to the more
covalent character of the C—Zn bonds. As shown in Scheme 8, both cyclopentadienyl- (6-
ZnCl) and indenyl zinc chloride (7-ZnCl) can react via a Sg2’ mechanism, where breaking of
the C—Zn bond can be delayed with respect to the formation of the new C—C bond. In case the
fluorenyl compound, the electrophile has to attack at the Zn-substituted carbon center which

is obviously somewhat slower despite the higher charge density at this position.

Ig k2 ‘
K+
8 |
K* 26.35 (0.66)
7L 23.93(0.71).--" "
6 |
K*
5| 20.58 (0.86)
ok
sl
b *ZnCILiCI
18.09 (0.46
*ZnCILiCI _( )
1+ 16.46 (0.48) .-~~~ N
"\ *ZnCILicl
of 14.05 (0.66)

Tog

6

Figure 11: Second-order rate constants for the reactions of the carbanions 6-8 and the organozinc
compounds (6-8)-ZnCl with the quinone methide 2a (£ = —15.03) calculated by eq. (1) usind the N
(sn) parameters in Tables 3 and 4.

®
E £
—a ®
ZnCl ZnCl znct E
6-ZnCl 7-ZnCl 8-ZnCl
ke (IP)= 1.0 3.6 062

Scheme 8: Sg2’ and Sg2-reactions of organozine chlorides with electrophiles.
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Since cyclopentadienylsilyl and -stannyl compounds exist as mixtures of constitutional

(201 a5 described for compounds 9a and 9b in Scheme 4, and fluorenyl-stannyl and

1Somers,
-silyl compounds only react with highly reactive carbocations (£ > 2), giving complicated
product mixtures (subsequent Friedel-Crafts reactions), only the indenylstannyl 7-Sn and
-silyl compounds 7-Si were investigated for the comparison of the reactivities of carbanions

with those of the corresponding organotin and silicon compounds.

We thus use the indenyl compounds 7-Met as model system for quantify the influence of
metal-coordination on the reactivities of C-nucleophiles. Figure 12 illustrates that an
unambiguous graduation of relative reactivities is impossible. Because of the huge differences
in reactivity, one cannot find a single electrophile which allows one to compare all
compounds. While strong electrophiles will undergo diffusion-controlled reactions with the
highly reactive nucleophiles (e.g. the organoalkali compounds) and thus will not differentiate
their nucleophilic reactivities, weaker electrophiles will not react at all with the weaker

nucleophiles e.g. the tin- and silicon derivatives.

Ig k, (for reaction with 1r; E = -10.04)

ZnClI LiCl

ZnBr LiBr
o Znl Lil
SnMe;
SiMe;
' T T 1
25 i 115 | 5 p  Electrophiicity £
N =23.93 ' N=15.52 ! N =6.68 N =-0.10
N =18.09 N =14.36 2t
Intercept
4+ Ig ko = —10.7

Figure 12: Plot of lg k, for the reactions of 7-Met with reference electrophiles versus their
electrophilicity parameters E. Intercepts with the abscissa correspond to the negative N values of 7-
Met. The vertical line at £ =—10.04 gives lg k; for the reaction of the corresponding 7-Met with 1r.

If we select an electrophile of intermediate reactivity (1r, £ = —10.04) as reference, for
example, and extrapolate the correlation lines to the intersection with the vertical line at

E =-10.04, one can see that the relative reactivities toward this electrophile extend over more
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than 20 orders of magnitude. It should be noted, however, that the largest rate constant of this
comparison (Ig &, = 9.8) as well as the smallest rate constant (Ig k&, = —10.6) are hypothetical,

because they are either beyond the diffusion limit or too small to be observable.

In order to base nucleophilic reactivities on rate constants, which can actually be measured,
we have been using eq. (1), which defines nucleophilicity as the negative intercepts on the
abscissa of 1g k; versus E plots, as shown in Figures 4, 6, and 12. With —0.1 < N < 24 for 7-K
to 7-Si a similar reactivity range is indicated as by considering the relative reactivities toward
Ir. As indenylsilane 7-Si reacts with electrophiles at C-2, we have to conclude that the attack
at the carbanionoid position C-3 is even slower indicating that coordination with a SiMe;
group reduces the nucleophilic reactivity of the indenyl anion even more than indicated by the

correlations in Figure 12.

3. Conclusion

The rate constants for the reactions of different organometallic derivatives of cyclopentadiene
(6), indene (7) and fluorene (8) with benzhydrylium ions, quinone methides and structurally
related Michael acceptors were determined. As the potassium derivatives (6-8)-K behaved as
free carbanions in DMSO solution, the nucleophilic reactivities of the cyclopentadienyl,
indenyl, and fluorenyl anion could be compared directly showing an increase of reactivity
from 6 — 7 — 8 due to benzoannelation. The counter ion effects in the sodium and lithium
derivatives of 68 also increased from the cyclopentadienyl- to the indenyl- and the fluorenyl
compounds as a result of the stronger concentration of charge at the nucleophilic centers in
the 5-membered rings. The zinc derivatives (6-8)-ZnCl show a more moderate nucleophilic
reactivity and a different ordering of reactivity; being here the indenyl derivative the most
reactive and fluorenyl-zinc the least reactive reagent in this series, which is explained by a
change from the Sg2’ mechanism for 6-ZnCl and 7-ZnCl to the Sg2 mechanism for 8-ZnCl.
Furthermore, kinetic experiments of 7-ZnX (X = Cl, Br, 1) in presence of different additives
showed that LiCl, LiBr, MgCl,, and BusNCI enhance, though which different magnitudes, the
reactivity of organozinc reagents.

Figure 13 illustrates the common rule that the reactivities of main group organometallic

1221 One can see,

reagents generally increase with increasing difference of electronegativity.!
however, that there is no linear relationship and that in this series of compounds, differences

in electronegativities have only a large effect on nucleophilic reactivities for the less
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electronegative metals and not for the highly electropositive metals which give rise to ionic

compounds.

24 + ... -®
e Na Li K
9 $ ZnCl
14
N
9 ; Met
.’I SnMea 7
4l !
1 ‘ Slllvbs 1 1 1 1
0.6 0.8 1.0 1.2 1.4 1.6
Ax

Figure 13: Nucleophilic reactivities of different organometallic derivatives of indene (7-Met) vs. the
electronegativity-difference between carbon and metal (Ay).*!

4. Experimental Section

This chapter contains contributions from different authors. Experiments which were not
performed by the author of this thesis are marked as follows: contributions from Roland

[LK]

1®4) and contributions from Lydia Klier™.

Appe

4.1. General
Materials

Commercially available DMSO (H,O content < 50 ppm) was used without further
purification. Dichloromethane was successively treated with concentrated sulfuric acid, water,
10% NaHCOj solution, and water. After drying with CaCl,, it was freshly distilled over CaH,
under exclusion of moisture (N, atmosphere). THF and Et,0O were freshly distilled from
sodium/benzophenon previous to use. The reference electrophiles used in this work were

synthesized according to literature procedures.!®* 7]

NMR spectroscopy

In the 'H and "*C NMR spectra chemical shifts are given in ppm and refer to tetramethylsilane

(8 = 0.00, 5¢ = 0.0), [Dg]-DMSO (Jy; = 2.50, dc = 39.5) or to CDCl; (o = 7.26, dc = 77.0),1**!
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as internal standards. The coupling constants are given in Hz. For reasons of simplicity, the
'H-NMR signals of AA’BB’-spin systems of p-disubstituted aromatic rings are treated as
doublets. Signal assignments are based on additional COSY, gHSQC, and gHMBC
experiments. Chemical shifts marked with (*) refer to the minor isomer when the product was

obtained as a mixture of two diastereomers.

Kinetics

As the reactions of colored electrophiles 1-5 with colorless nucleophiles 6-8 yield colorless
products (or products with a different absorption range than the reactants), the reactions could
be followed by UV-Vis spectroscopy. Slow reactions (7j, > 10 s) were determined by using
conventional UV-Vis-spectrophotometers. Stopped-flow techniques were used for the
investigation of rapid reactions (7;, < 10 s). The temperature of all solutions was kept
constant at 20.0 + 0.1 °C during all kinetic studies by using a circulating bath thermostat. In
all runs the concentration of the nucleophile was at least 10 times higher than the
concentration of the electrophile, resulting in pseudo-first-order kinetics with an exponential
decay of the concentration of the minor compound. First-order rate constants kops were
obtained by least-squares fitting of the exponential function 4 = Ay exp(-kobst) + C to the
time-depending absorbances. The second-order rate constants k, were obtained from the

slopes of the linear plots of &, against the nucleophile concentrations.

4.2. Synthesis of the Nucleophiles
4.2.1. Synthesis of the Cyclopentadienides 6
4.2.1.1. Lithium Cyclopentadienide (6-Li) [RA]

According to den Besten et all.l'% 6-Li was obtained form cyclopentadiene (1.61 g, 24.4
mmol) and butyl lithium (25.0 mmol) as a colorless solid (1.30 g, 18.0 mmol, 74%).

4.2.1.2. Sodium Cyclopentadienide (6-Na) **

According to Panda et all!'™, 6-Na was obtained form dicyclopentadiene (40 mL) and
sodium (1.32 g, 57.0 mmol) as a colorless solid (3.87 g, 43.9 mmol, 77%).
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4.2.1.3. Potasium Cyclopentadienide (6-K) **!

According to Panda er alll'! 6-K was obtained form dicyclopentadiene (40 mL) and
potassium (2.20 g, 56.3 mmol) as a colorless solid (4.83 g, 46.4 mmol, 82%).

4.2.2. Synthesis of the Indenes 7
4.2.2.1. (1H-Inden-1-yD)trimethylstannane (7-Sn)

Indene (4.0 mL, 34.1 mmol) was disolved in 40 mL dry THF and cooled to —10 °C where
butyl lithium (30.0 mmol, 2.5 mol L' solution in hexane) was added drop wise. After 5 min,
chloro-trimethyl-stannane (6.0 mL, 30.1 mmol) was added. The mixture was stirred at
ambient temperature for 18 h before the solvent was removed at reduced pressure. Pentane
(30 mL) was added to the residue and the solution was separated from the precipitate by a
syringe. After distillation (7 x 10~ mbar, 55 °C), (1H-inden-1-yl)trimethylstannane (7-Sn,
4.36 g, 15.6 mmol, 52%) was obtained as light yellow liquid.

'"H-NMR (CDCls, 300 MHz) 5= 0.02 (s, 9 H, Sn(CH)s), 4.10 (bs, 1 H), 6.76 (¢, >J = 3.5 Hz, 1
H), 6.90 (bs, 1 H), 7.16-7.24 (m, 2 H), 7.50 (broad, 2 H). *C-NMR (CDCls, 75.5 MHz) 5= —
9.5 (Sn(CH)3), 121.1, 123.1 (broad) 123.4 (broad), 124.5, 135.0.

4.2.2.2. (1H-Inden-1-yl)trimethylsilane (7-Si)

Indene (12.0 mL, 102 mmol) was disolved in 40 mL dry THF and cooled to —10 °C where
butyl lithium (113 mmol, 1.3 mol L' solution in hexane) was added drop wise. After 5 min,
chloro-trimethyl-silane (17.0 mL, 134 mmol) was added. The mixture was stirred at ambient
temperature for 16 h before the solvent was removed at reduced pressure. Pentane (30 mL)
was added to the residue and the precipitated salts were filtrated. After distillation (4 x 10~
mbar, 42 °C), (1H-inden-1-yl)trimethylsilane (7-Si, 14.7 g, 78.0 mmol, 76%) was obtained as
light yellow liquid.

'H NMR-Signals as in Literature.!'”

4.2.3. Synthesis of the TMP-ZnX Bases'>!
4.2.3.1. TMP-ZnCI-LiC1"™

TMP-ZnCl-LiCl was synthesized as described before.!”!
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4.2.3.2. TMP-ZnBr-LiBr X!

According to ref.”), TMP-ZnBrLiBr was synthesized form 2,2,6,6-tetramethylpiperidine
(10.2 mL, 8.54 g, 60 mmol), n-butyl lithium (60 mmol) and zinc bromide (13.5 g, 60 mmol,
dissolved in THF).

4.2.3.3. TMP-ZnI-LiI “¥!

According to ref.?*), TMP-ZnI-Lil was synthesized form 2,2,6,6-tetramethylpiperidine (10.2
mL, 8.54 g, 60 mmol), n-butyl lithium (60 mmol) and zinc iodide* (19.2 g, 60 mmol,
dissolved in THF).

*Zinc 1odide was previously synthesized by a slowly addition of equimolar amounts of iodine

(solution in THF) to a suspension of zinc in THF at —60 °C.

4.3. Product Studies
4.3.1. Alkali Metals
4.3.1.1. Reaction of Potassium Cyclopentadienide (6-K) with the Quinone Methide 2d'**

Potassium cyclopentadienide (6-K, 31.3 mg, 0.300 mmol) was disolved in 5 mL of dry
DMSO and a solution of 2d (100 mg, 0.324 mmol) in 5 mL DMSO was added. 50 mL of
aqueous HCI (c = 1 mol L") was added after 5 min and the resulting mixture was extracted
with dichloromethane (2 x 30 mL). The combined organic layers were washed with water and
brine and dried over sodium sulfate before the solvent was removed by distillation.
Purification by column chromatography (silica/ethyl acetate/pentane) yielded 2,6-di-tert-
butyl-4-(cyclopenta-1,3-dien-1-yl(p-tolyl)methyl)phenol ~ (9a) and  2,6-di-tert-butyl-4-
(cyclopenta-1,4-dien-1-yl(p-tolyl)methyl)phenol (9b) as a pale yellow oil (80 mg, 0.21 mmol,
70%,9a:9b~1.5:1).

'H-NMR (CDCls, 300 MHz): 6= 1.40 (s, 2 x 18 H, /Bu’, /Bu"), 2.33 (s, 2 x 3 H, Me", Me"),
2.91-2.93" (m, 2 H, CH,), 3.00-3.02" (m, 2 H, CH,), 5.02-5.05 (m, 4 H, CH", CH", OH’,
OH"), 5.82-5.84" (m, 1 H, CHyefin), 5.99-6.00" (m, 1 H, CHyein), 6.30-6.32" (m, 1 H, CHylein),
6.38-6.43 (m, 3 H, 2 x CHojesin » CHolefin’), 6.98 (d, 4 H, J = 4.3 Hz, CHyryi', CHyryt), 7.06-7.12
(m, 8 H, CHyyyi', CHary). C-NMR (CDCl3, 75.5 MHz): 6= 21.02" (q, Me), 21.04" (q, Me),
30.3 (q, fBu, signals of the two isomers superimposed), 34.317 (s, /Bu), 34.32" (s, /Bu), 41.0"
(t, CHy), 43.2" (t, CHy), 51.9" (d, CH), 52.9" (d, CH), 125.3" (d, CHary), 125.5" (d, CHary),
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128.57 (d), 128.60 (d), 128.7 (d), 128.80 (d), 128.82 (d), 129.6 (d), 131.6" (d, CHojefin), 132.0"
(d, CHopefin), 133.3" (d, CHolefin), 133.8" (s), 134.5" (s), 134.9" (d, CHopefin), 135.3 (s, two
signals superimposed), 135.32 (s), 135.34 (s), 141.1" (s), 141.8" (s), 150.0" (s), 151.97" (s),
151.98" (s), 152.64" (s). MS (EI): m/e (%) = 375 (31), 374 (100) [M]", 360 (12), 359 (38), 318
(11), 317 (38), 310 (16), 309 (57), 269 (29), 261 (15), 219 (52), 169 (14), 154 (11), 57 (35).
HR-MS (EI) [M]": caled for [Co7H340]": 374.2605, found 374.2604.

*

can be assigned to 9a; * can be assigned to 9b

4.3.1.2. Reaction of Potassium Cyclopentadienide (6-K) with the Quinone Methide 2g™*

Potassium cyclopentadienide (6-K, 50.0 mg, 0.480 mmol) was dissolved in 10 mL of dry
DMSO. Subsequently, a solution of the quinone methide 2g (160 mg, 0.474 mmol) in 3 mL of
CH,Cl, was added and the resulting reaction mixture was stirred for 2 min. The reaction was
quenched by the addition of diluted aqueous HCI and extracted with CH,ClI, (2 x 10 mL). The
combined organic layers were washed with water and brine, dried over Na,SO4 and
evaporated under reduced pressure. The remaining residue was dissolved in 15 mL of EtOH
and Pd/C(10 %)-cataylst (10 mg) was added. After vigorous stirring for 15 h under H,, the
reaction mixture was filtrated over celite and evaporated under reduced pressure. Purification
by column chromatography (n-pentane/EtOAc), yielded 2,6-di-tert-butyl-4-(cyclopentyl(4-
(dimethylamino)phenyl)methyl)phenol (10, 140 mg, 0.343 mmol, 72%) as yellow solid.

R (n-pentane/EtOAc 10:1, v/v): 0.69. M.p.: 143-146 °C. 'H-
NMR (CDCls, 599 MHz): 6 = 1.10-1.14 (m, 2 H, 13-H), 1.40
(s, 18 H, 11-H), 1.49-1.53 (m, 2 H, 14-H), 1.58-1.63 (m, 4 H,
13-H, 14-H), 2.54-2.61 (m, 1 H, 12-H), 2.88 (s, 6 H, NMe,),
3.35(d, 1 H,J=11.1 Hz, 5-H), 4.91 (s, | H, OH), 6.66 (d, 2 H,
J=28.7Hz, 8-H), 7.04 (s, 2 H, 3-H), 7.15 (d, 2 H, J= 8.7 Hz, 7-
H). "C-NMR (CDCl3, 151 MHz): §=25.42 (t, C-14), 25.45 (t, C-14), 30.4 (q, C-11), 32.3 (t,
C-13), 32.4 (t, C-13), 34.3 (s, C-10), 40.8 (q, NMey), 45.3 (d, C-12), 57.6 (d, C-5), 112.8 (d,
C-8), 124.2 (d, C-3), 128.4 (d, C-7), 135.1 (2s, C-2, C-6), 136.7 (s, C-4), 148.7 (s, C-9), 151.5
(s, C-1). MS (EI): m/e (%) = 407 (5) [M]", 339 (22), 338 (100). HR-MS (EI) [M]": calc. for
[CasH4NO]': 407.3182, found: 407.3190.
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4.3.1.3. Reaction of Potassium Indenide (7-K) with the Quinone Methide 2e

Potassium fert-butoxyde (42.6 mg, 0.38 mmol) was dissolved in 5 mL dry DMSO and indene
(0.1 mL, 0.85 mmol) was added. Subsequently, a solution of 2e (110 mg, 0.339 mmol) in 5
mL DMSO was added. 50 mL of aqueous acetic acid (0.5%) was added after 10 min and the
resulting mixture was extracted with ethyl acetate (2 x 30 mL). The combined organic layers
were washed with brine and dried over sodium sulfate before the solvent was removed by
distillation. Purification by column chromatography (silica/ethyl acetate:hexane = 1:4) yielded
2,6-di-tert-butyl-4-((2,3-dihydro-1H-inden-1-yl)(4-methoxyphenyl)methyl)phenol (11, 97.7
mg, 0.222 mmol, 65%, dr ~ 1:1.4) as pale yellow solid.

'H-NMR (CDCls, 400 MHz): § = 1.39, 1.40* (s, 18 H, 8-H), 3.65-3.71 (m, 1 H, 5-H, both
isomers), 3.77*, 3.81 (s, 1 H, OMe), 4.19-4.25 (m, 1 H, 6-H, both isomers), 5.02, 5.10* (s, 1
H, OH), 6.30 (td, *J = 5.6 Hz, *J= 1.6 Hz, 2 H), 6.35 (d, J = 7.6
Hz, 1 H), 6.48 (d, °J = 7.6 Hz, 1 H), 6.74 (d, °J = 5.6 Hz, 2 H),
6.83*%, 6.83 (d, °J = 8.8, 2 H, Hunigy)), 6.90-6.94 (m, 2 H), 7.07,
7.10% (s, 2 H, 3-H), 7.18 (t, °J = 7.4 Hz, 2 H), 7.24-7.30 (m, 6 H).
BC-NMR (CDCls, 101 MHz): & = 30.33, 30.35* (q, C-8), 34.3,
34.4* (s, C-7), 53.0, 53.1 (d, C-5), 55.18, 55.5 (d, C-6), 55.21,
55.3% (q, OMe), 113.68, 113.74* (d, Canisy1), 124.1, 124.9% (d, C-
3), 120.87 (2 C), 124.1, 124.2, 124.3, 124.9, 126.5, 128.7, 129.3, 130.8, 131.0, 134.5, 134.9,
135.4, 135.6, 136.9, 137.0, 139.1, 139.4, 144.68, 144.70, 146.2, 146.4, 152.0, 152.3* (s, C-1),
157.9%, 158.1 (s. C-9). HR-MS (EI) [M]: calc. for [C3,H360,] " 440.2710, found: 440.2705.

4.3.1.2. Reaction of Potassium fluorenide (8-K) with the Quinone Methide 2e

Potassium tzert-butoxyde (69.6 mg, 0.62 mmol) was dissolved in 5 mL dry DMSO and
fluorene (143 mg, 0.862 mmol) was added. Subsequently, a solution of 2e (91.8 mg, 0.283
mmol) in 5 mL DMSO was added. 50 mL of aqueous acetic acid (0.5%) was added after 10
min and the resulting mixture was extracted with ethyl acetate (2 x 30 mL). The combined
organic layers were washed with brine and dried over sodium sulfate before the solvent was
removed by distillation. Purification by column chromatography (silica/ethyl acetate:hexane =
1:9) yielded 4-((9H-fluoren-9-yl)(4-methoxyphenyl)methyl)-2,6-di-tert-butylphenol (12, 87.8
mg, 0.179 mmol, 63%) as yellow oil.
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'H-NMR (CDCls, 300 MHz): 6= 1.30 (s, 18 H, 15-H), 3.79, (s, 3
H, OMe), 4.17 (d, >J= 8.1 Hz, 1 H, 5-H), 4.70 (d, °J = 8.1 Hz, 1
H, 6-H), 5.00 (s, 1 H, OH), 6.53 (d, °J = 7.8 Hz, 1 H), 6.77 (s, 2
H, 3-H), 6.79 (d, *J = 7.8 Hz, 1 H), 6.84 (s, 2 H, 11-H), 6.96-7.07
(m, 2 H), 7.21-7.29 (m, 4 H), 7.63 (d, °J = 7.5 Hz, 2 H). °C-
NMR (CDCls, 75.5 MHz): & = 30.3 (q, C-15), 34.3 (s, C-14),
52.6 (d, C-6), 54.5 (d, C-5), 55.2 (q, OMe), 113.6 (d, C-11), 119.3, 125.5, 125.7, 126.0, 126.1,
126.2, 126.84, 126.87, 129.8 (d, Carom), 132.9, 135.7 (s, C-4 and C-9), 141.2, 141.4 (s, C-8),
145.7,146.2 (s, C-7), 152.1 (s, C-1), 158.0 (s, C-12).

4.3.1.3. Reaction of Potassium fluorenide (8-K) with the Diethyl Benzylidenemalonate 3a

Potassium fert-butoxyde (87.5 mg, 0.780 mmol) was dissolved in 5 mL of dry DMSO and
fluorene (145 mg, 0.872 mmol) was added. Subsequently, a solution of 3a (130 mg, 0.496
mmol) in 5 mL DMSO was added. 50 mL of aqueous acetic acid (0.5%) was added after 5
min and the resulting mixture was extracted with ethyl acetate (2 x 30 mL). The combined
organic layers were washed with brine (2 x 20 mL) and dried over sodium sulfate before the
solvent was removed by distillation. Purification by column chromatography (silica/ethyl
acetate:hexane = 1:9) yielded diethyl 2-((9H-fluoren-9-yl)(p-tolyl)methyl)malonate (13, 163
mg, 0.380 mmol, 77%) as colorless solid.

Melting Point: 94.2-95.1 °C. 'H-NMR (CDCls, 300 MHz): 5= 0.90
(t, °J = 7.1 Hz, 3 H, OCH,CH3), 1.36 (t, °J = 7.2 Hz, 3 H,
OCH,CHj3), 2.01 (s, 3 H, Me), 3.85-3.93 (m, 2 H, OCH,CH3), 4.25-
437 (m, 4 H, OCH,CHj3, 2-H, 7-H), 4.44 (d, °J = 12.0 Hz, 1 H, 1-
H), 6.41 (d, °J = 8.1 Hz, 2 H, 4-H), 6.56 (d, °J = 8.1 Hz, 2 H, 5-H),
7.17-7.29 (m, 2 H), 7.32-7.35 (m, 2 H), 7.43 (d, °J = 7.2 Hz, 1 H), 7.52-7.55 (m, 1 H), 7.65 (d,
J = 7.5 Hz, 1 H), 7.81-7.84 (m, 1 H). "C-NMR (CDCls, 75.5 MHz): § = 13.7, 14.2 (q,
OCH,CH3), 20.8 (q, Me), 48.7 (d. C-2), 49.8 (d, C-7), 56.3 (d, C-1), 61.3, 61.9 (t, OCH,CH3),
119.5, 120.0, 124.8, 125.8, 126.5, 126.7, 127.0, 127.4 (d, Chuorenyl), 127.6 (d, C-5), 128.5 (d,
C-4), 132.9 (s, C-3), 135.9 (s, C-6), 141.0, 142.3 (s, C-9), 143.7, 145.2 (s, C-8), 167.6, 168.6
(s, COEt). HR-MS (EI) [M]: calc. for [CasH2504] " 428.1982, found: 428.1974.

Me
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4.3.2. Zink Derivatives

Gerneral Procedure 2 (GP2): The reactions were performed under argon-atmosphere. The CH

acid is disolved in 5 mL dry DMSO and 1.5-1.1 equiv. of TMP-ZnCI-LiCl (solution in THF ~

1.3 mol L") is added and stirred for 5 min at room temperature. In a separated flask, a
solution of the benzhydrylium tetrafluoroborate 1m-BF, in 10 mL DMSO is prepared. The
solution of the Zn-derivatives (6-8)-ZnCl is added dropwise (with a syringe) to the cation
solution until the blue solution turned yellow. After 5 min at room temperature, 15 mL of
aqueous K,COs (~1%) is added and the mixture is extracted wit ethyl acetate (3 x 15 mL).
The combined organic layers were washed with brine and dried over sodium sulfate and the
solvent was removed by distillation. The crude products were recrystallized from

dichloromethane/pentane.

4.3.2.1. Reaction of 6-ZnCl with the Benzhydrylium Tetrafluoroborate 1m-BF4

Cyclopentadiene (100 pg, 1.21 mmol), TMP-ZnCI-LiCl (1.29 mmol) and 1m-BF,4 (150 mg,
0.441 mmol) were mixed according to GP2. The obtained crude product (yellow oil) was
dissolved in 10 mL of ethanol where Pd/C-catalyst (10 mg) was added. Under an atmosphere
of hydrogen, the mixture was stirred at ambient temperature. The reaction process was
controlled by GC-MS. After 16 h, another portion of catalyst (10 mg) was added and the
reaction was stirred for further 22 h. After filtration over celite, the solvent was removed and
the crude residue was purified by column chromatography on silica (pentane:ethyl acetate =
2:1) yielding 4,4'-(cyclopentylmethylene)bis(V,N-dimethylaniline) (14, 85.1, 264 mmol, 60%)

as an oil.

'H-NMR (CDCls, 300 MHz): &= 1.10-1.20 and 1.47-1.69 (m, 4
H, 7-H and 8-H), 2.86 (s, 12 H, NMe,), 2.54-2.64 (m, 1 H, 6-H),
339 (d, *J=11.4 Hz, 1 H, 5-H), 6.66 (d, °J = 8.7 Hz, 2 H, 2-H),
7.13 (d, °J = 8.7 Hz, 2 H, 3-H). *C-NMR (CDCls, 75.5 MHz): &
=24.4 (d, C-8), 31.3 (d, C-7), 39.9 (q, NMe,), 43.8 (d, C-6), 55.6
(d, C-5), 112.0 (d, C-2), 127.4 (d, C-3), 134.1 (s, C-4), 147.6 (s, C-1). HR-MS (EI) [M]: calc.
for [CooH30N,] ™ 322.2404, found: 322.2395.
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4.3.2.2. Reaction of 7-ZnCl with the Benzhydrylium Tetrafluoroborate 1Im-BF4

Indene (0.35 mL, 2.99 mmol), TMP-ZnCI-LiCl (3.13 mmol) and 1m-BF, (100 mg, 0.294
mmol), yielded according to GP2 4,4'-((1H-inden-1-yl)methylene)bis(N,N-dimethylaniline)
(15, 74.0 mg, 0.201 mmol, 68%) as colorless solid.

M.p.: 172.8-173.4 °C. '"H-NMR (CDCl3;, 300 MHz): & = 2.80,

2.84 (s, 12 H, NMe,), 3.53 (d, >J=10.5 Hz, 1 H, 5-H), 4.19 (d, *J

=10.5Hz, 1 H, 6-H), 6.27 (dd, °J = 5.4 Hz, *J= 1.8 Hz, 1 H, 7-

H), 6.51 (d, °J = 7.6 Hz, 1 H, 8-H), 6.75-6.67 (m, 5 H, 2-H and
~ 12-H), 6.84 (t, °J = 7.5Hz, 1 H, 11-H), 7.07-7.16 (m, 5 H, 3-H

and 13-H), 7.21 (d, °J = 7.4 Hz, 1 H, 10-H). *C-NMR (CDCl,,
75.5 MHz): §=39.8 (q, NMe,), 51.3 (d, C-5), 54.0 (d, C-6), 111.9 (d, C-2), 119.8 (d, C-10),
123.2 (d, C-11), 123.5 (d, C-8), 125.4 (d, C-13), 127.8 (d, C-3), 129.7 (d, C-12), 132.1 and
132.6 (s, C-4), 138.6 (d, C-7), 143.7 (s, C-15), 145.6 (s, C-9), 147.9 and 148.2 (s, C-1). HR-
MS (EI) [M]: calc. for [C6HasN,] " 368.2247, found: 368.2241.

4.3.2.3. Reaction of 8-ZnCl with the Benzhydrylium Tetrafluoroborate 1Im-BF,4

Fluorene (444 mg, 2.67 mmol), TMP-ZnCI-LiCl (2.72 mmol) and 1m-BF, (111 mg, 0.326
mmol), yielded according to GP2 4,4'-((9H-fluoren-9-yl)methylene)bis(N,N-dimethylaniline)
(16, 82.3 mg, 0.197 mmol, 60%) as colorless solid.

Decomposition at 237 °C. 'H-NMR (CDCls, 400 MHz): 5= 2.89

(s, 12 H, NMe,), 3.97 (d, *J = 9.3 Hz, 1 H, 5-H), 4.73 (d, °J =

9.3 Hz, 1 H, 6-H), 6.64 (d, >J = 6.8 Hz, 2 H, 2-H), 6.88 (d, °J =

7.6 Hz, 2 H, 8-H), 7.00 and 7.26 (each: t, °J = 7.6 Hz, 2 H, 9-H

~ and 10-H), 7.12 (d, J=6.8 Hz, 2 H, 3-H), 7.68 (d, *J = 7.5 Hz, 2

| 2 1 H,11-H). *C-NMR (CDCls, 101 MHz): 5= 40.8 (q, NMe,), 52.1

(d, C-6), 53.8 (d, C-5), 112. (d, C-2), 119.3 (d, C-11), 126.0 (d, C-8), 126.2 and 126.8 (d, C-9

and C-10), 129.4 (d, C-3), 132.4 (s, C-4), 141.2 (s, C-12), 146.2 (s, C-7), 149.2 (s, C-1). HR-
MS (EI) [M]2+: calc. for [C30H23N2]2+: 416.2252, found: 416.2240.
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4.3.3. Tin Derivative
4.3.3.1. Reaction of 7-Sn with the Benzhydrylium Tetrafluoroborate 1m-BF,

Bis(4-methoxyphenyl)methanol (1e-OH, 125 mg, 0.512 mmol) was dissolved in 10 mL of dry
diethyl ether and cooled to —60 °C were HBF4 (0.5 mL, v/v = 50% in Et,0), was added drop
wise. After 5 min, the solvent was removed by filtration (under Ar-atmosphere), and the red
precipitate (1e-BF4) was washed tree times with dry Et,O and dried in vacuum (at —60 °C).
le-BF, was dissolved in 10 mL of dry dichloromethane and a solution of 7-Sn (220 mg, 0.789
mmol) in 3 mL of CH,Cl, was added and the mixture was allowed to warm up to room
temperature where it was filtered over Al,Os (with CH,Cl, as eluent). After evaporate of the
solvent, the crude product was purified by column chromatography on silica (pentane:ethyl
acetate = 9:1) yielding 1-(bis(4-methoxyphenyl)methyl)-1H-indene (17, 171 mg, 499 mmol,

97%) as colorless solid.

M.p.: 175.2-176.2 °C. "H-NMR (CDCl;, 300 MHz): § = 3.70
(d, °J =10.5Hz, 1 H, 5-H), 3.75, 3.80 (s, 6 H, OMe), 4.26 (d,
J=10.5Hz, 1 H, 6-H), 6.30 (dd, °J=5.6 Hz, *J= 1.8 Hz, | H,
7-H), 6.75 (d, °J = 7.5 Hz, 1 H, 8-H), 6.54 (d, °J = 7.8 Hz, 1 H,
Harom), 6.78-6.89 (m, 4 H, 2-H), 6.93 (t, °J = 7.5Hz, 1 H,
Harom), 7.16-7.31 (m, 6 H, 3-H and Hgom). "C-NMR (CDCls,
75.5 MHz): 6= 54.4 (d, C-5), 54.7 (d, C-6), 55.19 and 55.24 (q, OMe), 113.8, 113.9 (d, C-2),
121.0, 124.31, 124.34, 126.6 (d, Carom), 128.6, 129.2 (d, C-3), 131.2 (d, C-8), 136.5, 138.8 (s,
C-4), 138.9 (d, C-7), 144.5 (s, C-9), 146.2 (s, C-15), 158.0, 158.2 (s, C-1). HR-MS (EI) [M]:
calc. for [C24H2202]'+: 342.1614, found: 342.1614.

4.3.4. Silicon Derivative
4.3.4.1. Reaction of 7-Si with the Benzhydryl bromide 1a-Br

Under nitrogen atmosphere, bis(4-methylphenyl)-bromomethane (1a-Br, 108 mg, 0.392
mmol) were dissolved in 8 mL of dry acetonitrile and a solution of 7-Si (83.1 mg, 0.441
mmol) in 4 mL acetonitrile was added. The reaction mixture was stirred at ambient
temperature for 4 h, controlling the reaction progress by GC/MS, before NaHCOjs (solid, ~50
mg) was added and the solvent was removed under reduced pressure. Column
chromatography on silica with pentane/dichloromethane as eluent yielded (2-(di-p-

tolylmethyl)-1H-inden-1-yl)trimethylsilane (18, 69.5 mg, 0.182 mmol, 46%) as colorless oil.
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'H-NMR (CDCls, 300 MHz): 8= 0.08 (s, 9 H, SiMe3), 2.35 (s, 3
H, Me), 2.38 (s, 3 H, Me), 3.51 (s, 1 H, 8-H), 5.29 (s, 1 H, 5-H),
6.23 (s, 1 H, 7-H), 7.03-7.24 (m, 10 H, Harom), 7.29-7.37 (m, 2 H,
Harom). "C-NMR (CDCls, 75.5 MHz): 8= -1.7 (q, SiMe3), 21.20,
21.21 (g, Me), 47.5 (d, C-8), 52.8 (d, C-5), 120.6, 122.9, 123.2,
124.9 (d, CHingene), 128.2 (d, C-7), 128.9, 129.1, 129.2, 129.3 (d,
C-2 and C-3), 135.9, 136.1 (s, C-1), 140.3, 140.8 (s, C-4), 144.0, 145.8 (s, C-9 and C-10),
155.3 (s, C-6). HR-MS (EI): calc. for [C7H30Si] " 382.2111, found: 382.2120.

4.3.4.2. Reaction of 7-Si with the Benzhydryl bromide 1a-Br with Hydrodesililation

Under nitrogen atmosphere, bis(4-methylphenyl)-bromomethane (1a-Br, 130 mg, 0.472
mmol) were dissolved in 8 mL of dry acetonitrile and a solution of 7-Si (106 mg, 0.563
mmol) in 4 mL acetonitrile was added. The reaction mixture was stirred at ambient
temperature for 120 h controlling the reaction progress by GC/MS, before the solvent was
removed under reduced pressure. Column chromatography on silica with
pentane/dichloromethane as eluent yielded 2-(di-p-tolylmethyl)-1H-indene (19, 71.0 mg,

0.229 mmol, 49%) as colorless oil.

'H-NMR (CDCls, 300 MHz): §=2.32 (s, 6 H, Me), 3.34 (s, 2 H,
8-H), 5.15 (s, 1 H, 5-H), 6.31 (s, 1 H, 7-H), 7.02-7.14 (m, 9 H,
Harom), 7.17-7.23 (m, 1 H, Harom), 7.31 (d, *J = 7.2 Hz, 1 H, Harom).
BC-NMR (CDCl;, 75.5 MHz): 6 = 21.0 (q, Me), 41.0 (t, C-8),
53.0 (d, C-5), 120.5, 123.5, 124.1, 126.3 (d, Carom), 128.8, 129.1
(d, C-2 and C-3), 129.8 (d, C-7), 135.9 (s, C-1), 140.3 (s, C-4),
143.5, 144.9 (s, C-7 and C-8), 152.7 (s, C-6). HR-MS (EI) [M]: calc. for [CasH2,] "2 310.1722,
found: 310.1724.
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4.4. Kinetic Experiments
4.4.1. Kinetic Experiments on the Alkali Metal Derivatives of 6-8
4.4.4.1.1. Kinetic Experiments at Variable Concentrations of Li*

Table 8: Pseudo-first-order rate constants for reactions of 7-Li (generated from 7-H by addition of 1.05
equivalents of LiO7Bu) with 2d at variable concentrations of LiCl (20 °C, stopped-flow, at 486 nm).

[2d]/ [7-H]/  [LiOBu]/  [LiCl] [Li Tootat b /gl
mol L' mol L' mol L' /mol L™ /mol L obs
9.52 x10* 36.61
242 x10° 952 x10* 1.00x 107 0 1.00 x 1073 25.8

242x10° 9.52x10* 1.00x10° 6.20x10* 1.62x10° 14.0
242%x10° 9.52x10% 1.00x10° 9.93x10* 1.99x 10 17.6
242x10° 9.52x10* 1.00x10° 2.17x10° 3.17x 107 19.4
242x10° 9.52x10" 1.00x10° 4.96x10° 597 %107 20.7
242x10° 9.52x10" 1.00x10° 9.93x10° 1.09x10% 233
242x10° 9.52x10* 1.00x10° 1.90x10% 2.00x10%  23.4
242%x10° 9.52x10% 1.00x10° 3.18x 107 328 x 107 233
242x10° 9.52x10% 1.00x10° 6.82x10% 6.92x10%  26.0

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 3.

Table 9: Pseudo-first-order rate constants for reactions of 7-Li (generated from 7-H by addition of 1.05
equivalents of LiOsBu) with 2d at variable concentrations of LiBF, (20 °C, stopped-flow, at 486 nm).

[2d]/ [7-H]/  [LiOBu]/ [LiBE,] [LiTotal e
mol L' mol L' mol L' /mol L™ /mol L™ obs
9.42 x 10™ 50.2
257%x10° 942 x10* 9.89 x10* 0 9.89 x 10 28.6

257x10° 9.42x10* 989x 10" 544x10* 1.53x10° 29.0
2.57x10° 9.42x10* 989x 10" 1.09x10° 2.08x 107 30.0
2.57x10° 9.42x10" 9.89x10* 2.61x10° 3.60x 107 30.6
2.57%x10° 9.42x10% 9.89x10* 544x10° 6.43 %107 30.3
257%x10° 9.42x10* 989x10* 1.02x10% 1.12x10%  27.6
257x10° 942x10% 9.89x10* 2.05x10% 2.14x10% 273
257x10° 9.42x10* 9.89x 10" 3.41x10?% 3.51x 107 26.9
257x10° 9.42x10* 9.89x10* 545x10° 5.55x 107 27.6

[a] Calculated from the second-order rate constants of the free anion (potassium salt in presence of 18-crown-6)
given in Table 3.
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Chapter 5: From Carbanions to Organometallic Compounds

4.4.1.2. Reactions of Potassium Cyclopentadienide (6-K)

Table 10: Kinetics of the reaction of 6-K with 4 (20 °C, stopped-flow, at 520 nm). ®*!

y = 5.074E+05x - 4.170E+01
R? = 9.998E-01

4]/ [6-K]/  [18-crown-6]/  kops/
[ 400 ¢
-1 -1 -1 -1
mol L mol L mol L S

245x10°  2.53x10" 8.58 x 10’ 300 |

245x10°  3.79x10%  1.70x10°  1.52x10° -

245x10°  5.06x 10" 2.14x10° 3200

245%10°  632x10%  1.70x10° 281 x10*> =< 1

245%10° 759 x10* 3.42 x 10? 00t

0

k=5.07%x 10° L mol's™ 0

0.0002 0.0004 0.0006 0.0008
[Nu] / mol L™

Table 11: Kinetics of the reaction of 6-K with 5 (20 °C, stopped-flow, at 520 nm). ®*!

= 1.688E+05x - 7.560E+00
R? = 9.995E-01

[5]/ [6-K]/ [18-crown-6]  kgps/
mol L™ mol L™ /mol L' s 160 y
237x107 253 x 10" 3.45x 10 120
237x10° 3.79x 10" 848 x10* 574x10" o
2.37%10° 5.06x 10" 7.73x 100 & 80
237x10° 6.32x10* 1.70x 107 9.98 x 10" 40
237%x10° 759 % 10" 1.20 x 10 0

ky=1.69 x 10° L mol's!

0 0.00025 0.0005 0.00075 0.001

[Nu] / mol L™

Table 12: Kinetics of the reaction of 6-K with 2b (20 °C, stopped-flow, at 371 nm). &4

[2d]/ [6-K]/ [18-crown-6]  kops/
mol L™! mol L™! /mol L gt
2.50 x 10° 7.21 x 10™ 7.29
2.50x107° 9.62x10* 8.53x10* 1.01 x 10
2.50 x 10° 1.20 x 10 1.30 x 10
2.50x10° 1.44x10° 1.71x10° 1.59 x 10
2.50 x 10° 1.68 x 10™ 1.89 x 107

ky=121x10*L mol's?

20 ry=1
15

Kops/! S

o o1 o

207E+04x - 1.472E+00
R? = 9.999E-01

0

0.0005 0.001 0.0015 0.002
[Nu] / mol L™

Table 13: Kinetics of the reaction of 6-K with 2¢ (20 °C, stopped-flow, at 393 nm). 4!

[2¢]/ [6-K]/  [18-crown-6] kyps/
mol L! mol L! /mol L st 12
2.54x10° 6.91 x 10™ 368 - 9
2.54%10° 921 x10* 935x10% 515 3 6
2.54%10° 1.15x 107 6.64 X< 3
2.54x10° 1.38x10° 1.87x10° 8.16 0

2.54x10° 1.61 x10™ 9.53

k=639 x 10* L mol's!

202
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Table 14: Kinetics of the reaction of 6-K with 2d (20 °C, stopped-flow, at 486 nm). 4!
[2d]/ [6-K]/  [18-crown-6] keobs /

mol L™ mol L™ /mol L™ ! 2 y= 6'7;§E;0§;E;s'§100502
2.58x10° 6.91x10* 412x10" _ 09F = vIYeE
2.58x10° 921x 10 935x10% 557x10" < o6 |
2.58 x 10° 1.15 x 107 718x 10" < o
258 x10° 1.38x10° 1.87x10° 8.73x 10" . . . . .
2.58 105 161 104 1.03 0 0.0005 0.001 0.0015 0.002
ky=6.74 x 10* L mol ' s™! [Nu] / mol L

Table 15: Kinetics of the reaction of 6-K with 2e (20 °C, stopped-flow, at 521 nm). ®*
[2e]/ [6-K]/  [18-crown-6] Kobs /

mol L' mol L mol L o 12 y=6.73§E+02x—5.800E—02
R = 9.998E-01
258 x10° 6.91 x 10™ 412x10" _ 09
w
258 x10° 921 x 10" 935x10" 557x10" = 06t
2.58 x10° 1.15x 10 7.18 x 107! < os |
2.58x10° 138x10° 1.87x10° 8.73x 10"
5 4 0 1 1 1 ]

2.58 <107 1.61x10 1.03 0 0.0005 0.001 0.0015 0.002

ky=6.74 x 10* L mol' s™ [Nu] / mol L

Determination of Reactivity Parameters N and sy_for Potassium Cyclopentadienide (6-K) in
DMSO

Table 16: Rate Constants for the reactions of 6-K with different electrophiles. **!

Electrophile E ky /L mol!s! lg &y

6 r y=0.8605x +17.711
4 ~13.84 5.07x10° 5.71 5 Re = 0.9937
5 ~14.68 1.69x10° 523 <&,
2b ~15.83 121x10* 408 =
2¢ -16.11 639x10° 3.81 8
2d 1729 6.74 x 10> 2.83 2 : :
-18 -16 -14
N= 20‘58, sy =0.86 Blectrophilicity E

4.4.1.3. Reactions of Sodium Cyclopentadienide (6-Na)

Table 17: Kinetics of the reaction of 6-Na with 4 (20 °C, stopped-flow, at 520 nm). 4!
4]/ [6-Na] / keops /

mol LY mol L! ol 480 y = 4.737E+05x - 9.400E+00
2 — -
253%10° 295x10° 131x10° 360 F = 9999801
253 %107 443x10% 200x10° 2,0

2.53x10° 5.90 x 10* 2.69 x 10? <

. \ , 120
253 x 107 7.38x10" 3.41x10 0
_5 -4 2
2.53 x 107 8.86 x 10~ 4.10 x 10 0 0.0003 0.0006 0.0009 0.0012
ko =4.74 % 10° L mol™'s™! (N3 /mol L
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Table 18: Kinetics of the reaction of 6-Na with 5 (20 °C, stopped-flow, at 520 nm). 4!

[5]/ [6-Na] / kops /
mol L' mol L' s! 150

y = 1.604E+05x + 2.180E+00

256 x10° 3.30x10* 5.56x 10" v, R® = 9.995€-01

2.56x10° 4.95x10* 8.13x10' B

256%10° 6.60x10* 1.08x 10> <

2.56 x 10° 8.24 x 10 1.33 x 10 0 ' ) '

256 %10° 9.89 x 104 162 x 10 0 0.0003 0.0006 0.0009
[Nu]/ mol L™

kr=1.60 x 10° L mol's™

Table 19: Kinetics of the reaction of 6-Na with 2b (20 °C, stopped-flow, at 371 nm). ®*

[2b]/  [6-Nal/ oy /
mol L! mol L! S'l 32 y = 1.323E+04x - 2.518E+00

250%10° 870 % 10 9.06 . 24 R = 9.999E-01

2.50x10% 116 x10° 128 3 16

250x10° 1.45x10° 166 < g

250 x10° 1.74x 107 2.05 0 . . .
2.50 x 107 2.03x 107 244 0 0.0006 0.0012 0.0018 0.0024
Jo=1.32 x 10* L mol™ s [Nu}/ mol L

Table 20: Kinetics of the reaction of 6-Na with 2¢ (20 °C, stopped-flow, at 393 nm). ®*!

[2¢]/ [6-Na]/  kops/
mol L' mol L' ! 19 y = 6.845E+03x - 1.168E+00

2
2.50x 107 8.91 x 10™* 4.99 R® = 9.997E-01

250% 105 1.19x 103 6.90 % 8

250 % 10° 1.48x10° 897 =~ 4

2.50x10° 1.78 x 107 11.0 0 . . . .
2.50 x 10° 2.08 x 10 13.1 0 0.0005 0.001 0.0015 0.002
k2= 6.85 % 10° L mol” s [Nuj / mol L

Table 21: Kinetics of the reaction of 6-Na with 2d (20 °C, stopped-flow, at 486 nm). ®*]
[2d]/ [6-Na] / Kops /

mol L™ mol L™ ! 12 | Y =06523E+02x - 4.040E-02

2.58 x 10° 8.70 x 10* 5.28 x 10" R? = 9.998E-01

2.58x10° 1.16 x 10° 7.12 x 10™

2.58 x 107 1.45% 10 9.08 x 10"

2.58x10° 1.74x10°  1.10 ,

258 x10° 2.03x10° 128 0 0.0006 0.0012  0.0018

-1
k>=6.52 x 10> L mol”'s” Ry} fmot L
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Determination of Reactivity Parameters N and sy for Sodium Cyclopentadienide (6-Na) in

DMSO

Table 22: Rate Constants for the reactions of 6-Na with different electrophiles.

[RA]

EleCtrOphile E k2 /L mOl-l S-1 lg k2 6 y = 0.8499x + 17.546
4 ~13.84  4.74x10° 5.68 5 Re = 0.9938
5 ~14.68 1.60 x10° 5.20 Ky
2b -15.83 132x10* 412 =
2¢ ~1611 685x10° 3.84 8
2d 1729 652 x 10> 2.81 2 : :
-18 -16 -14
N=120.64, sy =0.85 Blectrophilicity £

4.4.1.4. Reactions of Lithium Cyclopentadienide (6-Li)

Table 23: Kinetics of the reaction of 6-Li with 4 (20 °C, stopped-flow, at 520 nm). '®*!
4]/ [6-Li]/ Kobs /

mol L™ mol L ! y =4.860E+05x - 1.160E+01
251 % 10° 3.19x 10* 143 x10° _ 300 | R = 9.998E-01
2.51x10° 479 x10* 223x 10> 2
251 %107 639 x 10* 2.97x 10> & 150
2,51 x10° 7.98 x 10* 3.77 x 10° . . . .
0 0.00025 0.0005 0.00075

_ 5 -1 -1
ky=4.86 % 10° Lmol ™ s [Nu] / mol L

Table 24: Kinetics of the reaction of 6-Li with 5 (20 °C, stopped-flow, at 520 nm). 'R
[5]/ [6-Li]/ Kobs /

200

mol L™ mol Lt gl [y =1.636E+05x - 9.200E-01
256107 3.19x10* 520x 10" _ 150 | R®= 9.992E-01
256 x 10° 479 x10* 7.68x 10" 2 400
256%x10° 639x10% 1.04x 10> 5
2.56x10° 7.98 x 10* 1.28 x 10°
2.56x 10° 9.58 x 10™* 1.58 x 10° 0 ' ' ' '
0 0.00025 0.0005 0.00075 0.001
ky=1.64 x 10° L mol™'s™! [Nu]/ mol L'

Table 25: Kinetics of the reaction of 6-Li with 2b (20 °C, stopped-flow, at 371 nm). R

n[li?]L/l r[goIfE{ k‘;l?i/ 40 y = 1.276E+04x - 2.200E+00
2 —_— -
249x10° 9.87x10* 1.06 x 10' - %0 = 9.9928-01
249 x10° 1.32x10° 1.45x 10" 20
249 x107° 1.65x10° 1.86x 10" = 4
249 x10° 1.97 x 10° 2.29 x 10" 0 : , , ,
249 x10° 230 x 107 2.74 x 10 0 0.0006  0.0012  0.0018  0.0024
k»=1.28 x 10* L mol's™! [Nu] / mol L
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Table 26: Kinetics of the reaction of 6-Li with 2¢ (20 °C, stopped-flow, at 393 nm). R*!

[2¢]/ [6-Li]/  hops/ "
mol L' mol L™ g! y = 6.227E+03x - 5.310E-01
2.55x10° 9.87 x 10™* 5.60 0 R? = 9.998E-01

2.55%10° 1.32x10° 7.71

2.55%10° 1.65 %107 9.66 5
255%x10° 1.97x10° 11.8 .
-5 -3
2.55%10° 230%x10° 13.8 o 0.001 0.002
k=623 x 10* L mol's! [Nu] / mol L!

Table 27: Kinetics of the reaction of 6-Li with 2d (20 °C, stopped-flow, at 486 nm). R4!

(2d)/ - [6Li]/ K/ 16 y = 6.490E +02x - 6 550E-02

mol L mol L s RZ — 9 999E-01
2.58 x10° 9.85x 10" 578 x 10" 1.2
2.58x 107 1.31x10° 7.83x 10" ‘230_8 i
2.58x10° 1.64 x10° 9.99x 10" &3
258x10° 1.97x10° 121 0-4 -
2.58 x10° 230 % 10 1.43 0

0 0.0006 0.0012 0.0018 0.0024
ky=6.49 x 10> L mol ' s™ [Nu]/mol L™

Determination of Reactivity Parameters N and sy_for Lithium Cyclopentadienide (6-Li) in
DMSO

Table 28: Rate Constants for the reactions of 6-Li with different electrophiles. **!

Electrophile E  k/Lmol's”' lgk 61 y=08581x +17.666
4 1384 486x10° 5.69 5 R =0.9933
5 1468 164x10° 521 X 4
2b -15.83 128 x10° 411 = 4
2¢ -16.11  6.23x10°  3.79 » , ,
2d -1729 649 x10° 28l 18 16 14
N=20.59, sx = 0.86 Blectrophilicity E

4.4.1.5. Reactions of Potassium Indenide (7-K)

Table 29: Kinetics of the reaction of 7-K (generated from 7-H by addition of 1.05 equiv. KO7Bu) with 2a (20 °C,
stopped-flow, at 354 nm).

al/ PRI 7 ke R/

mol L mol L S y = 2163472.9235x - 62.5123
9.41x10° 583x10° 620 683 200 Re = 0.9964
9.41x10° 7.00x10° 744 839 . 150
941 x10° 817x10° 868 113 Ty 100 |
9.41 x10° 9.33x10° 992 140 5 5|
941 x10° 1.28x10" 13.64 216 o , ,

0.00000 0.00005 0.00010
ky=2.16 x 10° L mol's™ [Nu] / molL*
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Table 30: Kinetics of the reaction of 7-K (generated from 7-H by addition of 1.05 equiv. KOfBu) with 2b (20 °C,
stopped-flow, at 371 nm).

2T CH e

227x10° 222x10* 979  51.8
227%10° 333x10* 147 119 2
227x10° 444x10% 196 173 <& 100
227x10° 555x 10" 245 240

227 x10° 6.66 x 10™ 294 308 0
0.0000 0.0002 0.0004 0.0006

ky=5.70 x 10° L mol's™ [Nu] / molL-*

kobs /
s! 300 y = 570355x - 75
R? = 0.9986

Table 31: Kinetics of the reaction of 7-K (generated from 7-H by addition of 1.05 equiv. KO7Bu) with 2¢ (20 °C,

stopped-flow, at 393 nm).
[2¢]/ [7-K]/  [18-crown-6] kqps/

mol L' mol L™! /mol L™ s 300

2.11x10° 2.44 <10 63.3

2.11x10° 489x10* 5.77x10* 132 ;

211 10° 978 x10* 1.15x10° 276 < 100

2.11x10° 1.22x 107 336

y = 281974x - 4.995
R? = 0.9991

2 200

5 14 0.0000 0.0005 0.0010
k2 =2.82x10°L mol s [Nu] / molL"

Table 32: Kinetics of the reaction of 7-K (generated from 7-H by addition of 1.05 equiv. KO/Bu) with 2d (20 °C,
stopped-flow, at 486 nm).

[2d]/ [7K]/ [18-crown-6] kops/

mol L™ mol L™ /mol L s y = 46934x + 5.99
2.03 x10° 4.89 x 10™ 292 _ 100 R? = 0.9964
203x10° 978 x 10*  1.09x10° 493 &
2.03 x 10° 1.47 x 107 775 &
2.03x10° 1.96 x 10° 2.19x10°  99.2 0 . . . . .
203 X 10° 244107 19 0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
ky=4.69 x 10* L mol' s™! (Nu /molL.*

Table 33: Kinetics of the reaction of 7-K (generated from 7-H by addition of 1.06 equiv. KOsBu) with 2e (20 °C,
stopped-flow, at 521 nm).

[2e]/ [7-K]/  [18-crown-6] kyps/

mol L mol L /mol L ! 40 Yy =20370x +4.85
1.87 x 10° 3.53 x 10 122 _ 39 R = 0.9989
187107 7.06x10% 7.87x10" 187 2 5
1.87 x 10° 1.06 x 10 269 & 4,
1.87x 107 141 x10° 1.57x10° 33.6 0 , , ,
1.87 x 10° 1.76 x 10°° 40.7 0.0000  0.0005  0.0010  0.0015

Nu] / molL™
ky=2.04 x 10* L mols™ [Nu] / mo
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Determination of Reactivity Parameters N and sy _for Potassium Indenide (7-K) in DMSO

Table 34: Rate Constants for the reactions of 7-K with different electrophiles.

Electrophile E  k/Lmol's' lgk y =0.7076x + 16.932
2a ~-15.03 2.16x10° 6.33 6 R? =0.9957
2b 1583 570%10° 576 < ;
2¢ ~-16.11 2.82x10° 545
2d 1729  4.69 x 10* 4.67 4 , , ,
2e -17.90 2.04x 10" 431 18 47 16 15

N=2393,sy=0.71 Bectrophilicity £
4.4.1.6. Reactions of Sodium Indenide (7-Na)

Table 35: Kinetics of the reaction of 7-Na (generated from 7-H by addition of 1.07 equiv. NaO7Bu) with 2a (20
°C, stopped-flow, at 354 nm).

nEi?]L/.l Ezlolfi]l/ [7-Na]/[2a] k‘;‘f?/ o0 | Y= 19034317 - 151

041x10° LO7x10° 114 565 < 150 R* = 0.9909

9.41 x10° 1.29 x 10™ 13.7 91.3 ™, 100

9.41 x10° 1.50 x 10™ 16.0 128 < g

941 x10° 1.72x10* 183 185 0 - - - -
941 % 10° 1.93 x 10‘4 20.5 214 0.00000 0.00005 0.00010 0.00015 0.00020

ko =1.90 x 10°L mol” s (Rl moll~

Table 36: Kinetics of the reaction of 7-Na (generated from 7-H by addition of 1.05 equiv. NaOsBu) with 2b (20
°C, stopped-flow, at 371 nm).

[2b]/  [7-Na]/ kops /
mol L’ mol 1! [7-NayI2b] ~i 200 y = 335519x - 49.7
245x10° 245x10* 100 317 . 150 Re = 0.9989
245 10° 3.68x10* 150 760 = 100
245x10° 491 x10%  20.0 115 < 50
245x10° 6.13x 10" 25.0 153 0 . . .
245x10° 736 x10* 30.0 199 0.0000 0.0002 0.0004 0.0006
[Nu] / molL-*

k,=3.36 x 10° L mol's!

Table 37: Kinetics of the reaction of 7-Na (generated from 7-H by addition of 1.06 equiv. NaOsBu) with 2¢ (20
°C, stopped-flow, at 371 nm).

[2¢]/ [7-Na] / : kops /
mol L' molrL! L7Nal[2e] T y = 237008x + 1.0211
245x10° 231 x10*  10.1 520 - 200 R? = 0.9985
245%x10° 4.61x10* 20.1 13 = 100
2.45x%10° 7.50 x 10 32.7 182 °
2.45%10° 923 x 10* 40.3 221 0 : :
245 x 10-5 1.15 x 10-3 50.3 271 0.0000 0.0005 0.0010
[Nu] / molL-*

ky=2.37x 10° L mol ' s™
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Table 38: Kinetics of the reaction of 7-Na (generated from 7-H by addition of 1.04 equiv. NaOsBu) with 2d (20

°C, stopped-flow, at 393 nm).

2d]/ 7-Na]/ Kobs /
2.96 x 10° 7.15x 10* 24.1 19.5
2.96 x 10° 1.07 x 107 36.2 28.6
2.96 x 10° 1.43 x 107 482 42.1
2.96 x 10° 2.14 x 107 72.3 66.5

k=3.35%x10*L mol's™

y =33483x - 5.7076

o 60 R? = 0.9965
~ 40
F 20
0 1 1
0.0000 0.0010 0.0020
[Nu] / molL"*

Table 39: Kinetics of the reaction of 7-Na (generated from 7-H by addition of 1.06 equiv. NaOsBu) with 2d (20

°C, stopped-flow, at 521 nm).

2e]/ 7-Na]/ kops /
rn[ol %;1 [mol L]'l [7-Na)/[2e] sl?l
1.83 x 10° 4.63 x 10™ 25.3 7.80
1.83 x10° 926 x 10* 50.5 12.4
1.83 x 10° 1.39x 103 75.8 19.2
1.83 x10° 1.85x 107 101 27.3
1.83 x 10° 2.32x 103 126 33.7

kry=1.44 x 10* L mol's™

y =14401x + 0.07

- R? = 0.9926
"
3
0.0000 0.0010 0.0020
[Nu] / molL-*

Determination of Reactivity Parameters N and sy _for Sodium Indenide (7-Na) in DMSO

Table 40: Rate Constants for the reactions of 7-Na with different electrophiles.

Electrophile E ky /L mol's! g k,
2a —-15.03 190 x10° 6.28
2b 1583 336x10° 5.53
2¢ -16.11 237x10° 537
2d -17.29 335x10* 543
2e ~-17.90 1.44x10* 4.16

N=123.54,5y=0.73

y =0.7277x +17.13

6
R? = 0.9933
XN
> 5
4 1 1 |
-18 -17 -16 -15

Electrophilicity £

4.4.1.7. Reactions of Lithium Indenide (7-Li)
Table 41: Kinetics of the reaction of 7-Li (generated from 7-H by addition of 1.06 equiv. LiOfBu) with 2a (20

°C, stopped-flow, at 354 nm).

[2a] / [7-Li] / . kobs /
mol L' mol L' [7-Li}/[2a] !
941 x10° 832x10°  8.84 33.6
941 x10° 9.01 x10? 9.57 413
941 x10° 1.04 x10* 11.0 62.0
941 x10° 1.11 x 10™ 11.8 72.0

kry=1.41 x 10° L mol's™

Kops 187

60 y =1406907x - 84.3
R? =0.9977
40
20
0 1 1
0.00000 0.00005 0.00010
[Nu] / molL-*
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Table 42: Kinetics of the reaction of 7-Li (generated from 7-H by addition of 1.05 equiv. LiO7Bu) with 2b (20
°C, stopped-flow, at 371 nm).

[2b]/ [7-Li]/

mol L™ mol L~

1.88x10° 1.76 x 10* 934 545

. kobs /
[7-Li)/[2b] gl y =347341x - 3.9

150 R2 = 0.9968

1.88x10° 263x10* 140 910 = 100

1.88x10° 351 x10* 187 117 <& 50

1.88 x 10° 439x10* 234 151 0 - -
1.88x10° 527x10%  28.0 177 0.0000 0.0002 0.0004

5 11 [Nu] / molL
ky=3.47 x10° L mol s

Table 43: Kinetics of the reaction of 7-Li (generated from 7-H by addition of 1.08 equiv. LiOfBu) with 2¢ (20
°C, stopped-flow, at 393 nm).

[2¢]/ [7-Li] /
mol L mol L

kobs /

[7-Lil/[2¢] "

y =176824x + 0.75

1.90 x 10° 1.92 x 10* 10.1 32.8 R? = 0.9981
1.90x 10° 3.83x10* 202 709
1.90x 10° 575 x10* 303 103 . . . .
-5 -4
1.90 x 10° 7.66 x 10 40.4 135 0.0000 0.0002 0.0004 0.0006 0.0008
k,=1.77x10* L mol"'s” (Nu] / molL"

Table 44: Kinetics of the reaction of 7-Li (generated from 7-H by addition of 1.13 equiv. LiO7Bu) with 2d (20
°C, stopped-flow, at 486 nm).

[2d]/ [7-Li]/
mol L! mol L!

. kobs /
[7-Lil/[2d] "~ y = 28512x + 6.81

1.78 x10° 3.50x10*  19.7 155 . R =0.9953

1.78 x 10° 7.01 x 10* 394 282 i’m

1.78x 10° 1.05x10°  59.1 370 <

1.78 x 10° 1.40x10° 788 473 - - -

1.78 x 10° 1.75 x 1073 98.5 55.9 0.0000 0.0005 0.0010 0.0015
[Nu] / molL"!

ky=2.85x 10* L mol's!

Table 45: Kinetics of the reaction of 7-Li (generated from 7-H by addition of 1.05 equiv. LiO7Bu) with 2e (20
°C, stopped-flow, at 521 nm).

[2e]/ [7-Li] / Kops /
mol L' mol L' !
1.69 x 10° 4.72x10* 279 9.25
1.69 x 10° 9.44 x 10* 559 14.8
1.69x10° 1.42x10° 838 204
1.69 x 10° 1.89 x 107 112 25.5
1.69 x 10° 2.36x10° 140  30.8 0.0000 0.0010 0.0020

[Nu] / molL"!
k=1.14x 10* L mol's™

7-Li]/[2e
[7-Li}[2e] y =11404x + 4.01

R? = 0.9997
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Determination of Reactivity Parameters /N and sy _for Lithium Indenide (7-Li) in DMSO

Table 46: Rate Constants for the reactions of 7-Li with different electrophiles.

Electrophile E  k/Lmol's' lgk y =0.7268x + 17.032

2a ~15.03 1.41x10° 6.15 R? = 0.9969

2b -1583  347x10° 5.54

2¢ -16.11 1.77x10° 525

2d 1729 2.85x10* 445 . . .

2e ~-17.90 1.14x10* 4.06 17 -16 -15
N=2344, s,=0.73 Bectrophilicity £

4.4.1.8. Reactions of Potassium Fluorenide (8-K)

Table 47: Kinetics of the reaction of 8-K (generated from 8-H by addition of 1.05 equiv. KO7Bu) with 2d (20 °C,
stopped-flow, at 486 nm).
(2d]/ [BKI g kypaag o/
mol L mol L s _ 100 L v =786064x - 61.76
8.06x10° 120x10* 934 545 R =1
8.06x10° 1.59x 10" 140 910  § 50
8.06 x 10° 1.99 x 10 18.7 117 0
8.06 x 10_6 2.39 x 10_4 234 151 0.0000 0.0001 0.0002

ky=7.86 x 10° L mol ™' s™ [Nu] / molL-*

Table 48: Kinetics of the reaction of 8-K (generated from 8-H by addition of 1.05 equiv. KO7Bu) with 2e (20 °C,
stopped-flow, at 521 nm).

[2e]/ [8-K]/  [18-crown-6] Koy /

mol L mol L™ /mol L' ! 200

145 x 10° 1.70 x 10™ 27.4 Y = 583420x - 75.62
5 4 4 - 150 R? =0.9929
145%10° 254X 10% 283x10% 643 @
1.45x10° 3.39x 10™ 123 8
145%10° 424x10* 471x10* 180 S0
145 x 10 5.09 x 10 217 0 ' '
0.0000 0.0002 0.0004

Jy=5.83 x 10° L mol" s (N} / ol

Table 49: Kinetics of the reaction of 8-K (generated from 8-H by addition of 1.05 equiv. KOfBu) with 3b (20 °C,
stopped-flow, at 400 nm).

S B wom

2.18x 10° 725x10* 348  485x107 T 02

218107 145x10°  69.6  1.22x10"  £g

2.18x10° 290x10° 139  2.57x10" 0.0
5 3 -1 )

k,=8.89 x 10' L mol's! [Nu] / molL*

0.3 y =88.89x - 0.0105

kobs /
S-l
R? = 0.9949
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Chapter 5: From Carbanions to Organometallic Compounds

Table 50: Kinetics of the reaction of 8-K (generated from 8-H by addition of 1.05 equiv. KO#Bu) with 3¢ (20 °C,
stopped-flow, at 407 nm).

[3c]/ [8-K]/  [18-crown-6] kobs /
mol L™ mol L™ /mol L™ s! 0.15 _73.495x - 0.0154
1.60 x 10° 7.64 x 10° 403x10> Y oess
1.60 x 10° 1.15x10° 130x10° 699 x 102 & 010
1.60 x 10° 1.53 x 107 9.48x102 & 0.05
1.60 x 10° 1.91 x10° 2.13x10° 127 x 10" 0.00 ' , , ,
1.60 x 10° 229 x 10° 152 x 10" 0.0000 0.0005 0.0010 0.0015 0.0020

[Nu] / molL

k=734 % 10' L mol's™

Determination of Reactivity Parameters N and sy for Potassium Fluorenide (8-K) in DMSO

Table 51: Rate Constants for the reactions of 8-K with different electrophiles.

Electrophile E ky /L mol!s! g &y — 0.7968x 4 17.032
2d -17.29  7.86x10°  5.90 L oS
2e -1790 583x10° 577 &
3b —23.10 8.89x10' 195 =25
3c -23.80 737x10" 1.87 )
17 -16 -15

N=26.35, sn=0.66

Blectrophilicity E

4.4.1.9. Reactions of Sodium Fluorenide (8-Na)

Table 52: Kinetics of the reaction of 8-Na (generated from 8-H by addition of 1.05 equiv. NaOsBu) with 2d (20
°C, stopped-flow, at 486 nm).

n[l?)?:}_,/l [Iiolfi]l/ [8-Na]/[2d] k(;l?i / y = 700132x - 50.6
8.09x10° 896x10° 117 161 = 100 = 09953
8.09x10° 134x10% 176 400 T,
8.09x10° 1.79x 10* 234 735 X
8.09x10° 2.24x10% 293 104 0 ' '
8.09x 10° 269 x 10* 351 141 00000 0.0001 0.0002
[Nu] / molL"!

ky,=7.00 x 10° L mol's™

Table 53: Kinetics of the reaction of 8-Na (generated from 8-H by addition of 1.05 equiv. NaO7Bu) with 2e (20
°C, stopped-flow, at 521 nm).

2e]/ 8-Na] / kons /
II[101 ]L'1 [mol L]'l [8-NaJ/|2¢] slzl
1.69 x 10° 1.74 x 10* 10.8 29.9 y =201705x - 1.98
: : : . 7, 120 R? =0.9977
1.69 x 107 3.48 x 10™ 21.7 704~
1.69x 10° 522x10* 325 106 &80
1.69 x 10° 6.95 % 10* 43.4 139 0 -
1.69 x 10° 8.69 x 10™ 54.2 171 0.0000 0.0005
[Nu] / molL"!

k,=2.02x 10° L mol ' s™
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Table 54: Kinetics of the reaction of 8-Na (generated from 8-H by addition of 1.06 equiv. NaOsBu) with 3b (20
°C, stopped-flow, at 400 nm).

3b]/ 8-Na]/ Kops /
n[lol ]IJI [mol L]'l [8-Na[3b] Slfl 0.3 r y=74.405x +0.0173
2.18 x 10° 7.35x 10™ 35.6 6.60 x 107 _ R = 0.9918
218 % 10° 147x10* 711 019 202
218 x10° 221x10° 107 0.185 & 91
2.18x10° 2.94 x 107 142 0.246 0.0 ' ' :
218 x 10-5 3.68 x 10-3 178 0.281 0.0000 0.0010 0.0020 0.0030

[Nu] / molL"

ky=7.44x 10' L mol's!

Table 55: Kinetics of the reaction of 8-Na (generated from 8-H by addition of 1.04 equiv. NaO¢Bu) with 3¢ (20
°C, stopped-flow, at 407 nm).

3c]/ 8-Na] / Kops /
II[101 ]L'1 [mol L]'l [8-Na)/[3c] stf'

= w 5 0.15 y= 46.297x - 0.009

1.61 x 107 7.29 x 10 46.9 2.17 x 10 R? = 0.9908

1.61 x 10° 1.46 x 10 93.9 6.23 x 1072 S

1.61 x 10° 2.19 x 107 141 8.90 x 102 F~005

1.61 x 10° 2.91 x10? 188 1.33 x 10! 0.00

1.61 x 10° 3.64 x 107 235 1.55 x 107! 0.0000 0.0010 0.0020 0.0030 0.0040
[Nu] / molL"

© 0.10

ky=4.63 x 10' L mol”s™

Determination of Reactivity Parameters N and sy for Sodium Fluorenide (8-Na) in DMSO

Table 56: Rate Constants for the reactions of 8-Na with different electrophiles.

Electrophile E  k/Lmol's" Igk, y = 0.6489x + 16.989
2d -17.29  7.00x10° 5.85 5 R? = 0.9972
2e -17.90 2.02x10° 531 &
3b 2310 744x10' 187 =23
3c 2380 4.63x10" 1.67

-24 23 -22 -29 -20 -19 -18 -17
Blectrophilicity E

N=26.18, s5=0.65
4.4.1.10. Reactions of Lithium Fluorenide (8-Li)

Table 57: Kinetics of the reaction of 8-Li (generated from 8-H by addition of 1.02 equiv. LiOsBu) with 2d (20
°C, stopped-flow, at 486 nm).

[2d] / X [S'Li]_{ [8-Li]/[2d] kolfi / 80 y = 403462x - 26.436
mol L mol L S R = 0.9891
830x 10° 1.37x10* 16.8 280 w
830 10° 1.83x10* 224 469 g %°
830 x 10° 229x10% 280 694 . : . .
8.30 x 10_6 2.74 % 10_4 337 82.0 0.0000 0.0001 0.0002 0.0003
k,»=4.03 x 10° L mol™'s™ [Nu] / molL*
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Chapter 5: From Carbanions to Organometallic Compounds

Table 58: Kinetics of the reaction of 8-Li (generated from 8-H by addition of 1.05 equiv. LiO7Bu) with 2e (20
°C, stopped-flow, at 521 nm).

[2e]/ [8-Li]/
mol L! mol L'

[8-Li]/[2e] k‘:?i/ 120 1 y = 266574x - 29.333

- R? =0.9989
145x10° 1.77x10% 129 187 T 5
145x10° 3.54x10* 257 632 g
145x10° 531x10* 386 113 . .
ky=2.67 x 10° L mol's™! 0.0000 0(;%3]2/ mOIL_10.0004

Table 59: Kinetics of the reaction of 8-Li (generated from 8-H by addition of 1.06 equiv. LiOsBu) with 3b (20
°C, stopped-flow, at 400 nm).

B B e

1.51x10° 4.50 x 10 31.6 3.26 x 107 0.10

kobs /
S-l

y =49.044x + 0.0135

4 A R? = 0.9935

1.51 x 10° 9.00 x 10 632  621x10% 2

151x10° 135x10° 948  797x10% SO0

1.51 x 107 1.80 x 107 126 1.00 x 10 0.00 - :

1.51 x 10° 2.25x% 107 158 1.24 x 10! 0.0000 0.0010 0.0020
[Nu] / molL"!

k=490 x 10' L mol's!

Table 60: Kinetics of the reaction of 8-Li (generated from 8-H by addition of 1.05 equiv. LiO7Bu) with 3¢ (20
°C, stopped-flow, at 407 nm).

moll!  moitt [BLEG
1.61 x10° 621x10* 405 1.70x10%
161 x 10° 124x10° 810  447x102 g
161x10° 1.86x10° 122 6.64x10> o , ,
1.61 x 10° 2.48 x 107 162 9.49 x 10 0.0000 0.0010 0.0020

Nu] / molL-
ky=4.11 x 10' L mols™! [Nu] /mo

kobs /
gl 0.10 'y —41.136x - 0.0081
R? =0.9974

Determination of Reactivity Parameters N and sy for Lithium Fluorenide (8-Li) in DMSO

Table 61: Rate Constants for the reactions of 8-Li with different electrophiles.

Electrophile E Kk /Lmol's' Igk y = 0.654x + 17.006
2d -1729  4.03x10° 5.6l R? = 0.9935
2e -1790 267x10° 543
3b 2310 490x10' 169 <=3
3c 2380 4.11x10" 1.6l

-24 238 -22 -21 -20 -19 -18 -17

N=126.00, sx = 0.65 Blectrophilicity E
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Chapter 5: From Carbanions to Organometallic Compounds

4.4.2. Kinetic Experiments of the Zinc Derivatives of 6-8
4.4.2.1. Deprotonation Experiments

The formation of the organozinc compounds (6-8)-ZnCl from their conjugate CH acids (6-8)-
H, were recorded by using diode a array UV-Vis spectrometers. The temperature during all
experiments was kept constant by using a circulating bath (20.0 + 0.02 °C). Solutions of the
CH acids (6-8)-H in dry DMSO were added to a solution of TMP-ZnCI-LiCl (1.06—-1.08 eq.)
in dry DMSO respectively. After the equilibration of the absorption (4 to 7 min) the mixtures
were treated subsequently with various equivalents of TMP-ZnCl-LiCl (dissolved in DMSO).
In all cases a full deprotonation of the CH acid with one equivalent of base was monitored

(Figure 14).
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Figure 14: Formation of the organozinc compounds (6-8)-ZnCl from the corresponding CH acid by addition of
TMP-ZnCI-LiCl in DMSO at 20 °C. Dashed lines mean an addition equiv. of TMP-ZnCI-LiCl.
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4.4.2.2. Reactions of 6-ZnCl

Table 62: Kinetics of the reaction of 6-ZnCl (generated from 6-H by addition of 1.09 equiv. TMP-ZnCl-LiCl)
with 1m (20 °C, stopped-flow, at 613 nm).

[Im]/  [6-ZnCl]/

kobs /
S-l

[6-ZnC1)/[1m] y = 28926x + 44.809

mol L! mol L™ 9 R - 0.9885
228 x10° 3.43x10* 15.0 555 o o e
228 x10° 6.85x 10" 30.1 645 5 o
228 x10° 1.71 x 107 75.2 910 = 0 . .
2.28 x 107 2.06 x 10 90.2 107 0.0000 0.0010 0.0020

k=2.89 x 10* L mol's™ [Nu] / molL-"

Table 63: Kinetics of the reaction of 6-ZnCl (generated from 6-H by addition of 1.05 equiv. TMP-ZnCI-LiCl)
with 1n (20 °C, stopped-flow, at 620 nm).

[In]/ [6-ZnCl] /
mol L mol L'

/

kO S
[6-ZnCl1]/[1n] 5131 y = 14973x + 19.924

187 x10° 454x10° 242 264 i =0.99%5

1.87 x 10° 9.08 x 10 48.4 33.7

1.87 x 10° 227 %107 121 54.4 , , , ,

1.87 x 107 3.18 x 10° 170 67.1 0.0000 0.0010 0.0020 0.0030 0.0040
[Nu] / molL"!

k=150 x 10* L mol's!

Table 64: Kinetics of the reaction of 6-ZnCl (generated from 6-H by addition of 1.06 equiv. TMP-ZnClI-LiCl)
with 1p (20 °C, stopped-flow, at 627 nm).

[1p]/  [6-ZnCI]/ Kobs /
mol L™ mol L! [6-ZnCl}/[1p] st op | ¥ =5259.3x +6.5317
222x10° 416x10* 187 877 . s R =0.9985
w
2.22x10° 832x 10 37.4 107~ 19
2.22x10° 1.66 x 10 74.8 156 <~ 5
222x10° 2.50 %107 112 19.7 0 . .
222x10° 291 x 107 131 21.7 0.0000  0.0010  0.0020  0.0030

5 1 1 [Nu] / molIL™!
k,=526%x10"Lmol s

Table 65: Kinetics of the reaction of 6-ZnCl (generated from 6-H by addition of 1.06 equiv. TMP-ZnCI-LiCl)
with 1q (20 °C, stopped-flow, at 635 nm).

[1q]/ [6-ZnCl] /
mol L! mol L!

[6-ZnCl]/[1q]

kobs /
o y =1922.9x + 1.4575

2 _
1.69 x 10° 4.16 x 10" 24.6 2.18 R* =0.9903
1.69x 10° 8.32x 10 49.3 3.10
1.69 x 10° 1.66 x 10 98.6 4.84 . |
1.69 x 10° 2.08 x 107 123 5.31 0.0000 0.0010 0.0020
ky=1.92x 10’ L mol's™ [Nu] / molL"
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Determination of Reactivity Parameters N and sy _for 6-Zn in DMSO

Table 66: Rate Constants for the reactions of 6-ZnCl with different electrophiles.

Electrophile E  k/Lmol's! lgk, ~ °[ ¥=04752x+7.8211
1m ~7.02  2.89x 10" 446 R =0.9915
In ~7.69  150x 10" 418 &, |
1p 876 526x10° 372 2
1q 945 192x10° 328
3 1 1 1
N= 16.46, sn=0.48 -10.0 -9.0 -8.0 -7.0

Electrophilicity £

4.4.2.3. Reactions of 7-ZnCl

Table 67: Kinetics of the reaction of 7-ZnCl (generated from 7-H by addition of 1.08 equiv. TMP-ZnCI-LiCl)
with 1m (20 °C, stopped-flow, at 613 nm).

r&{)’;’]{/l ”ﬁg}/ [7-ZnC1)/[1m] k‘:_’?/ 180y = 138441x - 16,071
220 % 10° 829 x 10 37.6 988 F=09982
220105 9.67x10% 439 19 g%
220%10° L11x10° 501 s , , ,
2.20 < 10° 1.38 x 10” 62.7 176 0.0000  0.0005 00010  0.0015

k=138 % 10° L mol"' s [Nu] / molL"

Table 68: Kinetics of the reaction of 7-ZnCl (generated from 7-H by addition of 1.09 equiv. TMP-ZnCl-LiCl)
with 1n (20 °C, stopped-flow, at 620 nm).
[In]/ [7-ZnCl] /
mol L™ mol L™
2.04x 107 2.13 x 10 10.4 882
2.04 x10° 4.25x10* 20.9 24.7 \§ 20
x

Feobs /
[7-ZnCly[In] ™25 y = 68483x - 5.37

40 Re = 0.9983

2.04 x10° 6.38x10* 31.3 37.5
2.04 %105 851 x10* 417 53.1 0
0.0000 0.0003 0.0006 0.0009
ky=6.85x10* L mol"'s™! (Nu] / molL"

Table 69: Kinetics of the reaction of 7-ZnCl (generated from 7-H by addition of 1.05 equiv. TMP-ZnCI-LiCl)
with 1n (20 °C, stopped-flow, at 627 nm).

[Ip]/  [7-ZnCl]/
mol L™ mol L™
1.65 x10° 220 x 10 13.3 270  _ 15
1.65x 107 439 x 10 26.6 624 <10

kobs /
[7-ZnClJp] ~ i 20 y = 18973x - 1.615

R? = 0.9976

1.65 %107 6.59 x 10™ 40.0 113 & 5
1.65x 10° 8.78 x 10 53.3 15.1 0 s s
1.65x10° 1.10 x 107 66.6 19.1 0.0000 0.0005 0.0010

. T [Nu] / molL
k=190 x 10" L mol™ s
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Table 70: Kinetics of the reaction of 7-ZnCl (generated from 7-H by addition of 1.06 equiv. TMP-ZnCI-LiCl)

with 1q (20 °C, stopped-flow, at 635 nm).

1q]/ 7-ZnCl] / Kops /
n[lo?]L'1 [ mol L'g [7-ZnCl}/[1q] s131
1.55 %10 1.80 x 10™ 11.6 1.69
1.55 x10° 3.60 x 10 23.2 3.08
1.55x 10° 5.40 x 10* 34.9 5.26
1.55%x10° 720 x 10* 46.5 7.30
1.55x 10° 9.00 x 10* 58.1 9.30

k,=1.08 x 10* L mol's™

10 1y — 10805x - 0.506

_ 8 R = 0.9956

6

g4

= 2
0 1 1
0.0000 0.0005 0.0010

[Nu] / molL"!

Table 71: Kinetics of the reaction of 7-ZnCl (generated from 7-H by addition of 1.06 equiv. TMP-ZnCI-LiCl)

with 1r (20 °C, stopped-flow, at 630 nm).

1r]/ 7-ZnCl] / Kops /
n[101 ]L_, [mol L_J [7-znC1y1r]
1.72 x 10° 2.95 % 10* 17.1 1.65
1.72 x 10° 5.91 x 10* 34.3 3.42
1.72 x 107 8.86 x 10 514 5.09
1.72 x 10 1.18 x 10 68.5 6.16
1.72 x 10° 1.77 x 107 103 9.88

ky=5.46 x 10* L mol!'s™!

10 - y = 5455.2x + 0.0854
8 R = 0.9949
T 6
24
x
2
0 1 1 1 1
0.

0000 0.000§§0R% 10-0015 0.0020

Determination of Reactivity Parameters N and sy_for 7-ZnCl in DMSO

Table 72: Rate Constants for the reactions of 7-ZnCl with different electrophiles.

Electrophile E  k/Lmol's' lgk
1m -7.02  1.38x10° 5.14
1n ~7.69  6.85x10* 4.84
1p 876  1.90x 10" 428 &
1q 945 1.08x10* 4.03 <
1r -10.04 5.46x10° 3.74

N=18.09, sx=0.46

4.4.2.4. Reactions of 7-ZnBr

y =0.4638x + 8.3903
R? =0.9976

3 1 1 1

-10.5 -9.5 -8 -7.5

5
Bectrophilicity E

Table 73: Kinetics of the reaction of 7-ZnBr (generated from 7-H by addition of 1.06 equiv. TMP-ZnBr-LiBr)

with 1m (20 °C, stopped-flow, at 613 nm).

1m]/ 7-ZnBr] / kobs /
IEIOI I]jl [mol L"] [7-ZnBr]/[1m] S*f,
1.65x 10° 5.54 x 10 33.5 11.0
1.65x 10° 832x10* 50.3 17.2
1.65x10° 1.11x10? 67.1 233
1.65x10° 1.39x10? 83.8 27.8
1.65x10° 1.66 x 107 101 33.8

k,=2.03 x 10* L mol's™

218

y =20306x + 0.1
. 30 R? = 0.9971
2 20
E 0
0 1 1 1
0.0000 0.0005 0.0010  0.0015
[Nu] / molL"!
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Table 74: Kinetics of the reaction of 7-ZnBr (generated from 7-H by addition of 1.06 equiv. TMP-ZnBr-LiBr)
with 1n (20 °C, stopped-flow, at 620 nm).

[In]/  [7-ZnBr]/

[7-ZnBr]/[1n] k‘;?i /

mol L' mol L' y = 11866x - 0.308
182x10° 640x10° 353 680 . 20 R? = 0.9942
1.82x 107 9.61 x 10™ 52.9 11.7 { 13
1.82x10° 1.28 x 107 70.5 152 <& ¢
1.82x 10° 1.60 x 10 88.2 18.3 0 : : : ;
1.82x10° 1.92x10° 106 22.5 0.0000 0.0005 0.0010 0.0015 0.0020

[Nu] / molL"
ky=1.19 x 10* L mol's™

Table 75: Kinetics of the reaction of 7-ZnBr (generated from 7-H by addition of 1.05 equiv. TMP-ZnBr-LiBr)
with 1o (20 °C, stopped-flow, at 618 nm).
[10]/ [7-ZnBr] /
mol L mol L'
1.68 x 10° 7.54 x 10 44.8 392 4,
1.68 x 10° 1.13 x 107 67.2 5.80 \g
1.68 x 10° 1.89 x 107 112 997 <

1.68 x 10° 2.26 x 10 135 11.7 0
0.0000 0.0010 0.0020

k=524 %10 L mol's™ [Nu] / molL-

y =5237.8x - 0.05
R? = 0.9991

[7-ZnBr]/[10] k‘;‘?? / 12

Table 76: Kinetics of the reaction of 7-ZnBr (generated from 7-H by addition of 1.05 equiv. TMP-ZnBr-LiBr)
with 1p (20 °C, stopped-flow, at 627 nm).

[1p]/  [7-ZnBr]/

kobs /

mol L' mol L' [7-ZnBr}/[1p] s 6 y =2752.7x +0.024
1.78 x 10° 6.15 x 10™ 34.4 176 ., R =0.9986
w
1.78 x 10° 922 x 10 51.7 255~
1.78 x 10° 123 x 107 68.9 336 x 2
1.78 x 107 1.54 x 107 86.1 421 0
1.78 x 10° 1.84 x 107 103 5.16 0.000 0.001 0.001 0.002 0.002

; T [Nu] / molL-*
ky=2.75%x10"L mol” s

Determination of Reactivity Parameters N and sy_for 7-ZnBr in DMSO

Table 77: Rate Constants for the reactions of 7-ZnBr with different electrophiles.

Electrophile E k& /Lmol's" lgk o y =0.5114x +7.937
1m —-7.02  2.03x10* 431 R? = 0.9838
In ~7.69  1.19x10* 408 &,
1o 822 524x10° 372 °
1p —8.76 2.75x10° 3.44
3 1 1 1 ]
N=15.52,5y=0.51 9.0 85 8.0 7S 7.0

Electrophilicity E
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4.4.2.5. Reactions of 7-Znl

Table 78: Kinetics of the reaction of 7-Znl (generated from 7-H by addition of 1.07 equiv. TMP-ZnI-Lil) with
1m (20 °C, stopped-flow, at 613 nm).

1m]/ 7-Znl]/
IElO] I]Jl [mol L]1 [7-Znl}/[1m]
1.83 x 10° 539 % 10* 294 9.00 _ 12
1.83 x 10° 8.08 x 10* 44.2 997 2
1.83 x10° 1.08 x 107 58.9 11.2
1.83 x 10° 135x 107 73.6 11.7 : : :
183x10° 1.62x10° 883 13 0000 000G/ Sabie 00018

k=3.69 x 10° L mol's!

kobs /
S-l

y =3685.2x + 7.02
R? = 0.9864

kobs

8
4
0
0.

Table 79: Kinetics of the reaction of 7-Znl (generated from 7-H by addition of 1.06 equiv. TMP-ZnI-Lil) with 1n
(20 °C, stopped-flow, at 620 nm).

In]/ 7-Znl] /
n[lorll]L"1 [molnL]1 [7-ZnI}/[1n]

1.72 x 10° 7.27 x 10 4.2 6.54
1.72 x 10° 1.09 x 107 63.3 7.85

kobs /
S-l

y =2394.8x +4.998

1.72 x 107 1.45x 107 84.4 8.47 R? =0.9846

-5 3 1 !
1.72 x 10_5 1.82 x 10_3 106 9.43 00010 0020
172 x 10° 2.18 x 10 127 10.1 ]/ molL

k=239 x10° L mol's™

Table 80: Kinetics of the reaction of 7-Znl (generated from 7-H by addition of 1.06 equiv. TMP-Znl-Lil) with 1o
(20 °C, stopped-flow, at 618 nm).
[10]/ [7-Znl] /

mol L™ mol L™
1.82x 107 6.15x 10" 33.8 1.69
1.82x 107 1.23 x 107 67.7 2.44
1.82x 107 1.54 x 107 84.6 2.90 0

-5 3
1.82 X 107 1.84x10 102 3.12 0.0000 0.0005 0.0010 0.0015
ky=1.20x% 10 L mol's™ [Nu] / molL"

[7-ZnI]/[10] k‘;‘?? /

y =1198.3x + 0.9723
R? = 0.9903

Kyps /87

Table 81: Kinetics of the reaction of 7-Znl (generated from 7-H by addition of 1.07 equiv. TMP-ZnlI-Lil) with 1p
(20 °C, stopped-flow, at 627 nm).
[1p]/ [7-Znl] /

mol L' mol L™’
1.65 x 10° 6.08 x 10™* 36.9 0.584
1.65x10° 9.12 x 10™ 55.3 0.715
1.65x10° 1.22x 107 73.8 0.863
1.65x 107 1.52x 107 92.2 1.04 0.0
1.65%x10° 1.82x 103 111 1.20 0.0000 0.0005 0.0010 0.0015

Nu] / molL"
ky=5.12 % 10* L mol ™" s™ [Nu] / mo

[7-ZnI]/[1p] k‘;ﬁ’? /

y =512.35x + 0.2576
R? = 0.9971

1.0
Tn
2 05
<§)
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Determination of Reactivity Parameters N and sy for 7-Znl in DMSO

Table 82: Rate Constants for the reactions of 7-Znl with different electrophiles.

Electrophile E  k/Lmol's” Igk, 35 | y= 0-42942X +7.0989 ®
1m 7.02  3.69x10° 3.57 F¥ = 0.9625
1n ~7.69 239x10° 338
3 = 3.0
1o 822 120x10° 3.08
1p -8.76 5.12x10° 271 ¢
25 1 1 1 ]
N=14.36, sy =0.49 9.0 -8.5 -8.0 -75 -7.0

Blectrophilicity E

4.4.2.6. Reactions of 8-ZnCl

Table 83: Kinetics of the reaction of 8-ZnCl (generated from 8-H by addition of 1.04 equiv. TMP-ZnCI-LiCl)
with 1m (20 °C, stopped-flow, at 613 nm).

1m]/ [8-ZnCl]/ Kops /
ILOT]L_I [ molll L’! [8-ZnCl)[1m] "% ap | V=33797x- 14

3 ) _ R2 = 0.9934

220%10° 9.76 x 10 443 195 7 24

220%10° 1.14x 107 51.7 240 g 16

220%10° 1.30x 103 59.0 295 = 8

220 % 10° 1.46 x 107 66.4 36.0 0 ' ' '

0.0000 0.0005 0.0010 0.0015

k=338 x10* L mol's” [Nu] / molL"

Table 84: Kinetics of the reaction of 8-ZnCl (generated from 8-H by addition of 1.08 equiv. TMP-ZnCI-LiCl)
with 1n (20 °C, stopped-flow, at 620 nm).

[In]/ [8-ZnCl1] /

[8-ZnCl]/[1n] ot /

mol L! mol L! g! y = 17776x + 3.594
2.64 % 10° 2.64 x 10 12.9 8.53 Re = 0.9972
2.64x10° 527 x 10™ 25.9 12.9
2.64x10° 7.91x10* 38.8 17.5
2.64x10° 1.05%10° 51.7 21.8 , ,
2.64x10° 1.32x 107 64.6 27.5 0.0000 0.0005 0.0010
ky=1.78 x 10* L mol” 5" [N/ molL"

Table 85: Kinetics of the reaction of 8-ZnCl (generated from 8-H by addition of 1.07 equiv. TMP-ZnCI-LiCl)
with 1p (20 °C, stopped-flow, at 627 nm).

1p]/ 8-ZnCl]/ kons /
rr[loll)]L'l [mol L'g [8-ZnCl}/[1p] slzl &1
2.65x10° 2.53 % 10* 15.4 431 6
2.65x10° 5.07 x 10™ 30.7 510 2,

s 3 2 y =3261.2x + 3.4645
2.65x10 1.01 x 10 61.5 6.74 ~° o R2 = 0.9997
2.65%x10° 1.27 %103 76.9 7.62 i

0 1 1 ]

k2 =326 x 103 L rnol'l S-l 0.0000 0.0005 0.0010 0.0015

’ [Nu] / molL-t
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Table 86: Kinetics of the reaction of 8-ZnCl (generated from 8-H by addition of 1.07 equiv. TMP-ZnCI-LiCl)
with 1q (20 °C, stopped-flow, at 627 nm).

[lq)/ [8-ZnCl /g 7 ciypig) ®%/ 4 -y —e00.24x 4 1.223
mol L mol L S

5 3 _ 3 R? = 0.9983

1.96 x 10° 1.06 x 10 54.3 244

1.96 x 105 1.42 x 107 72.4 2.49 \§ 2

1.96 x 10° 1.77 x 107 90.5 284 <1

1.96 x 10° 2.13x 107 109 3.12 0 : :

0.0000 0.0010 0.0020

k=9.00 x 10 L mol's™ [Nu] / molL"

Determination of Reactivity Parameters N and sy_for 8-ZnCl in DMSO

Table 87: Rate Constants for the reactions of 8-ZnCl with different electrophiles.

Electrophile E  k/Lmol's' lgk 53 y = 0.655x + 9.2027
1m —-7.02  338x10* 453 45 R? =0.9878
1n -7.69 178 x 10* 425 <
1p 876 326x10° 351 T 35
1q 945  9.00 x 10* 2.95
2.5 L L |
-10.0 -9.0 -8.0 -7.0

N=14.05, 55 =0.66 Blectrophilicity £

4.4.2.7. Control Experiments

Reaction of 1n with LiCl and BuyNCI
Table 88: Reactions of 1n with LiCl and Bu,NCI in DMSO (20 °C, diode array, at 620 nm).
[1n]/ [Salt]/ ks /
mol L™ mol L™ st
144x10° LiCl 191x10° -
141 x10° LiCl 3.75x10% -
1.35x10° BuN,Cl 1.53x10° -
1.3 x10° BuN,Cl 2.06 x 10° -

Salt

Reaction of 1n with TMPH
Table 89: Reactions of TMPH with 1n in DMSO (20 °C, stopped-flow, at 620 nm).
[In]/  [TMPH]/ Kops /
mol L™ mol L™ [TMPH]/[1n] s
143 x10° 1.31x10° 92.0 -
143 x10° 1.69 x 107 118 -
143 x10° 2.81 x 10° 197 -

143 x10° 3.75x 107 263 -
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Reaction of 7-ZnCl with 1n presence of variable concentrations of TMPH

Table 90: Kinetics of the reaction of 7-ZnCl (generated from 7-H by addition of 1.08 equiv. TMP-ZnCl-LiCl)
with 1n (20 °C, stopped-flow, at 620 nm).

[In]/  [7-ZnCl]/ [TMPH] [TMPHlwa kobs/
mol L™ mol L™ /mol L /mol L st 30 e ¢ —o
1.95x10° 5.79 x 10™ 0 579x10% 360 - y = -177x +34.753
1.95x10° 579 x10* 1.31x10° 1.89x10° 334 =, 20 Re = 0.4541

1.95x10° 5.79x10* 5.63x10° 621x10° 33.7 =< 10

1.95x 107 579 x 10" 2.96 x 10° 3.54x 107 33.5 0 , ,

1.95x 107 579 x 10® 1.19x 107 1.24x10° 32.8 0.0000 0.0050 0.0100
[TMPH] / molL"

k=178 x 10* L mol's™!

4.4.2.8. Experiments with Additives

Table 91: Kinetics of the reaction of 7-ZnCl (generated from 7-H by addition of 1.04 equiv. TMP-ZnCI-LiCl)
with 1n in presence of variable concentrations of LiCl (20 °C, stopped-flow, at 620 nm).

[1n]/ [7-ZnCl] / [LICI]  kops/ R
mol L' mol L' /mol L st 400
204 x10° 8.63x10° 0 629  _ 300
204x10° 863x10% 166x10* 721 2 200 °
2.04x10° 863 x10* 332x10* 793 g °
2.04x10° 8.63x10* 6.64x10* 872 100 4o®
2.04x10° 8.63x10* 1.66x10° 117 0 . . . .
204107 8.63 x 10'1 3.32x 10'2 156 0.000 0.005 0.010 0.015 0.020
204 x10° 8.63x10* 6.64x10° 243 [LiCI] / molL"
2.04x10° 863x10* 1.66x102 415

Table 92: Kinetics of the reaction of 7-ZnBr (generated from 7-H by addition of 1.06 equiv. TMP-ZnBr-LiBr)
with 1n in presence of variable concentrations of LiCl (20 °C, stopped-flow, at 620 nm).

[1n]/ [7-ZnBr] / [LICI]  kops/

mol L' mol L™ /mol L' st 200 d
2.04x10° 4.73x10* 0 553 _ 150 o
204x10° 473 x10" 1.66x10" 662 2,4
2.04x10° 473 x10* 332x10* 873 8 *
204 x10° 473x10* 6.64x10* 143 = 50 °
2.04x10° 473 x10* 1.66x10° 354 N - - |
2.04x10° 4.73x10* 332x10° 87.1 0000 0002 0004 0006 0.008
2.04x10° 4.73x 10" 4.98x10° 135 [LiC] / molL-
204 x10° 473 x10% 6.64x10° 196

Table 93: Kinetics of the reaction of 7-Znl (generated from 7-H by addition of 1.09 equiv. TMP-ZnI-Lil) with 1n
in presence of variable concentrations of LiCl (20 °C, stopped-flow, at 620 nm).

n -/n 1 obs
[1n]/ [7-Znl]/ [LICI]  kops/
mol L' mol L™ /mol L ! 150 b
204 x10° 833x10* 0 213 _
2.04x10° 833x10* 332x10* 238 2 100 o
2.04x10° 833x10* 6.64x10* 3.14 3 i
2.04x10° 833x10* 1.66x10° 165 = 90 °
2.04x10° 833x10* 249x10° 50.5 0 e . . .
- 4 -
2.04 x 10: 8.33 x 104 3.32 % 102 78.1 0000 0002 0004 0006 0008
2.04 x10° 833x10* 498x10° 110 [LiCI] / molL"
2.04x10° 833 x10* 6.64x10° 176

223



Chapter 5: From Carbanions to Organometallic Compounds

Table 94: Kinetics of the reaction of 7-ZnCl (generated from 7-H by addition of 1.07 equiv. TMP-ZnCI-LiCl)

with 1n in presence of variable concentrations of LiBr (20 °C, stopped-flow, at 620 nm).

[In]/
mol L

[7-ZnC1] /
mol L'

[LiBr]
/mol L'

kobs /
S-l

2.04 x 10°
2.04 x 107
2.04 x 107
2.04 x 107
2.04 x 107
2.04 x 10°
2.04 x 10°
2.04 x 10°

452 x 10™
452 x 10™
452 x 10™
452 x 10™
452 x 10™
452 x 10™
452 x 10™
452 x 10™

0
1.77 x 10
3.55x 10™
7.09 x 10
1.77 x 107
426 %103
8.87 x 107
1.77 x 1072

30.8
29.3
28.4
30.7
36.4
54.8
71.8
82.3

100 °
- [ ]
» [ ]
T, 50
& ®
0 1 1 ]
0.000 0.010 0.020 0.030
[LiBr] / molL-*

Table 95: Kinetics of the reaction of 7-ZnCl (generated from 7-H by addition of 1.03 equiv. TMP-ZnCI-LiCl)

with 1n in presence of variable concentrations of BuyNCI (20 °C, stopped-flow, at 620 nm).

[In]/
mol L™

[7-ZnC1] /
mol L'

[BuyNClI]
/mol L™

kobs /
S»l

236 x 107
236 x 107
236 % 107
236 x 107
2.36 x 107
2.36 %107
236 %103
236 %103
236 %107

3.89 x 10
3.89 x 10
3.89 x 10
3.89 x 10
3.89 x 10
3.89 x 10
3.89 x 10*
3.89 x 10*
3.89 x 10

0
1.80 x 10
3.60 x 10
7.20 % 10
1.26 x 1073
2.16 x 1073
432 x 103
9.00 x 107
1.44 x 1072

26.5
313
353
42.8
51.4
58.9
77.9
94.8

115

[ ]
90 b
- [ ]
2 60
3 o°
= 30
0 1 1 ]
0.000 0.005 0.010 0.015
[Bu,NCI] / molL-*

Table 96: Kinetics of the reaction of 7-ZnCl (generated from 7-H by addition of 1.09 equiv. TMP-ZnCI-LiCl)

with 1n in presence of variable concentrations of MgCl, (20 °C, stopped-flow, at 620 nm).

[In]/
mol L

[7-ZnC1] /
mol L'

[MgCl,]
/mol L™

kobs /
S-l

2.83 x 10°
2.83 x 10°
2.83 x 10°
2.83 x 10°
2.83 x 107
2.83 x 107
2.83 x 107
2.83 x 10°
2.83 x 10°

3.53x 10
3.53x 10
3.53x10*
3.53x 10
3.53x 10
3.53 x 10
3.53 x 10
3.53x 10*
3.53 x 10

0
2.00 x 10
3.99 x 10
7.98 x 10
1.40 x 1073
2.39x 103
479 x 107
9.98 x 107
1.60 x 107

23.8
34.1
43.7
60.0
78.8
90.6
100
104
114

120
90
60 e
30

Kops /87

0

0.000

0005 0010  0.015
[MgCl,] / molL"

4.4.3. Kinetic Experiments of the Tin and Silicon Derivatives of 7

4.4.3.1. Reactions of 7-Sn
Table 97: Kinetics of the reaction of 7-Sn with 1g in CH,Cl, (20 °C, stopped-flow, at 601 nm).

[1g]/
mol L!

[7-Sn] /
mol L™

[7-Sn]/[1g]

kobs /

S—l

y =735.99x + 0.1296

2 R? =0.9997
0.894 o

122 s
1.84
2.13

1.09 x 10° 1.05 x 107
1.09 x 107 1.47 x 10
1.09 x 10° 231 x 107 211
1.09 x 107 2.73 x 10 250

k=736 x 10> L mol's™

96.1
135

0.0010  0.0020  0.0030
[Nu] / molL™"
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Table 98: Kinetics of the reaction of 7-Sn with 1h in CH,Cl, (20 °C, stopped-flow, at 593 nm).
[1h]/ [7-Sn]/ kobs /
mol L™ mol L! s! 5 y =191.51x + 0.043
1.01 x 10° 1.71 x 10 170 0369 - R =0.9979
1.01 x 10° 2.14 x 107 212 0.453
1.01 x 10° 2.57 x 107 255 0532 <02
1.01 x 10° 2.99 x 107 297 0.626 0.0 : : :
1.01 x 10-5 342 x 10-3 339 0.692 0.0000 0.0010 0.0020 0.0030

[Nu] / molL"!
k=192 x10°L mol's™

[7-Sn]/[1h]

Table 99: Kinetics of the reaction of 7-Sn with 1j in CH,Cl, (20 °C, stopped-flow, at 672 nm).

[151/ [7-Sn] / kobs /
mol L mol L™ s!

[7-Sn]/[1j] y = 37.414x +0.0194

897 x10° 2.57x10° 286  0.114 . R? =0.998

897x10° 299x10° 334 0133 = oA

8.97 x 10° 3.42x 107 381 0.148

8.97 x 10° 3.85x 107 429 0.163 0.0 : :

8.97x10° 428x10° 477  0.179 0.0000 0.0020 0.0040
[Nu] / molL"

ky=3.74x 10' L mol"s™!

Table 100: Kinetics of the reaction of 7-Sn with 1k in CH,Cl, (20 °C, diode array, at 620 nm).

[1K]/ [7-Sn]/ kobs /
mol L™! mol L s!

[7-Sn]/[1K] 0.04 v _ 7.6992x +0.004

1.11 x10° 2.16 x 107 194 212%10° 1, 003 R = 0.9938
108 x 10° 279 10° 259 2.50x10° g 0.02
1.04 x 10° 3.36x 107 324 296x10% < gg;
-5 -3 2 . L L
LO7> 107 417> 10 388 3.65 x 10 0.0000 0.0020 0.0040
k,=7.70 L mol"s™ [Nu] / molL"

Table 101: Kinetics of the reaction of 7-Sn with 11 in CH,Cl, (20 °C, diode array, at 622 nm).

[/ [7-Sn]/ ooy /
mol L™ mol L' [7-SnVI] s

1.07 x 10° 6.40 x 107 599 3.33x 102 »
1.07 x 10° 7.33 x 10 685 3.69x 102 g 0.02

y =4.794x + 0.0021

1.06 x 10° 7.93 x 107 748 3.95 x 1072 0.00 . .
1.07 x 10° 1.00 x 1072 942 5.05 x 1072 0.000 0.005 0.010
k=479 L mol™ s (Rl /moll”
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Determination of Reactivity Parameters N and sy for 7-Sn in CH,Cl,

Table 102: Rate Constants for the reactions of 7-Sn with different electrophiles.

Electrophile E  k/Lmol's" lgk, 3 Iy =0.8068x + 5.3902
1g -3.14 736 2.87 ,| =098
1h -3.85 192 228 <
1j 472 374 157 S 1}
1k —5.53 7.70 0.89 0 . .
11 -5.89 4.79 0.68 6 5 4
N=6.68, sy=0.81 Bectrophilicity £

4.4.3.2. Reactions of 7-Si
Table 103: Kinetics of the reaction of 7-Si with 1b in CH,Cl, (20 °C, diode array, at 475 nm).

TSV o/
mol L’ ottt SV

244 x10° 3.16 x 10™ 13.0 473 %107
2.74x10° 532x10* 194  7.05x10? g 0.05

y =114.67x + 0.0107

2.62x10° 6.79x10* 259 893x 102 =
2.62x10° 849x10* 324  1.08x10" 0.00
0.0000 0.0005
ky=115L mol's" [Nu] / molL"

Table 104: Kinetics of the reaction of 7-Si with 1¢ in CH,Cl, (20 °C, diode array, at 488 nm).
1c]/ 7-Si]/ . kops /
ol L1 molLd [7Silitel

190 x 107 2,01 x10* 106  581x10° . o.¢

w» 0.

1.91x10° 3.02x10* 159  9.80x10° = 0010
1.90 x 10° 4.02x10*  21.1 128 x 102 < 0.005
191 x10° 5.04x 10* 264 1.72 x 1072 0.000

1.90 x 10° 6.03x10* 317  2.11x 10> 0.0000 .y oo
k»=37.7L mol s

y = 37.746x - 0.0019
R? = 0.9974

0.020

Table 105: Kinetics of the reaction of 7-Si with 1d in CH,Cl, (20 °C, diode array, at 517 nm).
1d]/ 7-Si] / . kobs /
3 — = 0.006
1.56 x 10™ 3.76 x 10 24.1 1.69 x 10 ™
1.56 x 10° 7.53x10* 482  290x10° =, o003

y =3.3822x + 0.0004
R? = 0.9991

156%10° 1.13x10° 723 408x10° <~
1.56 x 10° 1.51x10° 964  5.47x10° 0.000
1.56x10° 1.88x10° 121  6.77x10° 0.0000 0.0010

[Nu] / molL
k=338 Lmol's™
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Table 106: Kinetics of the reaction of 7-Si with 1e in CH,Cl, (20 °C, diode array, at 513 nm).

[1e]/ [7-Si] / . kops /
mol L' molr! L[7-SiVlel 5! 0.003 - Y =0.7691x - 3E-06

2.02x10° 1.33x10°  66.0 1.04x10° . R = 0.9992

204%10° 202x10° 989  1.53x10° < V0%

203x10° 2.68x10° 132 2.04x10° & 0001

2.05x10° 3.38 %107 165 2.63x 103 0.000

2.03x 107 4.02x10° 198  3.08x 107 0.0000 0.0020 0.0040

[Nu] / molL-*

ky=7.69 x 10" L mol™

S—l

Table 107: Kinetics of the reaction of 7-Si with 1f in CH,Cl, (20 °C, diode array, at 520 nm).

moll!  moirt Oswon ¥ =01087 + 7505
247x10% 293x10° 1184 374x10° " 00005 o
248 x10° 588x10° 2368 6.95x10* 2
245%10° 725x10° 2960 8.18x10%
0.0000
0.0000 0.0020 0.0040 0.0060

k=1.04%10"Lmol's!

[Nu] / molL"*

Determination of Reactivity Parameters N and sy _for 7-Si in CH,Cl,

Table 108: Rate Constants for the reactions of 7-Sn with different electrophiles.

Electrophile E  k/Lmol's' Igk,
1b 2.16 115 2.06
1c 1.48 37.7 1.58
1d 0.61 3.38 0.53
le 0.00 7.69x10" —0.11
1f -0.81 1.04x10" -0.98

N=-0.10, sy =1.05

5. Appendix

5.1. LiCl-free Organozinc Compounds

1) Transmetallation: As ZnCl, forms complexes with DMSO, the direct transmetallation by

treatment of 7-K with ZnCl, (7-K — 7-ZnCl) in DMSO solution was not successful. The
transmetallation (7-K — 7-ZnCl) could be performed in THF or in Et,O. When the generated
diluted with DMSO,

organozinc reagent was

tetrafluoroborates, the decays of the absorbances of the benzhydrylium ions were not mono-

exponential.

2) Isolation of the Organozinc Reagent: 7-K was generated by addition of KO7Bu to a solution

of 7-H in THF. Subsequent addition of ZnCl, (solution in Et,O) formed 7-ZnCl. The

2 y =1.0497x - 0.1084
R? = 0.9955

Blectrophilicity E
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precipitated KCI was filtered off, and the solution was evaporated to yield 7-ZnCl as a yellow
solid. Analysis by NMR spectroscopy showed that 7-ZnCl was not pure (probably as
THEF/Et,0O-complex). Pure 7-ZnCl also was not obtained when the synthesis was performed in

THF or in Et,0.

3) Zinc Insertion: 7-Br was added to a suspension of Zn in dry DMSO and heated for 5 min to
120 °C. After sedimentation over night, the clear solution was separated, and the
concentration of 7-ZnBr was determined by titration with iodine. When the kinetic
experiments with these solutions were performed under pseudo-first order conditions (large
excesses of 7-ZnBr), the decays of the absorbance of the electrophiles were not mono-
exponential. However, the experiments were not reproducible, and ko5 derived from the initial
rates (usually one half-live could be evaluated as a mono-exponential decay), did not correlate

with the concentrations of the organozinc reagent.
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Chapter 6

Ambident Reactivity of Enolates in Polar Aprotic Solvents

Francisco Corral Bautista and Herbert Mayr

1. Introduction

Enolate ions are probably the most used ambident nucleophiles in organic synthesis as they
react with a large variety of electrophiles allowing numerous transformations, which lead to a
wide range of products.!"! However, controlling their regioselectivity has been a dilemma for
chemist during decades. Pearson’s principle of hard and soft acids and bases (HSAB) was a
first attempt to describe the regioselectivity of ambident reactivity.”! Thereby, electophiles
with a high polarized bond between the carbon and leaving-group were terminated as “hard
electrophiles”, and should yield enol ethers as main product when they are combined with
enolate ions. Accordingly showed Zimmerman that enolate ions are protonated at the “hard”
oxygen in a fast, reversible step, whereas the thermodynamically more stable ketone is formed
by a slow reaction.’! However, the combination of enolate ions with carbocations, which are
“hard” electrophiles as well, yield exclusively the carbon-alkylated products.* Furthermore,
Buncel et al. reported on the attack of the “hard” oxygen of the acetophenone derived enolate

at one of the “soft” carbon—atoms of trinitrobenzene."’

Gompper concluded that changes in selectivity (O- versus C-attack) are a result of the change
in polarity in the transition from one system to another (solvent, counter ion, electrophile,
etc.) rejecting the assumption that the ratio of the O/C-alkylation increases with the reactivity
of the alkylating agent as the oxygen alkylation increased in the row Bul — BuBr — BuCl —

BuF while the reactivity of the electrophiles decrease in the same row.!®!

As to our knowledge, until nowadays no concept or theory is able to describe the
regioselectivity of enolate ions, we study herein systematically the ambident reactivity of

enolate ions.

Therefore, the influence of different parameters on the alkylation of the anion of
deoxybenzoin (1) is studied systematically (Scheme 1). For this purpose, alkylation reactions
of the potassium salt of deoxybenzoin (1-K) with different butyl derivates were performed
under constant conditions by successive change of one parameter (electrophile, solvent,

temperature, counter ion, etc). The results are compared with those reported in the literature.
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Furthermore, kinetic experiments will show if there is a relationship between reactivity and

the regioselectivity.

fo) Q OBu X=F X=0T
/ nBuX = =0ls
(S —_— Ph 4+
o PN " Solvent F’h)%/ NG Cl OMes
Bu Br OSO,Bu
1K 1-C 1-0 | OPO(OBU)2

Scheme 1: Butylation of the anion of deoxybenzoin (1-K).

2. Results and Discussion

2.1. General

Alkylation Reactions: The alkylation reactions were performed under argon-atmosphere.

Potassium tert-butoxide (KO7Bu, 33-35 mg, 0.29-0.31 mmol) was dissolved in 8.0 mL of
solvent and deoxybenzoin (1-H, 54-57 mg, 0.28-0.29 mmol) was added to the KO7Bu
solution before the electrophile (~0.32 mmol) was added. The reaction mixtures were stirred
until 1-K was consumed which was indicated by decoloration of the intense yellow color of
the carbanion (from 10 min for Bul in DMSO to 3 days for BuCl in THF). After an aqueous
work up, the crude reactions products were analyzed by 'H NMR in CDCls. The given O/C
ratios were obtained as the average of two experiments.. In general, the conversions of all

reactions were above 70%.

Analytical Method: To determine the ratio between the carbon-alkylated (C-alkylated, 1-C)

and oxygen-alkylated (O-alkylated, 1-O) product, 'H NMR spectroscopy was used. Thereby,
the integrals of the signals at 4.54 ppm (triplet, 1-C) and 6.06 ppm (singlet, 1-O)!"! were
compared. To verify the accurateness of this method, well defined amounts of 1-C and 1-O
were mixed in CDCl; and the obtained ratios of the 'H NMR experiments were plotted against

the calculated ratio in the respective sample (Figure 1).

As shown in Figure 1, the analysis by NMR furnishes accurate results even when the ratio of

the products is small or large.
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Figure 1: Ratio of 1-O derived by 'H NMR experiments versus ratio of 1-O present in the respective
NMR-tube (CDCl;, 200 MHz).

2.2. Experiments Varying the Concentration

First, the influence of the concentration of the electrophile on the regioselectivity was studied.
Therefore, experiments with different amounts/excesses of electrophile were performed in
DMSO (Table 1).
Table 1: O/C-Ratio for alkylation reactions of 1-K with Bul, BuCl and BuOTs in DMSO at different
concentrations of the electrophile ([1-K] ~ 34-35 mmol L™").

[Bul]/ [Bul] [BuCl]/ [BuCl]

[BuOTs]/ [BuOTs]

mmol L' /[1-K] 0/C mmol L' /[1-K] 0/C mmol L' /[1-K] 0/C
44 13 595 48 14 19:81 40 1.2 62:38
220 7 4:96 250 7 22:78 245 7 63:37
550 15 4:96 590 17 2476 614 18 59:41
1100 30 5:95 1190 35 2476

When the electrophile concentration was varied between 40 and 1200 mmol L', i.e. from 1.2
to 35 equiv. of electrophile with respect to 1-K, the O/C-ratio remained almost constant. Thus,

the electrophile concentration has no influence on the product ratio.

In the next experiment-series, the overall concentration is varied. Therefore, the amount of
solvent (DMSO) is varied for the alkylation reactions of 1-K with butyl iodide and butyl
tosylate (Table 2, Figure 2).
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Table 2: O/C Ratio of the alkylation reactions of 1-K with Bul and BuOTs in DMSO at different
concentrations ([Bul] / [1-K] = 1.2-1.3; [BuOTs] / [1-K] = 1.1-1.2).

Bul BuOTs

[1-K]/ a [1-K]/ a
mmol L™! orc mmol L™ o/c
2.62 2:98 2.63 51:49
2.74 3:.97 2.70 50:50
6.82 3:97 6.65 50:50
6.96 4:96 7.08 54:46
16.1 4:96 1.71 53:47
16.5 4:96 16.2 55:45
34.5 5:95 3.74 61:39
34.8 5:95 35.5 62:38

[a] O/C Ratios are given for a single experiment.

03 ¢
@
0.1} lgO/C = 5.87 [1-K] - 0.012  BuOTs
R? = 0.907

05 |
lg O/C

_09 L

lg O/C = 6.97 [1-K] - 1.52
R? = 0.549 Bul
-1.3 F r’_w
1.7 A L L L L L L L L
0 5 10 15 20 25 30 35 40

[1-K]/ mmol L' ——

Figure 2: 1g O/C of the alkylation reactions of 1-K with Bul (triangles) and BuOTs (circles) in DMSO
at different concentrations versus the concentration of 1-K.

Table 2 and Figure 2 show that the O/C ratio for the alkylation reactions of 1-K with Bul and
BuOTs in DMSO increases with the concentration. These results are in contrast to Le Noble’s
conclusion: “the freer the anion, the larger the O/C ratio”,* if we assume that the carbanions
are better solvated, and the ion-pairs better separated at higher dilution. However, as Table 3
shows, examples in which the oxygen alkylation increases as well as examples in which the

carbon alkylation increases with the concentration are reported in the literature.”

Table 3: O/C Ratio of the methylation reactions of the anions of propiophenone and phenylacetone in
HMPT at different concentrations."’

0 0 0 0
o AL Me Na® o AL Me Na® e 2 Ph Na® e & Ph Na®

+Mel in HMPT  + (MeO),SO, in HMPT + (MeO);PO in HMPT + (MeO),SO, in HMPT

¢ (Enolate) 0o/C 0/C 0/C 0/C
0.1 mol L 5:95 90:10 50:50

0.2 mol L 6:94 87:13 69:31
0.5mol L 7:97 86:14 44:56 50:50
1.0 mol L™ 9:91 83:17 41:59 50:50
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Though the effects of the concentration on the regioselectivity of the alkylation of enolate
ions are small, the results found in this work and those reported in the literature are

contradictive and no general rule is observed.

2.3. Experiments Varying the Solvent and the Electrophile

Reactions of 1-K with different butylation agents (Bul, BuBr, BuCl, BuF, BuOTs, BuOMes,
(BuO),S0O; and (BuO);P0O), were performed in different solvents (DMSO, DMF, acetone,
THF and Et,0). The resulting O/C ratios are summarized in Table 4.

Table 4: O/C Ratios for alkylation reactions of 1-K with different butylation agents in different
solvents ([1-K] = 0.28-0.29 mmol L', [BuX] = 0.32 mmol L ™).

DMSO DMF Acetone THF Et,O0

Bul 5:95 4:96 5:95 4:96
BuBr 15:85 12:88 15:85 17:83 _fal
BuCl 19:81 28:72 31:69 20:80 _fal
BuF _[b] _[b] _[b]
BuOTs 62:38 65:35 60:40 39:61 _al

BuOMes 69:31 70:30 65:35 30:70

(BuO),SO,  66:34 69:31 64:36 29:71 14:86!)
(BuO);PO 4 4

[a] No product formation was observed. Heterogeneous mixture. [b] No
product formation was observed after two weeks. [c] Reaction in
heterogenic media. [d] No product formation was observed with
[(BuO);PO] ~ 0.3-0.7 mmol L™".

In general, the reactions in DMSO and DMF showed conversions above 70%. The reactions
in THF and acetone showed lower conversions for the reactions with BuCl (54% in THF and
35% in acetone, compare Experimental Section). The reactions of 1-K with BuF did not show
any product formation independent of the solvent. For these reactions, no product formation
was observed by GC/MS analysis even after two weeks. The reactions with tributyl phosphate
did not show any product formation as well, even when an excess of electrophile was applied
(1.2-2.5 equiv.). The reactions performed in Et,O were only successful for (BuO),SO,. In
general, 1-K forms in diethyl ether a heterogenic system and obviously, only dibutyl sulfate is

electrophilic enough to undergo a reaction with the poorly soluble salt under these conditions.
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Figure 3: O/C Ratios for butylation reactions of 1-K in different solvents.

Figure 3 visualizes how the product ratios of the alkylation reactions of 1-K are affected by
different electrophiles and different solvents. Though the main product of the alkylation
reactions with butyl halides is the carbon-alkylated 1-C, the amount of oxygen alkylated
product 1-O increases from Bul to BuBr to BuCl. If the butyl-group of the electrophile is
bounded to an oxygen, as it is in butyl tosylate, -mesylate and -sulfate, the major product is
the oxygen-alkylated one. Exceptions are the reactions in THF, where carbon-attack was
predominant for all reagents. Furthermore, while alkylations with butyl iodide and butyl
bromide yielded similar product ratios in the different solvents, differences between the
solvents are more noticeable for the alkylations of 1-K with butyl chloride, where higher O/C
ratios are obtained. The different solvents showed the biggest effect in the alkylation reactions
of 1-K with BuOTs, BuOMes and (BuO),SO,.

From plots of the O/C ratios of the alkylation reactions of 1-K with different alkylation agents
with the solvent polarity parameters Er™,"'") as done for three examples in Figure 4, one can
see that the solvent polarity has no direct influence on the carbon- or oxygen-attack. While
the amount of oxygen-alkylated product decreases with increasing solvent polarity for the
reactions of 1-K with BuBr, the O/C ratio for the reactions of 1-K with BuCl increases with
the polarity from acetone to THF, but decreases again when the solvent polarity increases
further (from THF to DMF to DMSO). A similar behave is found for the reactions of 1-K
with (BuO),SO;: a strong increase of the O/C ratio from diethyl ether to DMF followed by a
decrease from DMF to DMSO. An analogous plot as in Figure 4 was reported by Gompper
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and Wagner for the alkylation of the sodium salt of propiophenone, but here, a linear relation

between lg O/C and solvent polarity was found.[
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Figure 4: O/C Ratios for butylation reactions of 1-K with BuBr, BuCl and (BuO),SO, in different
solvents versus the solvent polarity parameter E;" of the solvent.!"”

When product ratios are correlated with the acceptor number (4N, Figure 5) or the relative
permittivity (dielectric constant &, Figure 6), plots with analogous shapes as in Figure 4 are

obtained, indicating that an increase of solvent polarity does not generally lead to an increase

in oxygen alkylation.
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Figure 5: O/C Ratios for butylation reactions of 1-K with BuBr, BuCl and (BuO),SO, in different
solvents versus the Acceptor Number AN (polarity parameter) of the solvent.!'”!
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Figure 6: O/C Ratios for butylation reactions of 1-K with BuBr, BuCl and (BuO),SO, in different
solvents versus the relative permittivity (dielectric constant) & of the solvent.!"”

Various publications reported an increase of oxygen alkylation with increasing solvent
polarity, which is explained by a better solvation of the carbanion and the counter ion.*'"]
Furthermore is reported, that small amounts of water in the solvent, which affects the
solvation properties of the solvent, have an influence on the regioselectivity of the alkylation
of sodium naphthalen-2-olate with benzyl bromide in THF.["¥ Another factor which has to be
considered is whether the reaction takes place in a heterogeneous or homogeneous medium.
Kornblum and Lurie studied this based on the alkylation of sodium phenolate and potassium
tert-octyl-phenolate, concluding that a homogenous reaction mixture yields exclusively
oxygen alkylation,!") whereas a heterogeneous reaction lead to mixtures of oxygen- and
carbon-alkylated products.!'*! Moreover, the regioselectivity of the alkylations of enolate ions

which are performed in heterogeneous media, can be influenced by phase-transfer catalysts!’

] Therefore, the influence of the

or by additives as quaternary ammonium salts.!”’
heterogeneity on the reaction has to be considered, when product ratio for the alkylation of 1-
K with (BuO),SO; in diethyl ether is compared with those obtained in the more polar

solvents.

2.4. Variation of the Counter Ion

As shown in previous works, the counter ion can have a strong influence on the reactivity of
carbanions.*’ Therefore, alkylation reactions with different alkali salts of deoxybenzoin

(1I-M, M = Li, Na, K), as well as alkylations adding dicyclohexano-18-crown-6 to 1-K
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([erown] / [1-K] = 1.2—-1.5), were performed in DMSO and in THF (Table 5, Figure 7). The
different alkali derivatives were generated by mixing deoxybenzoin (1-H) with a solution of

the corresponding alkali tert-butoxide (LiOfBu, NaOsBu, KOsBu) in DMSO or THF.

Table 5: O/C Ratios for the alkylation of 1-M, (M = Li, Na, K, K/crown) with Bul, BuCI and BuOTs
in DMSO and THF.

Bul BuCl BuOTs
M* 0/C conversion" O/C  conversion™ 0/C conversion™

Lit 4:96 97% 24:76 96% 60:40 88%
DMSO Na 4:96 98% 24:76 98% 60:40 95%
K* 5:95 88% 19:81 83% 62:38 80%

K'/crown  4:96 > 60%""! 23:77 > 60%"" 60:40 >50%"!
Li 0:100' 70% _td 0% 1] 0%
THF Na' 0:100' 82% _d 0% 0:100 19%
K 4:96 87% 20:80 54% 39:61 35%

K'/crown  7:93 100% 40:60 33% 77:23 > 50%!"

[a] Average of two runs (for each run see Experimental Section). [b] Exact conversion could no be derived
from '"H NMR experiments as signals are superimposed. [¢] Only carbon-alkylation was observed. [d] No
reaction was observed.

As shown in Table 5, not only the O/C ratios are affected by changing the counter ion of the
nucleophile, but also the conversions of the reactions are influenced. Whereas all reactions in
DMSO show almost quantitative conversions, in THF, 1-Li only reacted with Bul and 1-Na
only showed a good conversion with Bul, but only 19% with BuOTs and no reaction with
BuCl. The potassium derivative showed moderate conversions, whereas the free carbanion

(K/crown) reacts with Bul quantitatively and with BuCl and BuOTs with moderate yields.

As visualized by Figure 7, the counter ion effect is in THF more pronounced than in DMSO.
Previous studies showed that the potassium salt of deoxybenzoin (1-K) behaves as the free
carbanion in DMSO solution at [1-K] = 0.1-1 mmol L', and that increasing the potassium
concentration over 10 mmol L', only had moderate effects on the reactivity of 1-K.H
Accordingly, Table 5 shows that the O/C ratios of the reactions of 1-M in DMSO are poorly
affected by the counter ion M = K /crown, K, Na’, Li". When the reactions are performed in
THEF, the effects are stronger, for example, the reactions of Bul with the lithium and sodium
derivatives of 1 only lead to carbon-alkylation. The strongest counter-ion effect, however, is
obtained when crown ether is added to the potassium salt 1-K in THF. Thus, addition of 18-

crown-6 increases the O/C ratio for the reactions by a factor of two.
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Figure 7: O/C Ratios for the alkylation reactions of 1-M (M = Li, Na, K, K/crown) with Bul, BuCl and
BuOTs in DMSO (left) and THF (right).

The results in this work are in accord to the observations of Arnett and de Palma, who report
that the lithium salts of dibenzoylmethane and dipivaloylmethane do not react with
methylfluorosulfonate in propylene carbonate, whereas the sodium, potassium and cesium
derivatives of the diketones yield the oxygen alkylated products almost quantitatively.!'
Brieger and Pelletier reported for the reactions of ethyl acetoacetate with butyl chloride in
DMF under addition of different alkali carbonates, that the O/C ratio of the products increase
from lithium to sodium or potassium (Table 6).[1“’] A further example describes the ambident
reactivity of ethyl acetoacetate anions towards allyl chloride in HMPT (Table 6).*) The
counter ion effect in this example is not that pronounced as HMPT has good solvating
properties and can separate the ion pairs. However, a slight increase of the O/C ratio from
lithium over sodium to potassium is observable. Though the product ratio is moderately

affected by the counter ion, the decrease of the reaction time from the lithium derivative to the

sodium salt by a factor of 42 is remarkable.

Table 6: O/C Ratios for the alkylations of alkali salts of ethyl acetoacetate under different conditions
in dependence of the counter ion.

Ethyl acetoacetate and butyl chloride Ethyl acetoacetate and ally chloride

in DMF (130 °C)™ in HMPT (95 °C)"!
M* 0/C 0/C Reaction time
Li" 19:81 12:88 210 min
Na* 61:39 17:87 5 min
K" 53:57 17:87 3 min
K /tetraglyme 17:87 3 min
Bu,N"* 16:84 3 min

[a] From ref.!"™ [b]From ref."™
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Sarthou, Bram and Guibe, moreover, reported the effects of alkali salt additives on the
product ratio of the alkylation of the lithium and sodium salts of ethyl acetoacetate with ethyl
bromide and ethyl tosylate in DMF at 25 °C. As expected, the oxygen-alkylation decreased
with the concentration of the added LiClO4 or NaC10,.!""

The counter ion has not only an influence on the product ratio, but also on the reaction rate.

Smaller cations are stronger coordinated by enolate ions,!'™

and therefore the oxygen
alkylation increases in the row Li" > Na" > K'. However, solvents coordinate the metal
cations as well and therefore the role of the solvent can not be neglected. Thus, highly polar
solvents, such as DMSO and HMPT, decrease the counter ion effect compared to, for

example, THF.

2.5. Experiments Varying the Temperature

To study the influence of the temperature on the product ratio of the alkylation of 1-K,
reactions were performed in DMSO and in THF at different temperatures (Table 7). To
exclude a temperature induced isomerisation of the reaction products, 1-C and 1-O were
heated to 80—100 °C in [Dg]-DMSO during 5-7 hours. 'H NMR experiments showed that

both, 1-C and 1-O are stable compounds and that no isomerisation takes place.

Table 7: O/C Ratios for the alkylation of 1-K with different butyl derivatives in DMSO and THF at
different temperatures.

DMSO THF

20°C 40°C 60°C 80°C 100°C 20°C 50°C
Bul 5:95 6:94 10:90 11:89 14:86 4:96 5:95
BuBr 15:85 22:78 17:83 18:82
BuCl 19:81 30:70 34:66 35:65 43:57
BuOTs 63:57 62:58 59:41 53:47 48:52 39:61 28:72
BuOMes 69:31 64:36
(Bu0),SO, 66:34 57:43 29:71 26:74

Table 7 shows that the oxygen attack is favored by increasing the temperature for the
alkylations with butyl halides, whereas the O/C ratio for the alkylations with butyl- tosylate,

mesylate and sulfate decrease by increasing the temperature.

Eyring-type plots of the O/C ratios versus temperature for the reactions of 1-K with Bul, BuCl
and BuOTs in DMSO, from which the activation parameters and the isoselective temperature
(%s0; O/C = 1) were calculated, are shown in Figure 8. As the experiments were performed
below the isoselective temperature, the O/C ratios approach 1 [In (O/C) = 0] by increasing the

temperature independent from the electrophile.
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Figure 8: Plots of the O/C ratios for the alkylation reactions of 1-K with Bul, BuCl and BuOTs in
DMSO at different temperatures versus 7' and calculated activation parameter for the respective
reactions.

The Eyring-type plots for the alkylation of the potassium salt of ethyl acetoacetate with butyl
chloride in DMSO and N-methyl pyrrolidone which are shown in Figure 9, show in contrast a
positive slope for the reaction in N-methyl pyrrolidone, and no linear relationship for the
reaction in DMSO.!"'™ One possible reason could be, that the experiments shown in Figure 9

cross the isoselective temperature.
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Figure 9: Plots of the O/C ratios for the alkylation reactions of the potassium salt of ethyl acetylacetate
with BuCl in DMSO and N-methyl pyrrolidone at different temperatures versus 77".[''"!

242



Chapter 6: Ambident Reactivity of Enolates in Polar Aprotic Solvents

2.6. Variation of the Substituent on Deoxybenzoin Anions

Introducing electron withdrawing or electron donating groups in para-position of the benzylic
moiety of deoxybenzoin (1) changes the electronic structure without affecting the steric

sit