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Chapter 1: Summary

Chapter 1: Summary

1 General

Many organic reactions can be classified as nucleophile-electrophile combinations, the rates
of which can be described by eq 1, where kyooc is the second-order rate constant in M! sfl, s 1S
a nucleophile-specific slope parameter, N is a nucleophilicity parameter, and E is an

electrophilicity parameter.
log kypec =s(N + E) (1)

Based on this correlation equation, the reactivities of many different classes of nucleophiles
have already been quantified and compared. On the contrary, only a rather limited amount of
electrophiles including carbocations, benzhydrylium ions, cationic metal n-complexes, and
electron-deficient Michael acceptors have so far been characterized according to their
electrophilicity E. In spite of their general importance in organic synthesis, £ parameters have
neither been reported for imines nor for ordinary carbonyl compounds or enones.

This thesis was designed to derive the nucleophilic reactivities of phosphorus- and sulfur
ylides as well as those of related carbanions in order to systematically investigate their
reactions with carbonyl compounds, imines, and Michael acceptors. In this way, the
quantification of the reactivity of these important electrophilies should be achieved.
Furthermore, the nucleophilic reactivities of stabilized carbanions and their dependence on the
alkali counterion should be investigated in order to elucidate the dependence of the

nucleophilicity on the corresponding counterion.

2 Nucleophilicity  Parameters for Phosphoryl-Stabilized
Carbanions and Phosphorus Ylides: Implications for Wittig and
Related Olefination Reactions

Kinetics for the reactions of four phosphoryl-stabilized carbanions and of four phosphorus
ylides with benzhydrylium ions and structurally related quinone methides as well as with
various substituted benzaldehydes have been determined by UV-Vis spectroscopy. While the
reactions with carbocations and Michael acceptors yielded simple addition products, the well-
known Wittig-type olefination products were obtained in the reactions with benzaldehydes

(Scheme 1).
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Scheme 1: Reactions of Phosphoryl-Stabilized Carbanions and Phosphorus Ylides with
Benzhydrylium Ions, Quinone Methides, and Benzaldehydes.
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The obtained second-order rate constants (log k,) correlated linearly with the electrophilicity
parameters £ of the employed benzhydrylium ions and Michael acceptors as required by eq 1,
which allowed us to calculate the nucleophile-specific parameters N and s for phosphoryl-

substituted carbanions and phosphorus ylides (Figure 1).
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Figure 1: Plots of log k» for the reactions of phosphonate-stabilized carbanions and
phosphorus ylides with benzhydrylium ions and quinone methides at 20°C versus their
electrophilicity parameters E (filled symbols denote reactions in DMSO, open symbols

reactions in CH,Cl,).
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From these correlations, a direct comparison between the nucleophilic reactivities of Horner-
Wadsworth-Emmons carbanions and Wittig ylides becomes possible (Figure 2). Ph,PO and
(EtO),PO substituted carbanions are found to show similar reactivities towards Michael
acceptors and are 10°-10° times more reactive than analogously substituted phosphorus ylides.
Counterion studies (K', Na" and Li") on the nucleophilicities of phosphonate-stabilized
carbanions in DMSO revealed that the effects of K™ and Na' are almost negligible for all
types of carbanions investigated. However, Li" coordination reduces the reactivities of
phosphonate-substituted acetic ester anions by 10° while the reactivities of phosphonate-

substituted acetonitrile anions remain almost unaffected.
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Figure 2: Comparison of the nucleophilicity parameters N (in DMSO or CH,Cl,) of
phosphorus ylides, phosphonate-stabilized carbanions, and phosphine oxide-stabilized

carbanions.

Significant differences between the relative reactivities of phosphorus-substituted
nucleophiles towards carbocations and Michael acceptors on one side and benzaldehydes on
the other side (Figure 3) are in line with a concerted asynchronous oxaphosphetane formation

in the rate-determining step of Wittig-type olefination reactions.
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Figure 3: Comparison of the second-order rate constants k, for the reactions of different
phosphorus-stabilized nucleophiles with a quinone methide (on the left) and

p-nitrobenzaldehyde (on the right) in DMSO at 20°C.

3 Nucleophilic Reactivities of Sulfur Ylides and Related
Carbanions: Comparison with Structurally Related
Organophosphorus Compounds

The rates of the reactions of stabilized sulfur ylides as well as sulfonyl- and sulfinyl-stabilized
carbanions with benzhydrylium ions and quinone methides have been determined
photometrically. Representative product analyses revealed the reaction course illustrated in

Scheme 2.
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Scheme 2: Reactions of Stabilized Sulfur Ylides and Related Carbanions

Benzhydrylium Ions and Quinone Methides.
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The good correlations between the obtained second-order rate constants and the

electrophilicity parameters of the employed benzhydrylium ions and quinone methides

showed the applicability of eq 1 also for these reactions (Figure 4).
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Figure 4: Plots of log k, for the reactions of ethoxycarbonyl-stabilized sulfur ylides and

sulfur-stabilized carbanions with the reference electrophiles at 20°C in DMSO versus their

electrophilicity parameters E.

Accordingly, the nucleophilie-specific parameters N and s for stabilized sulfur ylides, a

methylsulfonyl-stabilized and a methylsulfinyl-stabilized carbanion have been determined and

5
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compared with those of analogously substituted phosphoryl-stabilized carbanions and

phosphorus ylides (Figure 5).
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Figure 5: Comparison of the nucleophilicity parameters (N, s) in DMSO of sulfur-stabilized
nucleophiles with those of a phosphorus ylide and of phosphoryl-stabilized carbanions.

While the nucleophilic reactivities of phosphoryl-stabilized carbanions are in between those
of sulfinyl- and sulfonyl-stabilized carbanions, an ethoxycarbonyl-stabilized
dimethylsulfonium ylide is approximately 170 times more nucleophilic than an analogously
substituted triphenylphosphonium ylide. Moreover, it has been shown that the obtained
nucleophile-specific parameters N and s can efficiently predict the rates of the reactions of

sulfur ylides and sulfur-stabilized carbanions with nitrostyrenes.

4 Scope and Limitations of Cyclopropanations with Sulfur Ylides

The rates of the reactions of five stabilized and three semistabilized sulfur ylides with
benzhydrylium ions and Michael acceptors have been determined by UV-Vis spectroscopy in
DMSO at 20°C. While the reactions of the investigated sulfur ylides with benzhydrylium ions
yielded simple addition products, cyclopropane derivatives were predominantly formed in

their reactions with Michael acceptors (Scheme 3).
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Scheme 3: Reactions of Different Sulfur Ylides with a Benzhydrylium Tetrafluoroborate and

Several Michael Acceptors.
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The second-order rate constants (log k») of the investigated reactions correlated linearly with
the electrophilicity parameters E of the employed electrophiles (Figure 6) as required by eq 1,
which allowed us to calculate the nucleophile-specific parameters N and s for various

stabilized and semistabilized sulfur ylides.
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Figure 6: Plots of log k, for the reactions of stabilized and semistabilized sulfur ylides with
benzhydrylium ions and Michael acceptors (in DMSO at 20°C) versus their electrophilicity

parameters E.
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As shown in Figure 6, the rate constants for the cyclopropanation reactions of sulfur ylides
with Michael acceptors lie on the same correlation line as the rate constants for the reactions
of sulfur ylides with carbocations. These findings are in line with a stepwise or highly
asynchronous mechanism for the cyclopropanation of Michael acceptors with sulfur ylides, in
which the formation of the first CC bond is rate-determining. As previous mechanistic
investigations have shown that cyclopropanation reactions with sulfur ylides usually proceed
with rate-determining formation of zwitterions, followed by fast cyclizations, the rule of
thumb that nucleophile-electrophile combinations at room temperature only occur when E + N
> —5 can be employed to predict whether a certain cyclopropanation reaction is likely to take
place.

The nucleophilicity parameters N (and s) can now be used to directly compare the

nucleophilic reactivities of a large variety of synthetically important sulfur ylides (Figure 7).
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Figure 7: Comparison of the nucleophilicity parameters N (in DMSO at 20°C) of stabilized

and semistabilized sulfur ylides.



Chapter 1: Summary

5 How Does Electrostatic Activation Control Iminium Catalyzed
Cyclopropanations?

From the rates of the reactions of a p-bromobenzoyl-substituted dimethylsulfonium ylide with
benzhydrylium ions, the nucleophile-specific parameters N and s of this stabilized sulfur ylide
has been determined in CH,Cl, solution according to eq 1. Complementary to previously
investigated imidazolidinone- and amine-derived iminium ions of cinnamaldehyde, the
electrophilic reactivity E of a indoline-2-carboxylic acid-derived iminium ion of
cinnamaldehyde was derived from the rates of its reactions with ketene acetals.

The rates of the cyclopropanation reactions of the p-bromobenzoyl-substituted
dimethylsulfonium ylide with various cinnamaldehyde-derived iminium ions were generally
predicted by eq 1 with deviations of factors of 3 to 32 from the nucleophilicity parameters N
and s of the sulfur ylide and the electrophilicity parameters £ of the iminium ions. In contrast,
the reaction of the iminium ion derived from indoline-2-carboxylic acid and cinnamaldehyde
proceeds more than 10° times faster than calculated by eq 1. Electrostatic activation, i.e.,
Coulomb interaction between the negatively charged carboxylate group of the iminium ion
and the positively charged sulfonium group of the sulfur ylide, was accounted for this
tremendous acceleration as well as for the high stereoselectivity in this cyclopropanation

reaction (Scheme 4).

Scheme 4: Cyclopropanation Reactions of a p-Bromobenzoyl-Substituted Sulfur Ylide with

Different Cinnamaldehyde Derived Iminium lons in CH,ClL.
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6 Quantification of the Electrophilic Reactivities of Aldehydes,

Imines, and Enones

The rates of the epoxidation reactions of aldehydes, of the aziridination reactions of aldimines
and of the cyclopropanation reactions of a,B-unsaturated ketones with aryl-stabilized
dimethylsulfonium ylides have been determined photometrically. All of these sulfur ylide-
mediated cyclization reactions as well as the addition reactions of stabilized carbanions to N-
tosyl-activated aldimines have been found to follow a second-order rate law, where the rate
constants reflect the (initial) CC bond formation between nucleophile and electrophile. While
the reactions of aryl-stabilized sulfur ylides with aldehydes, N-activated imines, and enones
yielded the expected epoxides, aziridines, and cyclopropanes, respectively, simple addition
products as well as Knoevenagel-type condensation products were isolated from the reactions

of carbanions with N-tosyl-activated imines (Scheme 5).

Scheme 5: Reactions of Aryl-Stabilized Sulfur Ylides with Aldehydes, Imines, and Michael

Acceptors and Reactions of Stabilized Carbanions with N-Tosyl-Activated Imines.
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The obtained second-order rate constants (log k) have been combined with the
nucleophilicity parameters of the aryl-stabilized sulfur ylides and of the stabilized carbanions
(N, s) to calculate the electrophilicity parameters £ of the investigated aldehydes, aldimines,
and a,B-unsaturated ketones according to the linear free-energy relationship of eq 1. The data
reported in this work provide the first quantitative comparison of the electrophilic reactivities
of aldehydes, imines, and enones with carbocations and Michael acceptors within our

comprehensive electrophilicity scale (Figure 8).
10
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A
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Figure 8. Comparison of the electrophilicity parameters E of aldehydes, imines, and enones

with different Michael acceptors in DMSO.

Figure 8 shows that in DMSO, N-tosyl-, N-tert-butoxycarbonyl-, and N-phosphinoyl-
substituted benzaldimines are significantly more electrophilic than the corresponding
benzaldehydes. The o,B-unsaturated ketones depicted in Figure 8 show reactivities
comparable to those of diethyl benzylidenemalonates indicating that a single benzoyl group
has a similar activating effect on the electrophilicity of a CC double bond as two
ethoxycarbonyl groups.

Surprisingly, the rate constants for previously investigated Wittig and Horner-Wadsworth-
Emmons reactions could properly be derived from the determined electrophilicity parameters
of aldehydes and the N and s parameters of phosphorus-stabilized nucleophiles, which have
been derived from their one-bond-forming reactions with benzhydrylium ions and quinone

methides. From the agreement between calculated and experimental rate constants of the

11
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investigated olefination reactions, one can conclude that the transition states of the
oxaphosphetane formations can only be weakly stabilized by the concerted formation of two
new bonds. However, as shown in Figure 3, also cases can be found, where significant
differences between the relative reactivities of phosphorus-substituted nucleophiles towards
Michael acceptors and benzaldehydes indicate a higher degree of concertedness in Wittig and
related olefination reactions. It is presently not clear, in which cases the stabilization of the
transition state by concertedness becomes so strong that the approximation by eq 1 is not any

longer valid.

7 Ambident Electrophilicity of a Cinnamaldehyde-Derived Imine

Rates and products of the reactions of an a,B-unsaturated imine with a series of carbanions
and a sulfur ylide have been studied in order to elucidate the factors which control 1,2- vs.

1,4-additions of a,B-unsaturated carbonyl and related compounds (Scheme 6).

Scheme 6: 1,2- and 1,4-Additions of Several Nucleophiles to an a,-Unsaturated Imine.
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Chapter 1: Summary

From the kinetic studies, a set of rate constants for both the 1,2-additions as well as for the
1,4-additions could be obtained. Correlation analysis of these rate constants with the
corresponding nucleophilicty parameters (N and s) yielded the electrophilicity parameters for

both reaction centers of an o,-unsaturated imine (Figure 9).

12 -
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Figure 9: Correlation of log & / s for the 1,2- and 1,4-additions of several nucleophiles to an
o,B-unsaturated imine versus the nucleophilicity parameters N of these nucleophiles in

DMSO at 20°C. (The slopes are fixed to one as required by eq 1).

The kinetic and synthetic analyses reveal that 1,2-additions to the investigated o,[3-
unsaturated imine occur faster than the 1,4-additions, while the 1,4-addition products are

thermodynamically preferred (Scheme 7).

Scheme 7: Rationalization of the Ambident Electrophilic Reactivity of an o,f-Unsaturated

Imine by Kinetic and Thermodynamic Control.
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Chapter 1: Summary

8 Nucleophilicities of the Anions of Arylacetonitriles and

Arylpropionitriles in Dimethyl Sulfoxide

The rates of the reactions of colored p-substituted phenylacetonitrile anions and

phenylpropionitrile anions with Michael acceptors were determined by UV-Vis spectroscopy

in DMSO at 20°C (Scheme 8).

Scheme 8: Reactions of Phenylacetonitrile and Phenylpropionitrile Anions with Michael

R X

Ol on

=GN - EWG Ky
+ —_—

EWG DMSO EWG

X Y o -

= 20°C
R=Hor Me EWG
Y

The reactions follow second-order kinetics, and the corresponding rate constants k, obey the

Acceptors.

linear free-energy relationship of eq 1, from which the nucleophile-specific parameters N and
s of the investigated carbanions and have been derived. With nucleophilicity parameters from
19 < N < 29, they are among the most reactive nucleophiles, which have so far been
parameterized. Moreover, it has been shown that a-cyano-substituted benzyl anions are
several orders of magnitude more nucleophilic than a-SO,CF3- and a-NO,-substituted benzyl
anions. As colored species of high nucleophilicities, these carbanions complement our series
of reference nucleophiles, which can be employed for the photometric determination of

electrophilic reactivities (Figure 10).
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Figure 10: Comparison of the nucleophilicity parameters N of phenylacetonitrile anions and
phenylpropionitrile anions with those for a-nitro- and a-trifluoromethylsulfonyl-stabilized
carbanions in DMSO. “ Amax in DMSO. ? Jnax in MeOH.  Amax in DMSO/H,0 10:90 (v/v). ¢
Amax In DMSO/H»0 30:70 (v/v).

9 Nucleophilic Reactivities of Alkali Cyclopentadienides (CpK,
CpNa, CpL.i)

The rates of the reactions of potassium-, sodium-, and lithium cyclopentadienides with several
Michael acceptors have been determined photometrically. Product studies of potassium

cyclopentadienide with quinone methides reveal the formation of two regioisomeric products,

which can be hydrogenated to obtain a single product (Scheme 9).
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Scheme 9: Reactions of Potassium Cyclopentadienide with Quinone Methides.
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By plotting the rate constants of the reactions of the alkali cyclopentadienides against the
electrophilicity parameters of the employed electrophiles, their nucleophilicity parameters N

and s could be obtained, as exemplarily shown for potassium cyclopentadienide in Figure 11.

Me O
N«
o N Me

3 N =20.58, s=0.86

2 1 1 1 1 ]
-18 -17 -16 -15 -14 -13
Electrophilicity E ——

Figure 11: Plot of log &, for the reactions of potassium cyclopentadienide with different

Michael acceptors at 20°C in DMSO versus their electrophilicity parameters E.
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Chapter 1: Summary

The obtained second-order rate constants for the reactions of the investigated K, Na’, and Li"
cyclopentadienides with Michael acceptors and the resulting nucleophilicity parameters N and
s do not differ significantly, when the alkali counterions are changed. As a consequence, we

can conclude that all the obtained rate constants reflect the reactivity of the free anion.
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Chapter 2: Introduction

1 General

The steady progress in the field of synthetic organic chemistry has led to the discovery of
innumerable types of reactions. Considering the large diversity of organic transformations, it
is a most challenging task to derive a general concept for the description and prediction of
organic reactivity. However, on closer examination it becomes obvious that many organic
reactions are combinations of electron-rich reagents with compounds having a lack of
electrons. In the 1930s, Ingold introduced the term “nucleophiles” for compounds with a
surplus of electrons and the term “electrophiles™ for electron-deficient compounds!"! in order
to classify the reactants of these polar organic transformations.

The first systematic approach for quantifying the kinetic terms of nucleophilicity and
electrophilicity was reported by Swain and Scott.”) By studying the rates of Sx2 reactions, a
linear free-energy relationship (eq 1) was found, where nucleophiles are characterized by one
parameter (n) and electrophiles by two parameters (S and log ko). While n represents the
nucleophilicity of a certain reagent, S characterizes the sensitivity of an electrophile towards
the variation of nucleophiles and log Ko the rate constant of the electrophile with water. The S

parameter of methyl bromide was defined as 1.00 and the n parameter for water as 0.00.
log (k/kg) =sn (1)

A further important contribution to the quantitative description of polar organic reactivity was
reported by Ritchie in 1972.°) It was shown that the rates of the reactions of various
nucleophiles with carbocations and diazonium ions can be correlated according to eq 2. A
given nucleophile in a certain solvent was described by the electrophile-independent
nucleophilicity parameter N, while the electrophilicities of the cations were expressed by
their rate constants with water (ko). However, it was shown that eq 2 has a rather limited
applicability and better correlations are obtained, when different “families” of electrophiles

are treated separately.”!

log (ko) = N. @)
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Based on the rates of the reactions of carbocations, cationic metal-n-complexes, and
diazonium ions with n-, -, and c-nucleophiles, Mayr and Patz reported a linear free-energy
relationship (eq 3), where kagec is the second-order rate constant in M’ s™', s is a nucleophile-
specific sensitivity parameter, N is a nucleophilicity parameter, and E is an electrophilicity

parameter.[s]

log kag-c = (N + E) 3)

By defining a series of structurally related benzhydrylium ions and Michael acceptors as
reference electrophiles having widely variable reactivities, eq 3 was used for the construction
of the most comprehensive nucleophilicity and electrophilicity scale presently available.!®!

The extensive efforts on the determination of reactivity parameters for nucleophiles (N and S)
and electrophiles (E) have established a rough ordering principle of polar organic reactivity.
With the rule of thumb that nucleophile-electrophile combinations only occur at room
temperature when E + N > -5 and, diffusion-controlled reactions take place when E + N> 9 to
12, a rational planning of organic syntheses with a better understanding of reactivity and
selectivity issues has become possible.[®>” Furthermore, a systematic reconsideration of the
reactivities of ambident nucleophiles based on eq 3 revealed thermodynamic and kinetic
product control as an explanation for the observed regioselectivities, instead of the formerly

erroneously employed HSAB treatment of ambident reactivity.™

Another important
application for organic reactivity parameters was shown in the field of modern
organocatalysis. The characterization of the reactivities of key intermediates in these reaction

cycles has given useful insights in the complex reaction mechanisms."
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2 Problem Statement

While reactivity parameters (N and S) for many different classes of nucleophiles have already
been derived, a considerably smaller amount of electrophiles, mainly carbocations, cationic
metal m-complexes, and electron-deficient Michael acceptors, have been characterized
according to eq 3.1 So far, aldehydes, imines, and enones (Scheme 1), three of the most
important classes of electrophiles in organic chemistry, could not be integrated into the

electrophilicity scale based on eq 3.

Scheme 1: Aldehydes, Imines, and Enones Investigated in this Work (Ts =
p-Methylbenzenesulfonyl, Boc = t-Butoxycarbonyl).
EWG E?

0] N~ ﬂ 0]
R1%\H RZJﬁLH ArA\)J\R3
E? E?
R' = alkyl, aryl, cinnamyl R? = aryl, cinnamyl R3 = Me, iPr, tBu, Ph

EWG =Ts, Boc, POPh,

The electrophilicity parameters E of carbocations and Michael acceptors have previously been
derived from the rates of their reactions with carbon-centered nucleophiles (with known N
and s parameters), where the CC bond forming step was rate-determining.!® As most
stabilized carbanions do not react with ordinary aldehydes in DMSO in the absence of a
proton source or a strongly coordinating metal ion, an alternative way to achieve irreversible
additions of carbon nucleophiles to carbonyl groups had to be found. Therefore, it was
necessary to investigate nucleophiles which can trap the intermediate alkoxide anion by an
internal electrophile, as it is the case with phosphorus ylides, phosphoryl-stabilized

carbanions, and sulfur ylides in Wittig, Horner-Wadsworth-Emmons,[lO]

]

and Corey-
Chaykovsky reactions,' " respectively.

This thesis was set out to integrate phosphorus ylides, sulfur ylides, and related carbanions
into the reactivity scale based on eq 3. For this purpose, the rates of their reactions with
reference electrophiles (i.e., benzhydrylium ions and Michael acceptors, see Scheme 2) should
be determined. The resulting reactivity parameters N and s should allow a direct comparison

of the reactivities of these synthetically important nucleophiles.
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Scheme 2: Reactions of Phosphorus Ylides, Phosphoryl-Stabilized Carbanions, and Sulfur
Ylides with Benzhydrylium Ions and Michael Acceptors.
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By combining the nucleophilicity parameters N and s of phosphorus ylides, sulfur ylides, and
related carbanions with the rate constants of Wittig, Horner-Wadsworth-Emmons, and sulfur
ylide-mediated epoxidation-, aziridination-, and cyclopropanation reactions (Scheme 3), the
electrophilic reactivities of aldehydes, imines, and simple Michael acceptors should be
quantified systematically. In this context, an investigation of the reactivities of o,[3-
unsaturated carbonyl compounds and imines should reveal an explanation for the factors
controlling the regioselectivities for reactions of these ambident electrophiles (1,2- versus 1,4-

addition).
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Scheme 3: Wittig Reactions of Phosphorus Ylides, Horner-Wadsworth-Emmons Reactions of
Phosphoryl-Stabilized Carbanions, and Sulfur Ylide-Mediated Cyclization Reactions.
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In further experiments, the nucleophilic reactivities of different stabilized carbanions (e.g., p-
substituted phenylacetonitrile anions or the cyclopentadienyl anion) should be determined by
studying the rates of their reactions with benzhydrylium ions and Michael acceptors. The
change from potassium counterions of stabilized carbanions to stronger coordinating sodium
and lithium ions, should provide an insight into the effect of alkali ions on the reactivities of
free carbanions. These studies are supposed to pioneer future projects, in which the successive
variation of counterions to less electropositive metal cations (Figure 1) should give
information about the influence of metal cations on the nucleophilicity of organometallic

species.

- o+ _ + -4 o0— 0+ 60— 60+
R K/18-Krone-6 R Na R---Li R—MgBr R—ZnBr R—SnMe; R—SiMej

| Decreasing Polarity of the Carbon-Metal Bond >

Figure 1: Varying the polarity of carbon-metal bonds by a successive change of the

counterion.

As most parts of this thesis have already been published or submitted for publication,
individual introductions will be given at the beginning of each chapter. In order to identify my
contribution to multiauthor publications, only the kinetic and synthetic experiments, which

were performed by me, are described within the corresponding Experimental Sections.
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Chapter 3: Nucleophilicity Parameters for Phosphoryl-
Stabilized Carbanions and Phosphorus Ylides:

Implications for Wittig and Related Olefination Reactions

Roland Appel, Robert Loos, and Herbert Mayr
J. Am. Chem. Soc. 2009, 131, 704-714.

1 Introduction

The Wittig reaction'! as well as the related Wittig-Horner™ and Horner-Wadsworth-

(3]

Emmons'™ reactions are among the most important methods for synthesizing CC double

bonds. These olefinations provide access to a wide structural variety and can be carried out

4e,5

with high stereoselectivity.'*! Detailed mechanistic investigations by Vedejs,*>) Maryanoff

and Reitz,'” as well as quantum-chemical approaches by Yamataka,*® Aggarwal and

4 and other authors’™ led to the generally accepted model of salt-free Wittig

Harvey,[
reactions (Scheme 1). In the first step, an oxaphosphetane is formed via a concerted
asynchronous [2+2] cycloaddition with a transition state in which the CC bond formation is
more advanced than the PO bond formation. The resulting oxaphosphetane decomposes into
the olefin and phosphine oxide. NMR studies showed that the initial oxaphosphetane

[4a,e,5g,6a,9

formation is in general a nonreversible step, I although some exceptions have also

been reported.*e34&10]

Scheme 1: Mechanism of the Salt-Free Wittig Reaction.
O—-PPh;
O
L, _—=r" R TR R
R "H =--

* - O=PPh,
N

PPhs O-PPh

)\_ T 3 3 —/

H R2 R1 /”R2 R1

In the presence of lithium halides, the oxaphosphetane intermediates can be transferred into
betaine intermediates’®™'" (Scheme 2), which may be isomerized by additional base before

they cyclize, forming the thermodynamically more stable trans-oxaphosphetanes, which

[4b.e5e12] Recently, alternative ionic intermediates

[13]

finally yield the trans-olefins selectively.

have been suggested to account for the stereochemical drift.
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Scheme 2: Betaine Intermediates in the Presence of Lithium Halides.

+ - + - + -
O—-PPh3 Li Hal Li O PPh; Hal

R R2 R R2

The mechanistic course of the Horner-Wadsworth-Emmons reactions is closely related to that

(eI although it is still controversial, whether the initial attack of the

of the Wittig reaction,
carbanion at the carbonyl group and the oxaphosphetane ring closure proceed in a concerted
or stepwise manner and which step is rate-determining in the latter case.!'¥ Systematic kinetic
investigations for this reaction in ethanol solution by Larsen and Aksnes!'™ led to the
conclusion that the oxaphosphetane intermediate is formed in a concerted manner in the rate-
determining step.

It is well-known that phosphoryl-substituted carbanions are generally more reactive than
phosphorus ylides. A quantitative comparison of these two classes of compounds has, to our
knowledge, not been performed to date.

In recent years, we have developed the most comprehensive nucleophilicity scale presently
available.'”) By defining a series of structurally related benzhydrylium ions and quinone
methides (some of them are depicted in Table 1) having widely variable reactivities, we have
been able to directly compare nucleophiles that differ largely in reactivity."® " In this way,
we have circumvented the problem that a single reference electrophile does not allow one to
compare a large variety of nucleophiles because (1) second-order rate constants
ky < 10° M's™ cannot easily be determined and (2) the upper limit for the rates of
bimolecular reactions is given by diffusion control (k, = 10°-10" M's™" in typical solvents).
It has been demonstrated that the nucleophile-specific parameters N and s (defined by eq 1),
which are derived from the second-order rate constants (k) of a particular nucleophile with a
series of benzhydrylium ions and/or quinone methides, correctly predict the reactivity of this
nucleophile towards other types of carbocations and Michael acceptors of known

electrophilicity £.1'!7

log kypec =s(N + E) (1)

In this work, we have employed this method for characterizing the nucleophilicities of four
phosphorus ylides and four phosphoryl-stabilized carbanions (Scheme 3), and we will discuss
the impact of these results on carbonyl olefinations. In order to achieve conveniently

measurable reactions, the carbanions la—d were predominantly characterized by their
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reactions with quinone methides 2i—m and the least electrophilic benzhydrylium ion 2h, while
the much less nucleophilic phosphorus ylides le-h were almost exclusively characterized

through their reactivities towards benzhydrylium ions 2a—h.

Scheme 3: Phosphoryl-Stabilized Carbanions 1a—d and Phosphorus Ylides le—h Investigated
in this Work.

iy PhsP__ R
R',P._R? 1a-d 3 Y 1e-h
— R4
1a 1b 1c  1d ‘ 1e 1f 1ig  1h
R'\ tO EtO Ph  Ph R®| CO,Et CO,Et CN Bz
R?| CO,Et CN CO,Et CN Rl H Me H H

Table 1: Benzhydrylium Ions 2a—h and Quinone Methides 2i—m Employed in this Work.

oQ,

X
X E‘
2a NPh, —4.72
2b N(Ph)(Me) -5.89
2C NMe, -7.02
2d N(CHa), ~7.69
2e (n=2) ( ~8.22
= n Dn —
20m=1 \ 8.76
Me/ Me
29 (n=2) = —9.45
2h (n=1) ~10.04
N N
In In
POAV!
(0] V4
Y
Y Z E?
2i Ph OMe -12.18
2j Bu Me ~15.83
2k Bu OMe -16.11
21 Bu NMe, -17.29

2m tBu / O -17.90
o N
tBu

4 E values for 2a—h were taken from ref 16b and those for 2i—-m from ref 16¢.
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2 Results

Product Studies. As shown in Scheme 4, the phosphoryl-stabilized carbanions la—d react
with the reference electrophiles 2 to give the addition products 3 or 3’. Solutions of the
carbanions la-d were generated either by deprotonating the corresponding CH acids in
DMSO with KOrBu or by isolating the potassium salts (1a—d)-K and dissolving them in
DMSO or CH;CN. The particular electrophile, in DMSO or CH,Cl, solution or in a mixture

of the two solvents, was then added.

Scheme 4: Reactions of the Phosphoryl-Stabilized Carbanions la—-d with the Reference

Electrophiles 2.
Y I
- (1a-d)- K (1a—d)- K PR,
> 2
2. H,0 2. H,0
(2a—h)—BF4 2i_m

The bis(p-dimethylamino)benzhydrylium ion 2¢ was the only electrophile used for product
studies with the phosphorus ylides le—h (Scheme 5). One can assume that variation of the
remote aryl substituent of the electrophile does not affect the types of products. The formation

of 3"’ from 1e—h and 2c was studied in CDCl; solution by NMR.

Scheme 5: Reactions of the Phosphorus Ylides 1e—h with the Reference Electrophile 2c.

MeZN Ph3P+_ R3 MezN

e BF,
o e
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2c 3"
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The olefination reactions with the nucleophiles 1a—e were studied with a series of substituted
benzaldehydes 4 (Scheme 6). Representative combinations of the nucleophiles la—e with the

benzaldehydes 4a, 4e, and 49 in DMSO showed the expected trans selectivity (Scheme 7).
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The cis/trans ratio of the olefins 5 was determined by GC/MS. In order to exclude that the
observed cis/trans ratio was changed during workup or purification, samples were taken from
the reaction mixtures after different reaction times and analyzed after dilution with acetone.

Details are given in the Experimental Section.
Scheme 6: Substituted Benzaldehydes 4 Employed in this Work.
O
4
N/
4

| 42 a0 4c ad ge 4 4g

X|4—N02 4-CN 3-Cl 4-F H 4-Me 4-MeO

Scheme 7: Reactions of the Phosphoryl-Stabilized Carbanions 1a—d and the Phosphorus
Ylide 1e with the Benzaldehydes 4a, 4e and 4g.
O

I _  R?CO,Et
RPUR ~R%,PO, 2
- or X
la—d — PhgPO
or + _—
DMSO
PhaPL__CO,Et
- X
le 4a,e,9 5
trans /cis
>85:15

Kinetic Investigations. For the kinetic measurements, solutions of the carbanions la—d were
generated either by deprotonation of the corresponding CH acids with 1.00-1.05 equiv of
KO7Bu in DMSO solution or by isolating the potassium salts (1a—d)-K and then dissolving
them in DMSO. The reactions of the nucleophiles 1a—h with the reference electrophiles 2a—m
in DMSO or CH,Cl, at 20°C were monitored by UV-Vis spectroscopy at or close to the
absorption maxima of the electrophiles. In all of the cases examined, complete consumption
of the electrophiles 2 was observed when their solutions were combined with an excess of the

carbanions la—d, as shown in Figure 1.
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Figure 1: UV-Vis spectroscopic monitoring of the reaction of the phosphoryl-stabilized
carbanion 1a (7.57 x 10 mol L") with the quinone methide 2| (3.52 x 10~ mol L) at
486 nm in DMSO at 20°C.

Because the nucleophiles 1a—h were employed in large excess over the electrophiles 2a—m,
their concentration can be considered almost constant throughout the reactions, resulting in
first-order kinetics with an exponential decay of the concentrations of the electrophiles 2
(eq 2):

—d[2)/d1 = kobs [2] 2)

The first-order rate constants k,,s were obtained by least-squares fitting of the single-
exponential 4, = Ay exp(—konst) + C to the time-dependent absorbances A of the electrophiles.
Second-order rate constants were then obtained as the slopes of plots of kqus versus the

concentration of the nucleophile (Figure 2).

0.024 -

Kops = 1.38 x 10" [1a] - 2.36 x 10
R?=0.9997

0.018

kops / 871 0.012

0.006

0 1 1 1 1
0 0.0004 0.0008 0.0012  0.0016
[Ma]/mol L! ———

Figure 2: Determination of the second-order rate constant k, = 1.38 x 10' L mol ' s™! for the
reaction of the phosphoryl-stabilized carbanion la with the quinone methide 2| in DMSO at
20°C.
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The rate constants listed in Table 2 refer to the reactivities of the free carbanions la—d.
Though most of the reactions of (1a—d)-K were performed in the presence of 18-crown-6, this
additive was not really necessary. In a control experiment, it was found that the rate of the
reaction of 1b-K with 2k remained constant in the absence of crown ether even when large
amounts of KBF, (up to 1.6 x 10 mol L") were added (see Table 52 in the Experimental
Section). However, as discussed below, counterion effects were observed when sodium or

lithium salts were employed.

Table 2: Second-Order Rate Constants for the Reactions of the Phosphoryl-Stabilized
Carbanions 1a—d and 0-1.3 equiv of 18-Crown-6 with the Reference Electrophiles 2h—-m in
DMSO at 20°C.

Nucleophile Counterion Electrophile 4, /Lmol s
N/s“
o o  K'/8crown6 2h 5.82 x 10°
(E0),P V/koa K" /18-crown-6 2 6.06 x 10*
la K" 2j 1.99 x 10?
1923 7 0.65 K'/18-crown-6 2K 1.28 x 107
K" /18-crown-6 2l 1.38 x 10!
K" /18-crown-6  2m 6.02
C K" /18-crown-6  2h 3.66 x 10° "
(EtOLP~_CN  K'/18-crown-6  2i 223 x 10*°
1b K" /18-crown-6  2j 6.71 x 10"
18,57/ 0.66 K'/18-crown-6 2k 438 x10"°
K" /18-crown-6 2l 6.47°"
K" 2m 2.80°
o o K'/18-crown-6  2h 1.85 x 10°°
Ph,P_ o K/18-crown6  2i 8.99 x 10**
1c K /18-crown-6  2j 232x10%"
19.20/ 0.69 K" /18-crown-6 2k 1.28 x 10*?
K" /18-crown-6 2l 1.41 x 10"
K" /18-crown-6  2m 1.05 x 10"
C K" /18-crown-6  2h 1.98 x 10°°
PhoP_CN K'/18-crown-6  2i 412 x 10**
14 K" /18-crown-6  2j 1.21 x 10%°
18.69 /0.72 K*/18-crown-6 2k 6.75x 10" ?
K" /18-crown-6 2l 1.10 x 10'?

“ Values of the nucleophilicity parameters N and s were derived using eq 1, as described in the Discussion.

» Reaction occurred in the presence of the corresponding conjugate CH acid (1b—d)-H.

33



Chapter 3: Nucleophilicity Parameters for Phosphoryl-Stabilized Carbanions and Phosphorus Ylides

Analogously, the reactions of the phosphorus ylides 1le—h with the electrophiles 2 generally
proceeded with full conversion of the electrophile. In only a few cases, which are marked in
Table 3, was the consumption of the electrophiles 2 not complete, indicating equilibrium

situations.

Table 3: Second-Order Rate Constants for the Reactions of the Phosphorus Ylides 1le—h with
the Reference Electrophiles 2a—i in CH,Cl; at 20°C.

Nucleophile Electrophile ky/Lmol 's™

N/s*
0 2c 2.65 x 10*
PhBP_QkOEt 2e 3.69 x 10°
1le 2f 126 x 10°
12.79/0.77 2h 1.28 x 10?
o 2c 1.86 x 10°
.
Phsp\_)koa 2d 6.80 x 107
leinbmso  2f 1.05 x 10°
12.21/0.62 2h 2.51 x 10"
2i 1.06
., O 2b 2.03 x 10°
PhaPc Nopt  2¢ 234 % 10*
1t Me 2e 3.90 x 10°
+ 5
F’h3F’\_/CN 2a 4.35 x 104
10 2c 1.21 x 10
12.29/0.75 2e 121 x 10°
2h 433 x10'°
0 2b 337 x 10°
+
Phsp\_)kph 2c 2.73 x 10%°
1h
9.54/0.97

“ Values of the nucleophilicity parameters N and s were derived using eq 1, as described in the Discussion.

?Incomplete consumption of the electrophile was observed, indicating an equilibrium situation.

The kinetics of the reactions of the nucleophiles 1la—e with the substituted benzaldehydes 4a—
g were investigated in DMSO at 20°C using large excesses of the nucleophiles. The first-

order rate constants k.s were usually derived from the single-exponential increase of the
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absorbances of the resulting styrenes 5. As shown in Figure 3 for the reaction of p-
methoxybenzaldehyde 4g with the phosphoryl-stabilized carbanion 1b, the rate of
consumption of p-methoxybenzaldehyde (monitored at 270 nm) was equal to the rate of
formation of p-methoxycinnamonitrile (monitored at 310 nm), excluding the formation of a

long-lived intermediate during the reaction.

CN
O._H §
49
OMe OMe
07
0.6 Kops(310 nm) = 3.00 x 104 5™
0.5 310 nm
’ 270 nm
0.4 Kops(270 nm) = 3.16 x 10 571
A 1 1 ]
03 |
0 100 200 300
0.2 t/ min —>
0.1
0 1 1 N 1
250 275 300 325 350

Alpm ————
Figure 3: Reaction of p-methoxybenzaldehyde 4g (5.58 x 10> mol L") with the phosphoryl-
stabilized carbanion 1b (7.99 x 10* mol L") in DMSO at 20°C (the UV absorption of 1b at
Amax = 257 nm 1is partially superimposed by the aldehyde). The inset shows the time traces
along with the corresponding ks values for the single-exponential increase of the reaction

product p-methoxycinnamonitrile and the single-exponential decrease of the aldehyde 4g.
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Second-order rate constants (Table 4) were again obtained as the slopes of plots of kobs versus

the concentration of the nucleophile (Figure 4).

0.60
Kops = 1.48 x 102 [1b] - 1.13 x 1072
RZ =0.9997
0.45 |
kobs /st 0.30 |
0.15 |
0.00 L ! . \
0 0.001  0.002 0.003 0.004

[1b]/mol Lt ———
Figure 4: Determination of the second-order rate constant k, = 1.48 x 10> L mol ' s™! for the
reaction of the phosphoryl-stabilized carbanion 1b with m-chlorobenzaldehyde 4c in DMSO
at 20°C.

Table 4: Second-Order Rate Constants for the Reactions of the Phosphoryl-Stabilized
Carbanions la—d (with K'/18-Crown-6 as Counterion) and the Phosphorus Ylide 1e with the
Aldehydes 4a—g in DMSO at 20°C.

Nucleophile Electrophile ky/Lmol s
o o 4a 1.20 x 10°
(EtO)zlg\/\OEt 4b 4.78 x 107
1a 4c 5.73 x 10
4d 4.05
de 2.02
4f 4.64 x 107!
4g 931 x 1072
0 4a 245 x 10°
(EtO)RP_CN  4p 1.05 x 10°
1b 4c 1.48 x 107
4d 1.17 x 10"
4e 7.16
Af 1.73
4g 3.64x 107!
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Table 4: (Continued).

Nucleophile Electrophile ky/Lmol s
o o 4a 2.51 % 101
4b 1.11 x 10
PhaP okt X
1c 4c 1.58
0 4a 9.32 x 10!
PhaP_CN 4b 4.46 x 10"
1d 4c 6.67
4d 7.08 x 107!
4e 5.52x 10"
0 4a 3.07 x 107!
PhsP%OEt 4e 1.44 x 107
1e

“ From ref 23d.

Counterion Effects. In order to gain more insight into the role of the counterions in the
reactions of the carbanions 1 with the reference electrophiles 2 as well as with the aldehydes
4, additional studies in the presence of different alkali cations were performed. For this
purpose, the CH acids 1a-H and 1b-H were deprotonated with 1.00-1.05 equiv of NaOzBu or
LiO7Bu in DMSO solution to generate the corresponding sodium or lithium salts 1a-Na and
1b-Na or la-Li and 1b-Li, respectively. Their reactions with the reference electrophiles 2j—m
and the aldehydes 4a, 4e, and 4g were then investigated kinetically using the same method as
described above.

All of the reactions, which are listed in Table 5, followed first-order kinetics regardless of the
counterion (K*, Na', or Li") when the carbanions 1a and 1b were used in large excess over
the electrophiles 2 or 4. Except for the reactions of la-Li, second-order rate laws were
followed, as derived from the linear increase of k,,s with the concentrations of 1a and 1b
(Figures 2 and 4; for details see Tables 34-40, 53-61, and 63-67 in the Experimental Section).
In contrast, the plots of kops versus [1a-Li] were curved (Figure 5 and Tables 41, 42, and 49 of
the Experimental Section), and it was not possible to determine second-order rate constants

for the reactions of 1a-Li with electrophiles.
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Table 5: Second-Order Rate Constants k> (L mol™' s™') for the Reactions of the Phosphoryl-
Stabilized Carbanions 1a and 1b with the Reference Electrophiles 2h—m and the Aldehydes
4a, 4e, and 49 in the Presence of Different Counterions in DMSO at 20°C.

Nucleophile Entry Electrophile ky/Lmol ' s
K'/18-crown-6“ Na' Li
o O 1 2h 5.82 x 10° - (1.85 % 10°)°
EOLP A g, 2 (1.44 x 10
1a 3 2j 1.99 x 10° 147 x 10> (5.79 x 10"
4 2k 1.28 x 10° 956 x 10" (3.57 x 10"
5 (2.49)¢
6 2l 1.38 x 10 1.02x 10" -
7 2m 6.02 4.43 -
8 4a 1.20 x 10° 1.11x10°  (3.25x10%)°
9 4a (4.70 x 10")¢
10 4e 2.02 2.53 -
11 4q 931 x 107 159x 10" -
0 12 2 6.71 x 10' 6.81x 10" 6.92x 10
(EtORP_CN 13 2k 4.38 x 10' 435x10' 448 x10'
b 14 2l 6.47 6.78 6.84
15  2m 2.80 2.78 2.81
16 4a 245 x 10° 272x10° 270 x 10°
17 e 7.16 8.30 8.35
18 4g 3.64 x 107! 488x 10" 444 x10"

“ Reactions used 0-1.3 equiv of 18-crown-6; data from Tables 2 and 4. ” No second-order kinetics; k = kq/[1a] at

[1a] =[Li"7=1 x 10~ mol L™ © No second-order kinetics; k = kops/[1a] at [1a] = 1 x 10~ mol L™ and [Li"] =9 x

10> mol L.

kobs /st

Figure 5: Nonlinear dependence of k.ps on the concentration of the nucleophile for the
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reaction of 1a with the reference electrophile 2j in the presence of Li” in DMSO at 20°C.

38



Chapter 3: Nucleophilicity Parameters for Phosphoryl-Stabilized Carbanions and Phosphorus Ylides

In order to obtain more information about the effect of Li" on the reactivity of 1a, further
kinetic studies of the reactions of la with different electrophiles have been performed at
variable concentrations of Li". For that purpose, the carbanion concentration [1a] (obtained by
deprotonation of the corresponding CH acid 1a-H with 1.00-1.05 equiv of LiOsBu) was kept
constant while the Li" concentration was modulated by adding various amounts of LiBF,. As
depicted in Figure 6, the first-order rate constants kops (sﬁl) for the reactions of the quinone

methide 2k with 1a decreased dramatically as the Li" concentration was increased.

0.16

decrease of reactivity by
a factor of ~ 100

0.04 l

0 ' -
0 0004 0008 0012 0016

Li*]/mol L ————
Figure 6: Dependence of kq,s on the absolute concentration of Li" for the reaction of la
(1 x 10° mol L") with the quinone methide 2k (3 x 10° mol L") in DMSO at 20°C. (The
second-order rate constant ki, = 128 L mol ! s7! for the reaction of 1a-K/18-crown-6 with 2k

in DMSO at 20°C (see Table 2) was used to calculate the kops value for [Li"] =0 mol L™).

Li" effects on kgps, as depicted in Figure 6, were also observed for the reactions of 1a with the
benzhydrylium ion 2h (see Tables 47 and 48 in the Experimental Section) and the aldehyde
4a (see Tables 50 and 51 in the Experimental Section). In contrast, the addition of LiBF4 had
only small effects on the rates of the reactions of the carbanion 1b with electrophiles. Thus,
the reaction of 1b with the quinone methide 2k was only 2.3 times slower than the
corresponding reaction of the free carbanion 1b at a high concentration of Li" ([Li'] =
1.19x 10°mol L' and [1b] = 8.02x 10*mol L™'; see Table 62 in the Experimental
Section). The rates of the reactions of the phosphorus ylide 1e with the benzhydrylium ion 2h
as well as with the aldehyde 4a were not at all affected by the addition of variable amounts of

LiBF, (see Tables 68-70 in the Experimental Section).
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3 Discussion

Counterion Studies. Variation of the counterion of the cyano-stabilized phosphonate 1b from
K" via Na" to Li" revealed (within the error limits of our experiments) no change in the
reactivity towards the quinone methides 2j—m (Table 5, entries 12-15). Consequently, the
nucleophilic reactivity of this carbanion, in which the negative charge is mainly localized on

18] s not affected by the positively charged alkali ions. Even

the nucleophilic carbon center,
when a 15-fold excess of Li" ([Li"] = 1.19 x 10 mol L") over the carbanion 1b was
employed, the reactivity of 1b towards 2k decreased only by a factor of 2.3 (see Table 62 in
the Experimental Section). The reactions of 1b with the aldehydes 4a, 4e, and 49 were even
9-34 % faster in the presence of Na” and Li" counterions (Table 5, entries 16-18) than in the
presence of K'/18-crown-6. A slight stabilizing coordination of Na" and Li" with the partial
negative charge of the carbonyl oxygen of the aldehyde in the transition state of the
olefination reaction may account for this observation.
The situation is different for the ethoxycarbonyl-stabilized carbanion 1a. In this case, even the
Na' counterion has a slight decelerating effect (by a factor of 1.35) on the reactions of 1a with
the quinone methides 2j—m (Table 5, entries 3, 4, 6, and 7). In the olefination reactions, the
slight reduction of the nucleophilicity of 1a by Na" is overcompensated by the activation of
the aldehydes by Na", and 1a-Na reacts 1.3 and 1.7 times faster with the aldehydes 4e and 4g
than the free carbanion (Table 5, entries 10 and 11). As shown in the Experimental Section
(e.g., Table 15), K" also has a slight activating effect (by a factor of 1.1-1.3) on the olefination
reactions of aldehydes when high concentrations of the potassium salts ([(1la—d)-K] > 1.30 x
10~ mol L") were employed without crown ether. Below this concentration, the addition of
18-crown-6 did not affect reactivity.
With Li" as the counterion, the reactions of 1a become considerably slower and do not follow
simple second-order kinetics (Table 5, entries 1-5, 8, and 9). These findings can be explained
by the high charge delocalization in this carbanion, with most of the negative charge residing
on the oxygen atom of the carbonyl group (enolate structure). The higher affinity of the
(charged) oxygen for the lithium counterion results in the formation of less reactive contact
ion pairs even in DMSO (dielectric constant & = 46.45). Because the degree of ion-pairing
increases with increasing concentration, the nonlinear correlation in Figure 5 can be
rationalized. The strong decrease of kg at constant [1a] with increasing [Li'] (Figure 6) can
also be explained by the increasing degree of ion-pairing.
According to Table 5, at [Li'] =1 x 10~ mol L', 1a-Li reacts 3.1-3.7 times more slowly than
the free carbanion la with 2h-k and 4a (Table 5, entries 1, 3, 4, and 8). At a higher
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concentration of Li" ([Li"]=9 x 10~ mol L"), 1a-Li reacts 25-51 times more slowly than the
free carbanion with the benzhydrylium ion 2h, the quinone methide 2k, and the aldehyde 4a
(Table 5, entries 2, 5, and 9). Because the magnitude of the Li" effect depends only slightly on
the nature of the electrophile, we have to conclude that under these conditions, the activation
of the electrophiles by Li" is much less important than the deactivation of the carbanion 1a by
Li" coordination.

The reactivity of phosphorus ylide 1e is not affected by Li" ions at all in either the reaction
with benzhydrylium ion 2h or the olefination reaction with p-nitrobenzaldehyde (4a) (see

Tables 68-70 in the Experimental Section).

Nucleophilicity Parameters. As previously shown for many nucleophile-electrophile

(1617191 the second-order rate constants given in Tables 2 and 3 correlate well

combinations,
with the electrophilicity parameters E of the benzhydrylium ions 2a—h and quinone methides
2i-m. In Figure 7 these correlations are shown exemplarily for the nucleophiles la, b, and
le—g. The correlations for the other nucleophiles used in this work (1c, 1d, and 1h) are of
similar quality and allow the calculation of the nucleophile-specific parameters N and s,

which are listed in Tables 2 and 3.

la (R! = COOEY)

7 - /" 1b (Rt =CN) -1f (R?=COOEL, R® = CHy)
o 2h .~ .-1g (R*=CN, R®=H)

6 I (EtO),P-_R! ~-"" .1e (R?= COOEt, R® = H)
5 la,b
4 .

ok
3 -

log ko 2m2l
2 -
PhsP__R?

0+ le—g
_1 1 1 1 1 1 1 1 1 ]

-20 -18  -16 -14 -12 -10 -8 -6
Electrophilicity E

Figure 7: Plots of log k, for the reactions of the phosphoryl-stabilized carbanions 1a and 1b
and the phosphorus ylides 1e—g with the reference electrophiles 2a—m at 20°C (filled symbols
denote reactions in DMSO, open symbols reactions in CH,Cl,) versus the electrophilicity

parameters £ of 2a—m.
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The similarities of the slopes for the correlations of the nucleophiles 1a—e in DMSO and for
the nucleophiles le—g in CH,Cl, (Figure 7), which are numerically expressed by the s
parameters in Tables 2 and 3, imply that the relative nucleophilicities of 1a—e in DMSO and
le-g in CHyCl, depend only slightly on the electrophilicity of the reaction partner.
Consequently, the N parameters can be used to compare the relative reactivities of these

compounds (Figure 8).
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Figure 8: Comparison of the nucleophilicity parameters N (in DMSO or CH,Cl,) of the
phosphorus ylides 1e—h, the phosphonate-stabilized carbanions 1a and 1b, and the phosphine

oxide-stabilized carbanions 1c and 1d.

Figure 8 shows that phosphonate-stabilized (1a and 1b) and phosphine oxide-stabilized
carbanions (1¢ and 1d) do not differ much in reactivity. This indicates that ethoxy substituents
on the phosphorus center have a similar effect on the nucleophilicity of the carbanionic center
as phenyl substituents. In analogy to the behavior of other carbanions bearing CN and CO,R
groups,'®! the ethoxycarbonyl-substituted carbanions 1a and 1c show a slightly higher
reactivity than the cyano-stabilized carbanions 1b and 1d.

A comparison of the substituent effects on the reactivity (given by the N parameters for their
reactivities in CH,Cly) of the phosphorus ylides le—h also shows that the ethoxycarbonyl-
stabilized ylide 1e is slightly more reactive than the cyano-stabilized ylide 1g9. Substitution of

an o-H-atom of 1le by a methyl group has almost no effect on the nucleophilic reactivity (cf.
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1f vs 1e). The benzoyl-substituted ylide 1h is ~10” times less reactive than the structurally
analogous phosphorus ylides le and 1f. Because 1h could only be investigated with two
different reference electrophiles, the atypically high s value of 0.96 is not reliable and shall
not be discussed in detail.

It has long been known that the phosphoryl-stabilized carbanions react faster with carbonyl
compounds than the Wittig ylides.”” The N (and s) values for the phosphoryl-stabilized
carbanions 1a—d and the ylides 1le—h in Figure 8 now provide a quantitative comparison of the
reactivities of phosphoryl-stabilized carbanions and phosphorus ylides. A problem in this
comparison is the different solvents used for the two classes of compounds. While the
carbanions la—d were investigated in DMSO solution, the kinetic investigations of the
phosphorus ylides 1e—h were performed in CH,Cl,. However, the ylide 1e was investigated in
both solvents, showing that the reactivity is less than one order of magnitude higher in CH,Cl,
than in DMSO. Comparison of the nucleophilicities of the Wittig ylide 1e and of the two
structurally analogous phosphoryl-stabilized carbanions la and 1c reveals a difference of
nucleophilic reactivity of AN = 7 (N in DMSO). For an averaged s value of 0.65, this
difference implies that the ylide 1e is 10%-10° times less reactive than the carbanions 1a and
1c. A similar reactivity ratio can be derived for the comparison of the cyano-substituted
carbanions 1b and 1d with the cyano-substituted phosphorus ylide 1g, if one assumes that the
change from CH,Cl, to DMSO solution has an effect on the reactivity of 1g similar to that on
le.

Figure 9 shows a rather poor relationship between the rates of the reactions of the
benzhydrylium ion 2h with carbanions!'°>'"*"**¢! and their pK,y values in DMSO." One can
see that the phosphoryl-stabilized carbanions 1a, 1b, and 1d are located in the lower part of
this “correlation corridor”. The phosphonate-substituted carbanions 1a and 1b are even less
reactive than several of the phenyl-substituted nitronates 7-(X) and the malononitrile anion
(NC),CH", even though the basicities of 1a and 1b are 4-8 units higher. It is probably the
stabilization of the phosphoryl-stabilized carbanions 1 through dipole-dipole interactions in

[22] of their reactions with

DMSO that is responsible for the unusually high intrinsic barriers
electrophiles. Because of the low quality of this correlation, we refrain from interpreting the

slope.
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Figure 9: Plot of log k; for the reactions of the phosphoryl-stabilized carbanions la, 1b and
1d and other classes of carbanions with the benzhydrylium ion 2h (DMSO, 20°C) versus the
corresponding pK,y value of the carbanions (DMSO, 25°C). The second-order rate constants
k, (filled symbols) were taken from refs 16¢c, 17a, 19a, and 19c. Second-order rate constants
k, for the alkyl nitronates (open symbols) were calculated using eq 1. The pK,y-values were

taken from ref 21.

Olefination reactions. The kinetic studies on the reactions of the nucleophiles la—e with the
benzaldehydes 4 in DMSO (Table 4) showed that in all cases, electron-withdrawing groups at
the 3- or 4-positions of the benzaldehydes 4 increase the reaction rates whereas electron-
donating substituents decelerate the reaction (Figure 10).

Plots of log k, versus the Hammett substituent constants ¢ are linear (Figure 10) and yield p =
3.4-3.6 for the olefination reactions of the phosphonate-stabilized carbanions 1a and 1b, p =
2.7-2.8 for the reactions of the phosphine-oxide stabilized carbanions 1¢ and 1d, and p=2.9
for the reactions of the ylide 1e. Because the correlations with 1c and 1e are only based on 3
and 2 data points, respectively, the resulting p values for these compounds should be treated
with caution. Similar reaction constants p have been reported for the Wittig reactions of ester-

stabilized triphenylphosphonium ylides with substituted benzaldehydes in benzene at 25°C
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(p = 2.7)**% and in acetonitrile at 20°C (p = 2.9)**¥ as well as for the Wittig reaction of
benzylidenetriphenylphosphorane with substituted benzaldehydes in THF at 0°C (p =
2.77).12%#) The substituent effects are in line with a concerted [2+2] cycloaddition in which the
formation of the CC bond is more advanced in the transition state than the formation of the
PO bond.””! In the calculations by Aggarwal and Harvey,"“! the bond lengths in the
transition state for the reaction of benzaldehyde with PhsPCHCO,Me are reported to be 1.86
A for the CC bond and 2.76 A for the PO bond.

. 1b (R = OEt, R?=CN)

T """ 1a (R! = OEt, R? = COOEY)
.- 1d (R*=Ph,R?=CN)
2+ __-- 1c (R! = Ph, R? = COOEY)
o)
- 1le PhyP.
o} 3 %OEt
log k»
2+
4 |
X = p-OMe
-6 p 1 1 1
-0.5 0 0.5 1

Figure 10: Correlation of the second-order rate constants k, for the reactions of the
phosphoryl-stabilized carbanions 1a—d and the phosphorus ylide 1le with the benzaldehydes 4
in DMSO at 20°C versus Hammett's op- or on-values for the substituents of the
benzaldehydes: () log k, = 3.38 o+ 0.734, R* = 0.9887, n = 7; (o) log k» = 3.64 o+ 0.214,
R*=0.9894, n="7; (m) log k, =2.76 o- 0.268, R*=0.9978, n = 5; (0) log k» = 2.67 o - 0.800,
R*=0.9953, n=3; (#) log k,=2.87 - 2.84 R* = 1, n = 2). The data point for the reaction of
le with benzaldehyde (4e) was taken from ref 23d.

Whereas the change from ethoxy to phenyl substituents on the phosphorus center of
phosphoryl-stabilized carbanions revealed no significant change in reactivity towards the
reference electrophiles 2 (Table 2 and Figure 8), the phosphine oxide-stabilized carbanions 1c
and 1d react considerably more slowly with aldehydes than the corresponding phosphonates
la and 1b (Table 4 and Figure 10).

Figure 11 illustrates significant differences in the relative reactivities towards the Michael

acceptor 2i and the benzaldehyde 4a. Whereas the phosphine oxide-substituted carbanions 1¢
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and 1d react with 2i slightly faster (by factors of 1.5 and 1.8, respectively) than the analogous
phosphonate-substituted carbanions 1a and 1b, 1a and 1b are more reactive towards 4a (by
factors of 47 and 26, respectively) than the corresponding phosphine oxide-substituted
carbanions 1c and 1d. Steric effects may account for this inversion of reactivity. Because in
the Horner-Wadsworth-Emmons (HWE) reaction, CC bond formation is accompanied by the
formation of the PO bond to yield the oxaphosphetane, the more bulky phenyl groups of the
phosphine oxides 1c and 1d in comparison with the smaller ethoxy groups of the
phosphonates 1a and 1b may explain the lower reactivities of 1¢ and 1d in the [2+2]
cycloaddition with 4a. Analogously, the smaller size of CN compared with CO,Et may
account for the finding that the cyano-stabilized carbanions 1b and 1d are more reactive in the
HWE reaction than the corresponding ethoxycarbonyl-substituted systems la and 1c, even

though their relative reactivities towards the Michael acceptor 2i are the other way around.

o H
Ph Ph
2i
|
A

o
CeHs-OMe NO,

4a
A
log k, U
50+ 1o
la _—
45 L 1d _\\‘:\\\
b =y
40+ 0
\ S (EtO),P~_CN
35—+ Y N — 1b =
3.0+ v = 1la Q9
(EtO)zP%OEt
254 L
! N I
20 v =—1d  php_CN
15+ —1c
11
10T PhoP N ot
05—+
0.0+ le =—._ o
AN +
-05+ — 1le Phap\)kOEt

Figure 11: Comparison of the second-order rate constants k, for the reactions of the
nucleophiles la—e with the quinone methide 2i (on the left) and p-nitrobenzaldehyde 4a (on
the right) in DMSO at 20°C.
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A major difference can be seen in the relative reactivities of the ethoxycarbonyl-substituted
carbanions 1a and 1c on one side and the ethoxycarbonyl-substituted phosphorus ylide 1e on
the other side. Whereas the carbanions 1a and 1c are almost 10° times more reactive than 1e
in the Michael additions (Figure 11, left), the reactivity ratio shrinks to factors of 100-4000 in
the HWE reaction (Figure 11, right). Obviously, the cycloaddition of the phosphorus ylide 1e
profits more from concertedness than the cycloadditions of the carbanions 1a and 1c, because
the energy gain by forming the PO bond in the transition state 6 is much higher than in

transition state 7 (Scheme 8).

Scheme 8: Schematic Transition States for the Reactions of Phosphorus Ylides and
Phosphoryl-Substituted Carbanions with Carbonyl Groups.
Ph O

Ph 1+ i Ph_n <
P
Ph” (Y Ph/F‘,\‘ :
_(\)L _\‘O
6 7

4 Conclusion

By using benzhydrylium ions and structurally related quinone methides as reference
electrophiles, we have been able to directly compare the nucleophilic reactivities of
phosphoryl-stabilized carbanions and of stabilized phosphorus ylides. Because the same
reference electrophiles have previously been employed for quantifying the reactivities of a

large variety of 7-, n-, and o-nucleophiles,'®"

we can now integrate the synthetically
important phosphorus-substituted nucleophiles 1a—h into the comprehensive nucleophilicity
scale based on equation 1.

Figure 12 compares the effects of (EtO),PO, Ph,PO, and Ph;P" groups on the nucleophilicities
of ethoxycarbonyl-substituted carbanions and illustrates that the effect of the phosphoryl
group is comparable to that of an acetyl or a cyano group.!'*”

Since the pK, values of the conjugate acids of 1la—d are much higher than those of ethyl

(211 \ve must conclude that the intrinsic barriers for the

acetoacetate and ethyl cyanoacetate,
reactions of the phosphoryl-substituted carbanions are considerably higher than those for the
reactions of carbanions stabilized by ester, cyano, and carbonyl groups.

Significant differences between the relative reactivities of the phosphoryl-substituted
nucleophiles towards carbocations and Michael acceptors on one side and benzaldehydes on
the other side are in line with concerted asynchronous oxaphosphetane formation in the rate-

determining step of the olefination reactions.
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N A EtO,C._ CO,Et
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Figure 12: Comparison of the nucleophilicities of different ethoxycarbonyl-stabilized
carbanions in DMSO.

5 Experimental Section

In order to identify my contribution to this multiauthor publication, chapter 5.2 and 5.3 of this

Experimental Section consist exclusively of the experiments, which were performed by me.

5.1 General

Chemicals. Dimethyl sulfoxide (DMSO) with a H,O content of < 50 ppm and dry CH,Cl,

(freshly distilled over CaH;) were used for the kinetic experiments. The phosphine oxides 1c-

H and 1d-H were synthesized according to literature procedure,*"

16b

as was the phosphorus
ylide 19.%”) Benzhydrylium tetrafluoroborates!'® (2a—h)-BF4 and quinone methides*®’ 2i-m
were prepared as described previously. All of the other chemicals were purchased from

commercial sources and (if necessary) purified by recrystallization or distillation prior to use.

Analytics. 'H- and C-NMR spectra were recorded on Varian NMR-systems (300, 400, or
600 MHz) in CDCl; or DMSO-d;s and the chemical shifts in ppm refer to TMS (dy 0.00, oc
0.00) in CDCl; or the solvent residual signal in DMSO-ds (dy 2.50, oc 39.43) as internal
standard. The following abbreviations were used for chemical shift multiplicities: brs = broad
singlet, s = singlet, d = doublet, t = triplet, ¢ = quartet, m = multiplet. For reasons of
simplicity, the "H-NMR signals of AA’BB’-spin systems of p-disubstituted aromatic rings
were treated as doublets. NMR signal assignments were based on additional 2D-NMR
experiments (e.g., COSY-, NOESY-, HSQC-, and HMBC experiments). Diastereomeric ratios
(dr) were determined by 'H-NMR. (HR-)MS was performed on a Finnigan MAT 95 (EI) or a
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Thermo Finnigan LTQ FT (ESI) mass spectrometer. Melting points were determined on a

Bichi B-540 device and are not corrected.

Kinetics. The rates of all of the investigated reactions were determined photometrically. The
temperature of the solutions during all kinetic studies was kept constant (20.0 + 0.1°C) using
a circulating bath thermostat. The reactions with the carbanions in DMSO were carried out
either with stock solutions of the potassium salts of the CH acids or by deprotonation of the
CH acids with 1.00-1.05 eq of KO7Bu, NaO7Bu, or LiO7Bu in DMSO. The reactions with the
ylides in DMSO or CH,Cl, were carried out with solutions of the ylides in the corresponding
solvent. The electrophiles were also prepared in stock solutions of the particular solvent and
were always employed as the minor component in the reactions with the nucleophiles,
resulting in first-order kinetics.

The rates of slow reactions (z;, > 10 s) were determined by using a J&M TIDAS diode array
spectrophotometer controlled by Labcontrol Spectacle software and connected to Hellma
661.502-QX quartz Suprasil immersion probe (5 mm light path) via fiber-optic cables and
standard SMA connectors. For the evaluation of fast kinetics (7, < 10 s) the stopped-flow
spectrophotometer systems Hi-Tech SF-61DX2 or Applied Photophysics SX.18MV-R were
used.

Rate constants kgps (sﬁl) were obtained by fitting the single exponential 4, = Ay exp(—kobst) + C
(exponential decrease) or 4, = Ay [1 — exp(—kobst)] + C (exponential increase) to the observed
time-dependent absorbance (averaged from at least four kinetic runs for each nucleophile

concentration in the case of applying the stopped-flow method).

5.2 Syntheses and Product Studies
5.2.1 Synthesis of the Phosphonate-Stabilized Carbanions 1a-K and 1b-K

General procedure A. To a stirred solution of KOsBu in dry ethanol was added the
corresponding CH acid (1a-H or 1b-H). After 10 min of stirring, the solvent was evaporated
under reduced pressure. The solid residue was washed several times with dry diethyl ether

and filtrated under No.

Ethyl 2-(diethoxyphosphoryl)acetate potassium salt (1a-K) was obtained from ethyl 2-
(diethoxyphosphoryl)acetate 1la-H (8.29 g, 37.0 mmol) and KO7Bu (4.20 g, 37.4 mmol) in
EtOH (15 mL); 7.19 g (27.4 mmol, 74 %); colorless solid.
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RAS 4

Q0K

/\O/Z = O/\

g

'H-NMR (dg-DMSO, 400 MHz): 6 = 1.03 (t, ’J = 7.1 Hz, 3 H, OCH,CH3), 1.12 (t, °J =
7.0 Hz, 6 H, OCH,CHs), 1.79 (d, “Jo.u = 15.5 Hz, 0.17 H, CH), 2.19" (d, “Jp.u = 15.6 Hz,
0.80 H, CH), 3.67-3.76 (m, 6 H, OCH,CHj3). >C-NMR (d¢-DMSO, 101 MHz): §=15.4" (q),

la-K

15.5 (q), 16.4" (q, *Jp.c = 7.0 Hz, partially superimposed by the signal of the other isomer),
39.37 (d, d, "Jp.c = 220 Hz), 40.0 (d, d, "Jp.c = 213 Hz), 54.9 (t), 55.2" (t, *Jp.c = 3.5 Hz), 58.4
(t, “Jp.c = 4.6 Hz), 58.5 (t, “Jp.c = 4.8 Hz), 168.9 (s, “Jp.c = 12.8 Hz), 170.1" (s, *Jp.c =
22.2 Hz). *'P-NMR (d-DMSO, 81.0 MHz): & = 37.7, 39.3". HR-MS (ESI"): calc. for
[CsH;7KOsP]": 263.0445, found 263.0449. * Major isomer.””!

Ethyl cyanomethylphosphonate potassium salt (1b-K) was obtained from ethyl
cyanomethylphosphonate 1b-H (4.57 g, 25.8 mmol) and KO7Bu (3.00 g, 26.7 mmol) in EtOH
(15 mL); 4.19 g (19.5 mmol, 76 %); pale yellow solid.

RAS 5

?

o
K

1b-K
'H-NMR (d¢-DMSO, 400 MHz): 5= 0.62 (d, “Jp.y = 5.0 Hz 1 H, CHCN), 1.13 (t,°J = 7.1 Hz,
6 H, OCH,CHs), 3.69-3.79 (m, 4 H, OCH,CHj3). *C-NMR (ds-DMSO, 101 MHz): 5= 3.5 (d,
d, 'Jp.c =235 Hz), 16.4 (q, *Jp.c = 7.1 Hz), 58.7 (t, *Jp.c = 4.9 Hz), 131.1 (s, “Jp.c = 11.0 Hz).
'P-NMR (d¢-DMSO, 81.0 MHz): § = 43.4. HR-MS (ESI"): calc. for [C¢H,KNO;sP]™:

216.0186, found 216.0187.
5.2.2 Synthesis of the Phosphine Oxide-Stabilized Carbanions 1c-K and 1d-K

General procedure B. To a stirred solution of the corresponding CH acid (1c-H or 1d-H) in

CH,Cl, was added finely granulated KOsBu. After 30 min of reaction time, the solvent was
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evaporated under reduced pressure. The resulting precipitate was washed several times with

dry diethyl ether and filtrated under N,.

Ethyl 2-(diphenylphosphoryl)acetate potassium salt (1c-K) was obtained from ethyl 2-
(diphenylphosphoryl)acetate 1c-H (1.00 g, 3.47 mmol) and KO/Bu (430 mg, 3.83 mmol) in
CH,CI; (10 mL); 807 mg (2.47 mmol, 71 %); colorless solid.

RAS 6

0 o K
PN o™
Ph
1c-K

'H-NMR (ds-DMSO, 400 MHz): §= 0.58 (t,°J = 7.0 Hz, 0.48 H, OCH,CHj), 1.08" (t,°J =
7.1 Hz, 2.52 H, OCH,CH3), 2.92° (d, 2o = 22.6 Hz, 0.32 H, CH, Signal for other isomer
partially superimposed by DMSO resonance), 3.55 (q, °J = 7.0 Hz, 0.33 H, OCH,CHj), 3.75°
(q, °J=7.1 Hz, 1.65 H, OCH,CH3), 7.26-7.31 (m, 6 H, C-H,y), 7.69-7.74 (m, 4 H, C-H,,). "*C-
NMR (de-DMSO, 101 MHz): 6= 14.8 (q.), 15.3° (q), 46.7 (d, d, "Jp.c = 144 Hz), 49.1 (d, d,
! Jo.c = 138 Hz, very weak signal), 55.0 (t), 55.7 (t, “Jp.c =2.7 Hz), 127.0 (d, *Jo.c = 10.7 Hz),
127.4° (d, *Jo.c = 10.9 Hz), 128.4 (d, *Jp.c = 2.3 Hz), 128.8" (d, “Jp.c = 2.3 Hz), 130.7" (d, *Jp.c
=8.9 Hz), 131.0 (d, “Jp.c = 8.6 Hz), 140.9" (s, d, "Jp.c = 103 Hz), 142.0 (s, d, "Jp.c = 103 Hz),
169.4 (s, “Jp.c = 7.5 Hz), 170.7 (s, “Jp.c = 12.8 Hz). *'P-NMR (d¢-DMSO, 81.0 MHz): & =
23.2, 26.5". HR-MS (ESI"): calc. for [C1¢H7KOsP]™: 327.0547, found 327.0548. * Major

isomer.*”]

Ethyl 2-(diphenylphosphoryl)acetonitrile potassium salt (1d-K) was obtained from 2-
(diphenylphosphoryl)acetonitrile 1d-H (1.00 g, 4.15 mmol) and KOzBu (550 mg, 4.90 mmol)
in CH,Cl, (10 mL); 903 mg (3.22 mmol, 78 %); colorless solid.

RAS 13
Q
Ph” Ff\_/CN
Ph K*
1d-K

'H-NMR (ds-DMSO, 400 MHz): 5= 1.24 (d, °Jp.s = 5.7 Hz 1 H, CHCN), 7.29-7.33 (m, 6 H,
CHa), 7.72-7.78 (m, 4 H, CHy,). *C-NMR (d¢-DMSO, 101 MHz): § = 12.7 (t, "Jo.c = 145

Hz), 127.3 (d, *Jo.c = 10.9 Hz), 129.0 (d, “Jp.c = 2.5 Hz), 131.3 (d, “Jp.c = 8.6 Hz), 131.5 (d,
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“Jo.c = 6.9 Hz), 140.7 (s, 'Jp.c = 105 Hz). *'P-NMR (d¢-DMSO, 81.0 MHz): 5= 29.3. HR-MS
(ESI"): calc. for [C14H;,KNOP]": 280.0288, found 280.0287.

5.2.3 Products for the Reactions of the Nucleophiles 1a—e with the Aldehydes 4

General procedure C. Product studies for the reactions of the nucleophiles la—d (0.8-
1.0 mmol) with the electrophiles 4 were carried out by mixing the corresponding CH acid
(la—d)-H with a slight excess of KO7Bu (1.0-1.3 mmol) in dry DMSO (5 mL). After some
minutes, one equiv of the electrophile was added. In case of the triphenylphosphonium ylide
le (1.4 mmol) no base for deprotonation was needed. Therefore, nucleophile 1e was dissolved
in dry DMSO and directly mixed with one equiv of the electrophile 4a. The corresponding
reaction mixtures were stirred at room temperature (approximately 20°C) for a certain time
and subsequently quenched with aqueous acetic acid solution (2 %). Products that
precipitated, were filtrated and washed with water. In all other cases, the reaction mixtures
were extracted with CH,Cl, or EtOAc. The combined organic layers were washed with water
and brine, dried over Na,SO4 and evaporated under reduced pressure. The crude products
were purified by column chromatography on silica gel (n-pentane/EtOAc) and subsequently
characterized by 'H-NMR spectroscopy and GC/MS. Analysis of the products 5 showed that
they were formed as a mixture of cis/trans-isomers with high selectivity for the trans isomer.
The cis/trans ratio was determined by GC/MS analysis. In order to exclude that the observed
cis/trans ratio was changed during workup or purification, samples were directly taken from
the reaction mixtures (approximately 0.1 mL per sample, diluted with 1 mL of acetone) and
analyzed after different reaction times. As no significant change of the cis/trans ratios for
different reaction times could be observed, only the cis/trans ratios after 15 min of reaction
times are shown. The yields of the reactions were not optimized, because these studies do not

focus on the product formation.
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Table 6: Isolated products 5 for the reactions of the nucleophiles 1a—e with the aldehydes 4 in DMSO at 20°C.

Nucleophile Electrophile Product 5 trans/cis” Isolated Reaction
vield (%) time (min)

la 4a p-NO,-C¢H,CH=CHCO,Et" >99/1 80 15

la 4b p-CN-C¢H,CH=CHCO,Et ¢ - 82 15

la 4c m-Cl-C¢H,CH=CHCO,Et“ - 85 15

la 4d p-F-C¢H,CH=CHCO,Et* - 79 60

la 4e C¢H,CH=CHCO,Et* >99/1 80 60

la 4f p-Me-CoH,CH=CHCO,Et“ - 74 90

la 4g p-MeO-C4H,CH=CHCO,Et* >99/1 78 90

1b 4a p-NO,-C¢H,CH=CHCN © 90/10 73 15

1b 4e C¢H,CH=CHCN’ 92/8 64 60

1b 4q p-MeO-C¢H,CH=CHCN ¢ 90/10 76 90

1c 4a p-NO,-C¢H,CH=CHCO,Et" >99/1 81 30

1d 4a p-NO,-C¢H,CH=CHCN © 85/15 71 15

1d 4e C¢H,CH=CHCN’ 90/10 71 60

le 4a p-NO,-CsH,CH=CHCO,Et" 95/5 88 150

“ Determination see text. ” "H-NMR data are in consistence with those reported in http://riodb01.ibase.aist.go.jp/
sdbs/cgi-bin/direct_frame_top.cgi, SDBS-No.: 19530. © '"H-NMR (d¢-DMSO, 400 MHz): §=1.26 (t, J=7.1 Hz,
3 H, CHs), 421 (q, ’J = 7.1 Hz, 2 H, CH,), 6.81 (d, °J = 16.1 Hz, 1 H, =CH), 7.70 (d, °J = 16.1 Hz, 1 H, =CH),
7.86-7.88 (m, 2 H, CH,,), 7.91-7.94 (d, 2 H, CH,,). 4 "H-NMR-data are in consistence with those reported in Cao,
P.; Li, C.; Kang, Y.; Xie, Z.; Sun, X.; Tang, Y. J. Org. Chem. 2007, 72, 6628-6630. ¢ '"H-NMR (ds-DMSO, 200
MHz): 6 = 6.73 (d, °J = 16.7 Hz, 1 H, =CH), 7.82 (d, ’J = 16.7 Hz, 1 H, =CH), 7.89-7.95 (m, 2 H, CH,,), 8.25-
8.32 (d, 2 H, CH,)). 7 TH-NMR-data are in consistence with those reported in Li, H. J.; Wang, L. Eur. J. Org.
Chem. 2006, 5099-5102. ¢ "H-NMR-data are in consistence with those reported in Durantini, E. N. Synth. Comm.
1999, 4201-4222.
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5.3 Kinetics

5.3.1 Kinetic Investigations of the Reactions of the Stabilized Carbanions (1a—d)-

K with the reference electrophile 2j

Table 7:Kinetics of the reaction of 1a-K with 2j in DMSO at 20°C (addition of 0-1.0 equiv 18-crown-6,
stopped-flow UV-Vis spectrometer, A =371 nm).

No. [Elo/mol L [NuJo/mol L' [18-crown-6]/mol L'  ky/s™
RALO 1.1-1 ~ 5.60 x 107 6.78 x 107 - 1.36 x 107!
RALO 1.1-2  5.60 x 107 1.02 x 107 - 2.04x 10"
RALO 1.1-3  5.60 x 107 1.36 x 107 - 273 x 10"
RALO 1.1-4  5.60 x 107 1.70 x 107 1.72 x 10" 3.44 x 10"

k, =2.04 x 10 L mol?*s?

04 y = 2.04E+02x - 3.30E-03
R? = 1.00E+00

03
B
T 02}
x0

0.1

0 1 1 1 Il
0 0.0005 0.001 0.0015 0.002

[Nu] / mol Lt

The reaction has been performed in order to check the consistency of the data obtained from
different experimenters (control experiment). The obtained second-order rate constant is not

mentioned in Table 2 and was not used for the calculation of N and s parameters.

Table 8:Kinetics of the reaction of 1b-K with 2j in DMSO at 20°C (addition of 0-1.1 equiv 18-crown-6, stopped
flow UV-Vis spectrometer, A =371 nm).

No. [Elo/mol L' [NuJo/mol L' [18-crown-6]/mol L'  ky/s™
RALO2.1-1  5.60 x 107 7.88 x 107 - 5.01 x 107
RALO2.1-2  5.60x 107 1.57 x 107 1.72 x 107 1.04 x 10!
RALO2.1-3  5.60 x 107 236 % 107 - 1.56 x 10™!
RALO2.1-4  5.60 x 107 3.15x 107 3.45x% 107 2.10 x 10™

k,=6.71 x 10 L mol™* s
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0.24

y = 6.71E+01x - 2.40E-03
R? = 1.00E+00

o 1 1 1 1
0 0.001 0.002 0.003 0.004

[Nu-] / mol Lt

Table 9:Kinetics of the reaction of 1c-K with 2j in DMSO at 20°C (addition of 0-1.2 equiv 18-crown-6,
stopped-flow UV-Vis spectrometer, A = 371 nm).

No. [Elo/mol L' [Nul]y/mol L' [18-crown-6]/mol L™ kops/ 87
RALO3.1-1  5.71x 107 6.40 x 10™ - 1.31 x 10"
RALO3.1-2 571 x 107 1.28 x 107 1.59 x 107 278 x 107
RALO3.1-3  5.71x10° 1.92 x 107 - 4.13x 10"
RALO3.1-4 5.71x10° 2.56 x 107 2.66 x 107 5.74 x 107!

k,=2.29 x 10 L mol?*s?

0.8 v =2 20E+02x - 1.70E-02
R? = 9.99E-01
06 |
)
=, 04 |
x0
02 |
0 1 1 1 ]
0 0001 0002 0003  0.004
[Nu] / molLt

The reaction has been performed in order to check the consistency of the data obtained from
different experimenters (control experiment). The obtained second-order rate constant is not

mentioned in Table 2 and was not used for the calculation of N and s parameters.
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Table 10: Kinetics of the reaction of 1d-K with 2j in DMSO at 20°C (addition of 0-1.6 equiv 18-crown-6,

stopped-flow UV-Vis spectrometer, A =371 nm).

No. [Elo/mol L' [NuJo/mol L' [18-crown-6]/mol L kgp/s™
RALO4.1-1 579 x 107 6.71 x 10 - 7.11 x 107
RALO4.1-2  5.79x10° 1.34 x 107 2.08 x 107 1.47 x 10™
RALO 4.1-3  5.79 x 107 2.01 x 107 - 227 %107
RALO 4.1-4  5.79 x 107 2.35%x 107 2.78 x 107 2.73 %107
RALO 4.1-5  5.79 x 107 2.69 x 107 - 3.04x 10"

k,=1.17 x 10 L mol* s

0.4 y = 1.17E+02x - 8.29E-03
R? = 9.99E-01

03
P
~ 02 f
xO

01}

0 1 1 1
0 0.001  0.002 0003  0.004

[Nu]/ mol L

The reaction has been performed in order to check the consistency of the data obtained from

different experimenters (control experiment). The obtained second-order rate constant is not

mentioned in Table 2 and was not used for the calculation of N and s parameters.
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5.3.2 Kinetic Investigations of the Reactions of the Stabilized Carbanions (1a—d)-

K and the Triphenylphosphonium Ylide 1e with the Aldehydes 4a—g

Kinetic investigations of the reactions of the phosphonate-stabilized carbanion la-K
with the aldehydes 4a—g in DMSO

Table 11: Kinetics of the reaction of 1la-K with 4a in DMSO at 20°C (addition of 0-1.3 equiv 18-crown-6,

stopped-flow UV-Vis spectrometer, A = 310 nm, data points where counterion effects occurred, i.e., activation

effect by K* in the absence of 18-crown-6, are not embedded into the correlation and are shown in brackets and
y

open symbols).

No. [E]y/ mol L! [Nu]y/ mol L! [18-crown-6] / mol L! kops/ s
RAK 7.14-1 533 x 107 7.61 x 10 8.55x 10 8.15x 10"
RAK 7.14-2 533 x10° 1.27 x 107 - 1.45
RAK 7.14-3 533 x 107 1.77 x 107 2.14 %107 2.05
RAK 7.14-4 533 x107° 228 x 107 - 2.70
RAK 7.14-5 533 x 107 3.04 x 107 321 x 107 3.60
RAK 7.14-6 533 x 107 3.55x 107 - (4.39)
RAK 7.14-7 533 x 107 4.06 x 107 534107 476
RAK 7.14-8  8.88 x 107 4.56 x 107 - (5.60)

k,=1.20 x 10° L mol?*s*

4.8

36

-1
obs /s

~ 24 F

12

y = 1.20E+03x - 7.04E-02
R? = 1.00E+00

®)

0.001 0.002

0.003 0.004 0.005

[Nu] / mol Lt
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Table 12: Kinetics of the reaction of 1a-K with 4b in DMSO at 20°C (addition of 0-1.5 equiv 18-crown-6,
stopped-flow UV-Vis spectrometer, A = 287 nm, data points where counterion effects occurred, i.e., activation

effect by K" in the absence of 18-crown-6, are not embedded into the correlation and are shown in brackets and

open symbols).

No. [E]y/ mol L! [Nu]y/ mol L! [18-crown-6] / mol L! ops/ s
RAK 7.15-1  6.14x 107 7.15 %10 - 3.20 x 107!
RAK 7.15-2  6.14x 107 1.19 x 107 - 5.56 x 10"
RAK 7.15-3  6.14x 107 1.67 x 107 - 8.06 x 107
RAK 7.15-4  6.14 x 107 2.14 %107 223 %107 1.01
RAK 7.15-5  6.14 x 107 2.62 %107 - (1.30)
RAK 7.15-6  6.14x 107 3.10x 107 371 %107 1.47
RAK 7.15-7  6.14x 107 3.57x 107 - (1.82)
RAK 7.15-8  6.14x 107 4.05 %107 5.94 x 107 1.92

k,=4.78 x 10 L mol™* s

25

y = 4.78E+02x - 1.07E-02
R? = 1.00E+00

@)

0 1 1 1 1 1
0 0.001 0.002 0.003 0.004 0.005

[Nu]/mol L

Table 13: Kinetics of the reaction of 1la-K with 4¢ in DMSO at 20°C (addition of 0-1.6 equiv 18-crown-6,
stopped-flow UV-Vis spectrometer, A = 280 nm, data points where counterion effects occurred, i.e., activation
effect by K in the absence of 18-crown-6, are not embedded into the correlation and are shown in brackets and

open symbols).

No. [Elo/ mol L' [NuJo/mol L' [18-crown-6]/mol L™ Kops/ s
RAK 7.19-1  6.02 x 107 1.01 x 107 - 5.56 x 107
RAK 7.19-2  6.02 x 107 1.51 x 107 244 x 107 8.40 x 107
RAK 7.19-3  6.02 x 107 2.01 x 107 - (1.20 x 10™)
RAK 7.19-4  6.02 x 107 2.52 %107 3.05x 107 1.40 x 10™
RAK 7.19-5  6.02 x 107 3.02 x 107 - (1.87 x 107
RAK 7.19-6  6.02 x 107 3.52x 107 457 %107 2.00 x 10"

k,=5.73 x 10 L mol?*s?
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y =5.73E+01x - 2.81E-03
R? = 1.00E+00

0.001  0.002
[Nu-] / mol Lt

0.003

0.004

Table 14: Kinetics of the reaction of 1a-K with 4d in DMSO at 20°C (addition of 0-1.2 equiv 18-crown-6, diode

array UV-Vis spectrometer, 4 = 280 nm, data points where counterion effects occurred, i.e., activation effect by

K" in the absence of 18-crown-6, are not embedded into the correlation and are shown in brackets and open

symbols).

No. [E]o/ mol L [NuJy/mol L' [18-crown-6]/mol L™ Kops/ s
RAK 7.13-1 540 x 107 8.65 %10 1.08 x 107 3.18 x 10
RAK 7.13-2 542 x 107 1.52 x 10 - 6.21 x 103
RAK 7.13-3  5.09 x 107 2.04x 103 245x 107 7.89 x 1073
RAK 7.13-4 529107 2.75 x 107 - (1.23 x 107
RAK 7.13-5 4.92x 107 3.15x 107 3.55x 107 1.22 x 1072
RAK 7.13-7 542 x 107 3.60 x 107 3.80 x 1073 1.46 x 10
RAK 7.13-6  5.17x 107 3.93 x 107 - (1.80 x 10

k, = 4.05L molts?
0.02 r y = 4.05E+00x - 2.33E-04 o
R2 =9.97E-01
0.015 f
o
~, 0.01
_\‘o
0.005
O 1 1 1 1
0 0.001 0.002 0.003 0.004
[Nu-] / mol Lt
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Table 15: Kinetics of the reaction of 1la-K with 4e in DMSO at 20°C (addition of 0-1.2 equiv 18-crown-6, diode
array UV-Vis spectrometer, A = 280 nm data points where counterion effects occurred, i.e., activation effect by

K" in the absence of 18-crown-6, are not embedded into the correlation and are shown in brackets and open

symbols).
No. [E]o/ mol L' [Nu]o/mol L' [18-crown-6]/mol L™ kops/ 57!
RAK 7.16-1  5.63 x 107 8.86 x 10™ - 1.77 x 107
RAK 7.16-2 5.42x107 1.49 x 107 - (3.40 x 107)
RAK 7.16-8  5.55x 107 1.53 x 107 1.16 x 107 3.07 x 107
RAK 7.16-3  5.73 x 107 2.01 x 107 2.13 x 107 4.01 x 107
RAK 7.16-4  5.41x 107 2.55% 107 - (6.23 x 107)
RAK 7.16-5 5.45x 107 3.05 x 107 326 %107 6.14 x 107
RAK 7.13-6  5.27 x 107 3.52x 107 - (9.13 x 107)

k,=2.02 L molts?

001 r y = 2.02E+00x - 2.38E-05 o
R2 = 1.00E+00

0.0075 |
o (@)
[%2]
~, 0.005 -
_\‘o

0.0025 |

0 1 1 1 1

0 0001 0002 0.003 0.004
[Nu] / mol L2

Table 16: Kinetics of the reaction of 1a-K with 4f in DMSO at 20°C (addition of 0-1.3 equiv 18-crown-6, diode
array UV-Vis spectrometer, 4 = 290 nm, data points where counterion effects occurred, i.e., activation effect by

K" in the absence of 18-crown-6, are not embedded into the correlation and are shown in brackets and open

symbols).
No. [Elo/ mol L [NuJo/mol L' [18-crown-6]/mol L™ Kops/ s
RAK 7.17-1  5.96 x 107 8.75x 10 - 429 x10*
RAK 7.17-2  5.56 x 107 1.36 x 107 1.86 x 107 6.24 x 10"
RAK 7.17-3 543 x 107 1.86 x 107 227 %107 8.64 x 10™
RAK 7.17-4 547 %107 241 %107 2.75 %107 1.12x 107
RAK 7.17-5  5.73x 107 2.85%x 107 3.32x 107 1.35% 107
RAK 7.17-6  5.58 x 107 328 x 107 - (2.03 x 107)
RAK 7.17-7 573 x 107 3.85x 107 5.14 x 107 1.79 x 107

k,=4.64 x 101 L mol?*s?
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0.0024
y = 4.64E-01x + 8.57E-06
2 = :
0.0018 | R# =9.99E-01
B
=~ 0.0012 |
xr:-
0.0006
0 1 1 1 1
0 0.001 0.002 0.003 0.004
[Nu] / mol L

Table 17: Kinetics of the reaction of 1a-K with 4g in DMSO at 20°C (addition of 1.1-1.2 equiv 18-crown-6,
diode array UV-Vis spectrometer, A =315 nm).

No. [Elo/mol L' [Nu]o/molL" [18-crown-6]/mol L™ kops/ s
RAK 7.18-1  5.30x 107 2.06 x 107 224 %107 2.27x10*
RAK 7.18-2 533 x107° 3.08 x 107 3.55x 107 3.16 x 10
RAK 7.18-3 5.88x 107 4.09 x 107 4.64 x 107 412 % 10™
RAK 7.18-4 583 x 107 5.03 x 107 5.65x 107 5.02x10*

k,=9.31 x 102 L mol?*s?

0.0006 v =9 31E-02x +3.26E-05
R? = 9.99E-01

_, 0.0004
P

= 0.0002

0 . : :
0 0.002 0.004 0.006
[Nu] / mol L
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Kinetic investigations of the reactions of the phosphonate-stabilized carbanion 1b-K
with the aldehydes 4a—g in DMSO

Table 18: Kinetics of the reaction of 1b-K with 4a in DMSO at 20°C (addition of 0-1.3 equiv 18-crown-6,
stopped-flow UV-Vis spectrometer, A= 310 nm).

No. [E]o/ mol L™ [Nu ],/ mol L! [18-crown-6] / mol L g/ s
RAK 8.1-1  5.45x 107 7.88 x 10™ - 1.77
RAK 8.1-2  5.45x 107 131 %107 1.32x 107 3.04
RAK 8.1-3  5.45x 107 1.84 x 107 - 433
RAK 8.1-4  5.45x 107 236 x 107 - 5.57
RAK 8.1-5  5.45x 107 2.89 x 107 3.16 x 107 6.85
RAK 8.1-6  5.45x 107 3.41 x 107 - 8.25
RAK 8.1-7  5.45x 107 3.94 x 107 5.26 x 107 9.45

k, = 2.45 x 10° L mol?* s

10

y = 2.45E+03x - 1.72E-01
R? = 1.00E+00

0.001 0.002

[Nu] / mol Lt

0.003

0.004

Table 19: Kinetics of the reaction of 1b-K with 4b in DMSO at 20°C (addition of 0-1.2 equiv 18-crown-6,

stopped-flow UV-Vis spectrometer, 4 = 285 nm, data points where counterion effects occurred, i.e., activation

effect by K in the absence of 18-crown-6, are not embedded into the correlation and are shown in brackets and

open symbols).

No. [Elo/mol L [Nulo/molL" [18-crown-6]/mol L'  kus/s™
RAK 8.6a-1  6.23 x 10” 7.25x 10 - 721 % 10"
RAK 8.6a-2 623 x 107 121 x107 - 1.22
RAK 8.6a-3  6.23 x 10” 1.69 x 107 1.79 x 107 1.78
RAK 8.6a-4  6.23 x 10” 2.17 %107 223 %107 223
RAK 8.6a-5  6.23 x 107 2.66 x 107 - (2.93)
RAK 8.6a-6  6.23 x 107 3.14 x 107 3.72 % 107 3.25

k,=1.05x 10° L mol?*s?
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40 ¢ y = 1.05E+03x - 2.94E-02
R? = 9.99E-01

Q

0 0.001  0.002 0003  0.004
[Nu-] / mol Lt

Table 20: Kinetics of the reaction of 1b-K with 4c in DMSO at 20°C (addition of 0-1.2 equiv 18-crown-6,
stopped-flow UV-Vis spectrometer, A =285 nm).

No. [Elo/mol L [Nulo/molL" [18-crown-6]/mol L’ Kops/ 8
RAK 8.6b-1  6.25x 107 7.25 %10 - 9.69 x 107
RAK 8.6b-2  6.25x 107 121 x 107 - 1.68 x 107!
RAK 8.6b-3  6.25x 107 1.69 x 107 1.79 x 107 2.35x 10"
RAK 8.6b-4  6.25x 107 2.17 %107 223 %107 3.08 x 107!
RAK 8.6b-5  6.25x 107 2.66 x 107 - 3.84 x 10!
RAK 8.6b-6  6.25x 107 3.14x 107 3.72 %107 4.52 %107

k,=1.48 x 10 L mol™*s*

060 y = 1.48E+02x - 1.13E-02
R? = 1.00E+00
045 |
)
~, 030 |
xo
015 |
0.00 - - - ;
0 0.001 0002 0003  0.004
[Nu / mol Lt
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Table 21: Kinetics of the reaction of 1b-K with 4d in DMSO at 20°C (addition of 0-1.1 equiv 18-crown-6, diode
array UV-Vis spectrometer, A =280 nm).

No. [Elo/mol L' [Nulo/mol L' [18-crown-6]/mol L' kg/s™
RAK 8.7-1  5.45x 107 6.07 x 10 - 6.84 x 107
RAK 8.7-2  5.64 x 107 1.00 x 107 - 1.16 x 107
RAK 8.7-3  5.56x 107 1.33 x 107 1.51 %107 1.54 x 107
RAK 8.7-4 577 x 107 1.77 x 107 - 2.10 x 107
RAK 8.7-5 557 x 107 2.00x 107 2.17 x 107 2.31x 107
RAK 8.7-6  5.69 x 107 2.52 %107 - 2.95 x 107
RAK 8.7-7  5.52x 107 2.61 x 107 2.76 x 107 3.02 x 107

k,=1.17 x 10 L mol?* s

0.036
y = 1.17E+01x - 1.44E-04

R? =9.99E-01

0.024

-1
bs | S

<}
4

0.012

0 0.001 0.002 0.003

[Nu]/ mol Lt

Table 22: Kinetics of the reaction of 1b-K with 4e in DMSO at 20°C (addition of 0-1.2 equiv 18-crown-6, diode
array UV-Vis spectrometer, 4 = 280 nm, data points where counterion effects occurred, i.e., activation effect by

K" in the absence of 18-crown-6, are not embedded into the correlation and are shown in brackets and open

symbols).
No. [Elo/mol L' [Nu]o/mol L' [18-crown-6]/mol L™ Kops/ s
RAK 8.4-1 5.27x 107 6.17 x 10" - 4.13 x 107
RAK 84-2 5.84x 107 9.88 x 10 1.16 x 107 6.63 x 107
RAK 84-3  5.53x 107 1.40 x 107 - 9.90 x 107
RAK 8.4-7 5.58 x 107 1.42 x 107 1.66 x 107 9.49 x 107
RAK 8.4-4 558 x 107 1.70 x 107 1.84 x 107 1.16 x 107
RAK 8.4-5 534x107° 2.13 x 107 - (1.52 x 107
RAK 8.4-6 557 x 107 2.30% 107 2.59 x 107 1.62 x 107
RAK 8.4-8  5.68 x 107 3.07 x 107 - (2.22 x 107

k,=7.16 L mol™*s?
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0.024

0.018

0.012

Kops /87

0.006

y = 7.16E+00x - 3.89E-04

R? = 9.98E-01

0.001  0.002
[Nu] / mol Lt

0.003

0.004

Table 23: Kinetics of the reaction of 1b-K with 4f in DMSO at 20°C (addition of 0-1.2 equiv 18-crown-6, diode

array UV-Vis spectrometer, 4 = 290 nm, data points where counterion effects occurred, i.e., activation effect by

K" in the absence of 18-crown-6, are not embedded into the correlation and are shown in brackets and open

symbols).

No. [Elo/mol L [Nulo/molL" [18-crown-6]/mol L kops/ s
RAK 8.2-1 5.56 %107 829 x 10 - 1.38 x 107
RAK 82-2 5.58x10° 1.35x 103 1.46 x 107 231x103
RAK 8.2-3 570 x 107 1.97 x 107 - (3.64 x 107)
RAK 8.2-4 5.69 x 107 2.39x 107 2.60 x 10 424 %103
RAK 8.2-5 5.49x 107 2.84 x 107 3.01 x 107 5.03 x 107
RAK 82-6  5.94 x 107 3.45x%10° - (6.59 x 107)
RAK 8.2-7 5.79 x 107 3.80 x 1073 4.67 %103 6.47 x 107

k,=1.73 L molts?
0.008 y = 1.73E+00x - 1.40E-06
R? =9.98E-01 (e}
0.006 |
W
=, 0.004 |
xo
0.002
O 1 1 1 1
0 0.001 0.002 0.003 0.004
[Nu]/ mol L
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Table 24: Kinetics of the reaction of 1b-K with 4g in DMSO at 20°C (addition of 0-1.3 equiv 18-crown-6, diode
array UV-Vis spectrometer, A = 310 nm, data points where counterion effects occurred, i.e., activation effect by

K" in the absence of 18-crown-6, are not embedded into the correlation and are shown in brackets and open

symbols).
No. [Elo/mol L [Nu]o/molL" [18-crown-6]/mol L kops/ s
RAK 8.3-1 5.58x 107 7.99 x 10 - 3.00 x 10™
RAK 8.3-2  5.70 x 107 1.50 x 107 1.89 x 107 5.56 x 10™
RAK 8.3-3  5.92x 107 2.18x 107 2.43 %107 8.12 x 10™
RAK 8.3-4 5.74x 107 2.82x 107 3.14 x 107 1.06 x 107
RAK 8.3-5 5.68 x 107 3.75%x 107 - (1.51 x 107?)
RAK 8.3-6  5.71 x 107 4.14 x 107 4.55x 107 1.51 x 107

k,=3.64x 10" L mol*s?

0.002
y = 3.64E-01x + 1.49E-05

0.0016 F R? = 9.99E-01
%, 0.0012
. 0.0008 |

0.0004

0 1 1 1 1 ]
0 0.001 0.002 0.003 0.004 0.005

[Nu-] / mol Lt

Kinetic investigations of the reactions of the phosphine oxide-stabilized carbanion 1c-K
with the aldehydes 4a—c in DMSO

Table 25: Kinetics of the reaction of 1¢-K with 4a in DMSO at 20°C (addition of 0-1.1 equiv 18-crown-6, diode
array UV-Vis spectrometer, 4 = 320 nm).

No. [Elo/mol L [Nulo/mol L' [18-crown-6]/molL"  ky/s™
RAK 9.1-1  4.69 x 107 535x 10" - 1.35x 107
RAK9.1-2  4.96 x 107 8.39 x 10 8.95 x 10™ 2.13 x 107
RAK 9.1-5  5.15x 107 1.05x 107 - 2.67 x 107
RAK 9.1-3 536 x 107 1.20 x 107 - 3.05 x 107
RAK 9.1-4  5.11x 107 1.47 x 107 1.57 x 107 3.69 x 107

k,=2.51x 10 L mol™*s?
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004 y = 2.51E+01x + 2.02E-04
R? = 1.00E+00

O 1 1 1 1
0 0.0004 0.0008 0.0012 0.0016

[Nu-] / mol L

Table 26: Kinetics of the reaction of 1¢-K with 4b in DMSO at 20°C (addition of 0-1.3 equiv 18-crown-6, diode
array UV-Vis spectrometer, 4 = 290 nm, data points where counterion effects occurred, i.e., activation effect by

K" in the absence of 18-crown-6, are not embedded into the correlation and are shown in brackets and open

symbols).
No. [Elo/mol L [Nulo/molL" [18-crown-6]/mol L kops/ s
RAK 9.2-1  4.96 x 107 5.40 x 10 - 6.16 x 107
RAK 9.2-4 526 x 107 6.82 x 10 9.08 x 10™ 7.78 x 107
RAK 9.2-5 5.11x 107 8.74 x 10™ - 1.04 x 107
RAK 9.2-2 5.14x 107 1.00 x 107 1.07 x 107 1.14 x 107
RAK 9.2-6  5.16 x 107 1.17 x 107 1.25% 107 1.34 x 107
RAK 9.2-8  5.08 x 107 1.32x 107 1.75 x 107 1.48 x 102
RAK 9.2-7  5.07 x 107 1.39 x 107 - (1.66 x 107
RAK 9.2-3  5.29 x 107 1.54 x 107 - (1.93 x 10?)

k,=1.11 x 10 L mol?*s?

0024 r  y=111FE+01x +2.79E-04

R? =9.96E-01

0.018
B
~, 0.012
xr:-

0.006

O 1 1 1 1
0 0.0005 0.001 0.0015 0.002
[Nu] / mol L
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Table 27: Kinetics of the reaction of 1¢-K with 4¢ in DMSO at 20°C (addition of 0-1.2 equiv 18-crown-6, diode
array UV-Vis spectrometer, A = 280 nm, data points where counterion effects occurred, i.e., activation effect by

K" in the absence of 18-crown-6, are not embedded into the correlation and are shown in brackets and open

symbols).
No. [Elo/mol L [Nu]o/molL" [18-crown-6]/mol L kops/ s
RAK 9.4-1 4.88x 107 557x10* - 8.40 x 10™
RAK94-2 5.15x107 6.68 x 10 8.07 x 10™ 9.98 x 10™
RAK 9.4-3 530 x 107 8.25x 10" - 1.26 x 107
RAK 9.4-4  5.53x 107 922 x 10 1.06 x 107 1.41 x 107
RAK 9.4-5 5.42x10° 1.13 x 107 - 1.72 x 107
RAK 9.4-6  5.59 x 107 1.20 x 107 1.34 x 107 1.85x 107
RAK9.4-7 521x107 1.35 x 107 - (2.16 x 107)
RAK 9.4-8 5.31x107 1.39 x 107 1.53 x 107 2.16 x 107

k,=1.58 L molts?

0.0024
y = 1.58E+00x - 5.06E-05
R? = 1.00E+00

_ 0.0016
P

< 0.0008 |

0 1 1 ]
0 0.0005 0.001 0.0015
[C]/ mol Lt

Kinetic investigations of the reactions of the phosphine oxide-stabilized carbanion 1d-K
with the aldehydes 4a—e in DMSO

Table 28: Kinetics of the reaction of 1d-K with 4a in DMSO at 20°C (addition of 0-1.7 equiv 18-crown-6,
stopped-flow UV-Vis spectrometer, 4 = 310 nm, data points where counterion effects occurred i.e., activation
effect by K" in the absence of 18-crown-6, , are not embedded into the correlation and are shown in brackets and

open symbols).

No. [Elo/ mol L' [Nu]y/mol L' [18-crown-6]/mol L™ kops/ s
RAK 10.6-1 630 x 107 6.79 x 10™ - 5.85x 107
RAK 10.6-2  6.30 x 107 8.25x 10" 1.15x 107 7.20 x 107
RAK 10.6-3  6.30 x 107 9.70 x 10™ - 8.67 x 107
RAK 10.6-4  6.30 x 107 1.12 x 107 1.85x 107 9.85 x 107
RAK 10.6-5 6.30 x 107 1.26 x 107 - (121 x 10
RAK 10.6-6  6.30 x 107 1.41 x 107 231 %107 1.27 x 107!

k,=9.32 x 10 L mol?* s*
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0.15

0.1

Kops /87

0.05

y = 9.32E+01x - 4.75E-03
R? = 9.99E-01

0 0.0005 0.001 0.0015
[Nu-] / mol Lt

Table 29: Kinetics of the reaction of 1d-K with 4b in DMSO at 20°C (addition of 0-1.4 equiv 18-crown-6, diode

array UV-Vis spectrometer, 4 =290 nm, data points where counterion effects occurred, i.e., activation effect by

K" in the absence of 18-crown-6, are not embedded into the correlation and are shown in brackets and open

symbols).

No. [E]o/ mol L [NuJy/mol L' [18-crown-6]/mol L™ Kops/ s
RAK 10.4-1  4.84 x 107 5.14 x 10 - 2.13 x 107
RAK 10.4-2 4.85x107° 5.80x 10 8.19 x 10 239 x 107
RAK 104-3 5.17x 107 721 x10* - 3.01 x 107
RAK 10.4-4 494 %107 8.86 x 107 1.26 x 107 371 x 107
RAK 10.4-5 522x10° 1.04 x 107 - 433 %107
RAK 10.4-6  5.17 x 107 1.16 x 107 1.39 x 107 4.94 x 107
RAK 10.4-9  5.05x 107 1.23 x 107 1.60 x 107 5.26 x 107
RAK 10.4-7 527x107° 1.38 x 107 - (6.40 x 107
RAK 10.4-8  4.89 x 107 1.47 x 107 1.61 x 107 6.43 x 107

k, = 4.46 x 10* L mol?* s

y = 4.46E+01x - 2.13E-03
R? = 9.99E-01 o

0 0.0004 0.0008 0.0012 0.0016

[Nu-] / mol L
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Table 30: Kinetics of the reaction of 1d-K with 4¢ in DMSO at 20°C (addition of 0-1.4 equiv 18-crown-6, diode
array UV-Vis spectrometer, A =280 nm).

No. [Elo/mol L' [Nulo/molL" [18-crown-6]/mol L'  kus/s™
RAK 10.1-1  4.92x 107 5.10 x 10 - 3.34x 107
RAK 10.1-2  5.14x 107 6.18 x 10 1.15x 107 4.05 x 107
RAK 10.1-3  5.01 x 107 7.50 x 10™* - 5.01 x 107
RAK 10.1-4  5.11x 107 8.61 x10™* 1.14 x 107 5.69 x 107
RAK 10.1-5 5.18 x 107 1.03 x 107 - 6.76 x 107
RAK 10.1-6  5.07 x 107 1.10 x 107 1.32x 107 7.26 x 107
RAK 10.1-7  5.14x 107 1.24 x 107 - 8.31x 107
RAK 10.1-8  5.15x 107 1.32 x 107 1.48 x 107 8.70 x 107

k,=6.67 L mol*s*

0.01 r y=6.67E+00x - 4.99E-05
R? = 9.99E-01
0.0075
% 0.005 |
~
0.0025
0 . . . .
0 0.0004 0.0008 0.0012 0.0016
[Nu-]/ mol L*

Table 31: Kinetics of the reaction of 1d-K with 4d in DMSO at 20°C (addition of 0-1.4 equiv 18-crown-6, diode
array UV-Vis spectrometer, 4 =285 nm).

No. [Elo/mol L' [Nu]o/molL" [18-crown-6]/mol L™ kops/ s
RAK 10.2-1 533 x 107 6.54 x 10" - 4.57 x 10
RAK 1022  5.15x 107 8.85x 10 123 %107 6.01 x 10"
RAK 102-3  5.19x 107 1.15x 107 - 7.88 x 10
RAK 10.2-5 526 %107 1.29 x 107 - 8.94 x 10
RAK 10.2-4 528 %107 1.35x 107 1.59 x 107 9.54 x 10

k,=7.08 x 10" L mol?*s?
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00012 =7 08E-01x - 1.60E-05
R’ =9.97E-01

00008 |
‘0
~

0.0004 |

0 1 1 J
0 0.0005 0.001 0.0015

[Nu]/molL™?

Table 32: Kinetics of the reaction of 1d-K with 4e in DMSO at 20°C (addition of 0-1.4 equiv 18-crown-6, diode
array UV-Vis spectrometer, 4 =290 nm).

No. [Elo/mol L' [Nul]o/molL" [18-crown-6]/mol L'  kus/s™
RAK 10.5-1  5.01x 107 7.58 x 10 - 413 x10*
RAK 10.5-2  5.30x 107 9.52x 10 1.03 x 107 531x10*
RAK 10.5-3 533 x 107 1.06 x 107 - 5.98 x 10
RAK 10.5-4 5.15x 107 1.23 x 107 1.76 x 107 6.79 x 10™
RAK 10.5-5 5.07x 107 1.42 %107 1.98 x 107 7.82x 10

k,=5.52x 10" L molts?

0.0009 y = 5.52E-01x + 1.73E-06
R? = 9.97E-01

_, 0.0006
P

=~ 0.0003 |

0 1 1 ]
0 0.0005 0.001 0.0015
[Nu]/ mol Lt
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Kinetic investigation of the reaction of the triphenylphosphonium ylide 1e with the
aldehyde 4a in DMSO

Table 33: Kinetics of the reaction of lewith 4a in DMSO at 20°C (diode array UV-Vis spectrometer, A =
330 nm).

0.0004

No. [Elo/mol L' [Nulo/mol L' kgp/s" y = 3.07E-01x - 8.38E-06
RAK 11.1-5  5.04 x 10” 6.17x10* 176 x 10 00003 - R? =9.92E-01
RAK 11.1-4 547 x 107 7.50x 10" 227 x 10" T
RAK 11.1-3  5.99 x 107 898 x 10* 273 x10™ ;ﬂ 00002
RAK 11.1-2  5.60 x 107 9.82x10*  2.90x10* 0.0001 |
RAK 11.1-1 554 x 107 1.08x10°  3.21x10"
0 . . . .

—_ -1 -1 -1
k,=3.07x10" L mol™s 0 00003 00006 0.0009 0.0012

[Nu] / mol Lt

5.3.3 Kinetic investigations of the counterion effects for the phosphonate-

stabilized carbanions 1a and 1b and the triphenylphosphonium ylide 1e

Kinetic investigations on the counterion effects for the phosphonate-stabilized carbanion
lain DMSO

Counterion effects of Na*

Table 34: Kinetics of the reaction of 1a-Na with 2j in DMSO at 20°C (deprotonation of 1a-H with 1.00-1.05
equiv of NaO7Bu, stopped-flow UV-Vis spectrometer, =371 nm).

No. [Elo/mol L' [Nulo/mol L'  kus/s”

RALO 1.6.1-1  5.69 x 107 636 x10* 993 x 102 [ v =147E+02x +7.59E-03
R2 =9.99E-01

RALO 1.6.2-1  5.69 x 107 7.69x 10* 122 10"
RALO 1.62-2  5.69 x 107 1.03 x 107 1.61 x 10"
RALO 1.6.1-2  5.69 x 107 1.06 x10°  1.62x 10"
RALO 1.6.2-3  5.69 x 107 128 x 107 1.97 x 10
RALO 1.6.1-3  5.69 x 107 148 x10°  227x10"
RALO 1.62-2  5.69 x 107 1.54x10°  232x10"

0 1 1 1 ]
0 0.0005 0.001  0.0015 0.002

k, = 1.47 x 10° L mol* s [Nu] / mol Lt
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Table 35: Kinetics of the reaction of 1la-Na with 2k in DMSO at 20°C (deprotonation of la-H with 1.00-1.05
equiv of NaO7Bu, diode array UV-Vis spectrometer, 4 =393 nm).

No. [Elo/mol L' [NuJo/mol L' ku/s™
5 -4 -2 _
RALO 1.10-1  2.68 x 10 3.07 x 10 2.95 % 10 0.08 y = 0.56E+01 + 6.58E-04
RALO 1.10-2 291 x 107 3.99x 10*  3.94 x 107 R? = 9.99E-01

RALO 1.10-3 333 x 107 503x 10" 4.89x 107 .
(%]

RALO 1.10-4  327x10° 6.00 x 10*  5.81x 107 =, 004 |

RALO 1.10-5 328 %107 6.90 x 10" 6.64 x 107 ~

k, = 9.56 x 10! L mol*s*

0 1 1 1 ]
0 0.0002 0.0004 0.0006 0.0008

[Nu7]/mol L

Table 36: Kinetics of the reaction of 1a-Na with 2| in DMSO at 20°C (deprotonation of 1a-H with 1.00-1.05
equiv of NaO7Bu, diode array UV-Vis spectrometer, 4 =486 nm).

No. [Elo/mol L [Nul]o/molL"  ku/s™

RALO 1.8-1 2.03x 107 301 x10%  3.65x 107 0.016 |

y = 1.02E+01x + 6.56E-04
RALO 1.8-2 2.16x10? 5.08 x 10* 5.88 x 107

R? = 1.00E+00

0.012
RALO 1.8-3 235x107 7.07 x 10* 7.93 x 107 "

RALO 1.8-4 231x10°  9.04x10*  9.92x 107 Ty 0008
-5 -3 -2 ~

RALO 1.8-5 230 x 10 1.11 x 10 1.19 % 10 0.004

k,=1.02 x 10* L mol™* s
O 1 1 1 1
0 0.0003 0.0006 0.0009 0.0012

[Nu]/mol L

Table 37: Kinetics of the reaction of 1a-Na with 2m in DMSO at 20°C (deprotonation of 1a-H with 1.00-1.05
equiv of NaO7Bu, diode array UV-Vis spectrometer, 4 = 521 nm).

No. [E]y/ mol L! [Nu]y/ mol L! kops/ s
0.008 _
RALO1.7-1 2.09 x 107 2.95 % 10 1.64 x 107 y= 4-‘;325“1)08‘0; 30-27504
=1. +
RALO 1.7-2  2.05x 107 5.98 x 10* 3.03 x 107 0.006

RALO 1.7-3  2.01x107° 8.89 x 107 432 %107
RALO 1.7-6  2.06 x 107 1.02 x 107 4.89 x 107
RALO 1.7-4  2.00 x 107 1.21 x 107 5.69 x 107 0.002
RALO 1.7-5 198 x 107 1.51x10°  (6.78 x 10" "

0.004

Kops!/s*

O 1 1 1 ]
0 0.0004 0.0008 0.0012 0.0016

k,=4.43 L mol?ts?

" Data points at high nucleophile concentrations, which deviate . )
[Nu] / mol Lt

from linearity, are not embedded into the correlation.
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Table 38: Kinetics of the reaction of 1la-Na with 4a in DMSO at 20°C (deprotonation of la-H with 1.00-1.05

equiv of NaO7Bu, stopped-flow UV-Vis spectrometer, A =310 nm).

No. [Elo/mol L' [Nu o/ mol L ks / 87
RAK 7.20-1  5.61 x 107 6.42x 10"  7.01 x 10
RAK 7.20-2  5.61 x 107 826 x10*  9.02x10"
RAK 7.20-3  5.61 x 107 1.01 x 107 1.11
RAK 7.20-4  5.61 x107° 1.19 x 107 131
RAK 7.20-5  5.61 x 107 1.65 %107 1.82
RAK 7.20-6  5.61 x 107 220x 107 (2.33)"

k,=1.11 x 10° L mol?*s?

" Data points at high nucleophile concentrations, which

deviate from

correlation.

linearity,

are not embedded

into the

y =1.11E+03x - 1.15E-02
R? = 1.00E+00

0.0006 0.0012 0.0018 0.0024
[Nu]/mol L

Table 39: Kinetics of the reaction of 1a-Na with 4e in DMSO at 20°C (deprotonation of 1la-H with 1.00-1.05

equiv of NaO7Bu, diode array UV-Vis spectrometer, 4 = 280 nm).

No. [E]y/ mol L! [Nu]y/ mol L! kops/ s
RAK 7.21-1 544 x10° 6.11 x 10" 1.46x 107
RAK 7.21-5  5.51x107° 722%x10*%  1.77x107
RAK 7.21-2  5.40x 107 8.08 x10*  1.97x 107
RAK 7.21-4 543 x 107 8.94x10*  220x10°
RAK 7.21-3  5.55x10° 1.04x10°  2.55x 107

k, =253 L molts?

-1
s | S

]
4

0.003

0.002

0.001

y = 2.53E+00x - 7.06E-05
R? = 9.99E-01

0 0.0004 0.0008 0.0012
[Nu] / mol L

Table 40: Kinetics of the reaction of 1a-Na with 4g in DMSO at 20°C (deprotonation of la-H with 1.00-1.05

equiv of NaO7Bu, diode array UV-Vis spectrometer, 4 =310 nm).

No. [Elo/mol L' [Nu o/ mol L ks / 87
RAK 7.22-3  5.18 x 107 8.42x10*  1.22x10*
RAK 7.22-1 5.16x10° 1.01x10°  1.49x10*
RAK 7.22-2  5.34x 107 122 %107 1.82 x 10

k,=1.59 x 10" L mol™* s
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4

0.0003

0.0002

0.0001

y = 1.59E-01x - 1.15E-05
R? = 1.00E+00

0 0.0004 0.0008 0.0012 0.0016
[Nu]/ mol Lt
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Counterion effects of Li"

Table 41: Kinetics of the reaction of 1a-Li with 2j in DMSO at 20°C (deprotonation of 1a-H with 1.05 equiv of

LiO#Bu, stopped-flow UV-Vis spectrometer, A =371 nm).

No. [Elo/mol L' [Nulo/mol L'  kgy/s”
RALO 1.12-10  3.70 x 107 5.04x10* 378 x107
RALO 1.12-11  3.70 x 107 575x10%  4.06x 107
RALO 1.12-4 493 x 107 6.47 x10*  4.37x107
RALO 1.12-1 493 x 107 7.19x 10" 4.65x 107
RALO 1.12-5 493 x 107 791 x10*  5.01x107
RALO 1.12-2 493 x 107 8.63x 10"  529x107
RALO 1.12-8  4.93x 107 9.35x10*  5.62x107
RALO 1.12-3 493 x 107 1.01 x10°  5.85x 107
RALO 1.12-6  4.93 x 107 1.15x10° 622 x 107
RALO 1.12-7 493 x 107 144 x10°  7.16 x 107
RALO 1.12-9 493 x 107 216x 107 897 x 107

kp=-"

* . .
No clean second-order kinetics.

Ko/ st

0.1

0.075

0.05

0.025

[y = 3.15E+01x + 2.45E-02
R? = 9.83E-01

0 1 1 1 ]

0 0.0006  0.0012

[Nu]/ mol Lt

0.0018 0.0024

Table 42: Kinetics of the reaction of 1a-Li with 2k in DMSO at 20°C (deprotonation of 1a-H with 1.05 equiv of

LiO#Bu, diode array UV-Vis spectrometer, A =393 nm).

No. [Elo/mol L [Nulo/mol L' kgs/s™
RALO 1.11-1 270 x 107 3.02x10* 170 x 107
RALO 1.11-6  2.84 x 107 4.05x 10" 2.04 x 1072
RALO 1.11-2  2.89x 107 5.04x 10" 236x107
RALO 1.11-4  3.04 x 107 6.08 x 10*  2.65x107
RALO 1.11-3  2.96 x 107 6.97 x 10*  2.85x107
RALO 1.11-8 297 x 107 7.86x10%  3.09 x 107
RALO 1.11-5  3.16 x 107 8.84 x 10*  3.40x 107
RALO 1.11-7  3.13x10° 9.98 x 10*  3.56 x 107

kp=-"

* . .
No clean second-order kinetics.
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Table 43: Kinetics of the reaction of la-Li with 2k in DMSO with additional LiBF, at 20°C (deprotonation of

1a-H with 1.05 equiv of LiO7Bu, diode array UV-Vis spectrometer, 4 = 393 nm, the data point for [Li’] = 0 mol

L was calculated from the measurement of 1a-K with 2k in DMSO at 20°C).

No. [Elo/ mol L' [Nulo/mol L' [LiBF,]/molL" [Li']/molL"  keps/s"

- - - - - 6.40 x 107"
RALO 1.14-3-1  3.12x 107 5.00x 10" - 525x10%  2.05x 107
RALO 1.14-3-2  3.54 x 107 5.00x 10 1.00 x 107 1.53x10°  6.42x107
RALO 1.14-3-3  3.45x 107 5.00x 10 1.99 x 107 252%x10° 3.57x107
RALO 1.14-3-4 339 x 107 5.00 x 10 4.06 x 107 459x10°  1.83x10°
RALO 1.14-3-5 325 x 107 5.00 x 10 7.97 x 107 8.50 x 10°  9.02x 10™
RALO 1.14-3-6  3.04 x 107 5.00x 10" 1.40 x 102 145x102 478 x10*

* Calculated from the measurement of 1a-K with 2k in DMSO at 20°C.
0.08
0.06
23 0.04
~
0.02
°. .
0 0.005 0.01 0.015 0.02
[Li*] / mol L

Table 44: Kinetics of the reaction of 1a-Li with 2k in DMSO with additional LiBF,4 at 20°C (deprotonation of

1a-H with 1.05 equiv of LiO#Bu, diode array UV-Vis spectrometer, 4 = 393 nm, the data point for [Li'] = 0 mol

L' was calculated from the measurement of 1a-K with 2k in DMSO at 20°C).

No. [Elo/mol L' [Nu]y/mol L' [LiBF,]/molL" [Li"]/molL"  kgs/s”

- - - - - 132x 10"
RALO 1.14-1-1  3.05 x 107 1.03 x 107 - 1.08x10°  3.52x 102
RALO 1.14-1-2  3.04x 107 1.03 x 107 1.03 x 107 211x10°  1.41x107
RALO 1.14-1-3  3.09 x 107 1.03 x 107 2.01 % 107 3.09x10° 856 x 107
RALO 1.14-1-4  3.06 x 107 1.03 x 107 3.99 x 107 507 x10°  4.73x107
RALO 1.14-1-5  2.99 x 10° 1.03 x 107 8.01 x 107 9.09 x 10°  2.49 x 107
RALO 1.14-1-6  2.78 x 10° 1.03 x 107 1.40 x 107 1.51x10%  1.40x 107

* Calculated from the measurement of 1a-K with 2k in DMSO at 20°C.
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O 1
0 0.004 0.008 0.012
[Li*] / mol L

o
0.016

Table 45: Kinetics of the reaction of 1a-Li with 2k in DMSO with additional LiBF,4 at 20°C (deprotonation of

1a-H with 1.05 equiv of LiO#Bu, diode array UV-Vis spectrometer, 4 = 393 nm, the data point for [Li'] = 0 mol

L' was calculated from the measurement of 1a-K with 2k in DMSO at 20°C).

No. [Elo/mol L' [NuJo/mol L' [LiBF,]/molL" [Li']/molL"  kgs/s"

- - - - - 1.92x 10"
RALO 1.14-4-1  3.08 x 107 1.50 x 10 - 1.58x10°  4.03 x 107
RALO 1.14-4-2  3.06 x 107 1.50 x 107 1.00 x 107 258x10°  1.78 x 107
RALO 1.14-4-3  3.06 x 107 1.50 x 107 1.99 x 107 3.57x10°  1.03x107
RALO 1.14-4-4 2,94 x 107 1.50 x 107 3.98 x 107 556x10°  6.29x107
RALO 1.14-4-5 2,95 x 107 1.50 x 107 8.00 x 107 9.58 x10°  3.51x 10
RALO 1.14-4-6  2.96 x 107 1.50 x 10 1.40 x 102 1.56x 102 2.12x107

* Calculated from the measurement of 1a-K with 2k in DMSO at 20°C.
0.24
0.18
2% 0.12
~
0.06
0 @ 1
0 0.005 0.01 0.015 0.02
[Li*] / mol Lt
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Table 46: Kinetics of the reaction of la-Li with 2k in DMSO with additional LiBF, at 20°C (deprotonation of
1a-H with 1.05 equiv of LiO7Bu, diode array UV-Vis spectrometer, 4 = 393 nm, the data point for [Li’] = 0 mol
L was calculated from the measurement of 1a-K with 2k in DMSO at 20°C).

No. [Elo/ mol L' [Nulo/mol L' [LiBF,]/molL" [Li']/molL"  keps/s"

- - - - - 257x10""
RALO 1.14-2-1  3.10 x 107 2.01 %107 - 211x10°  5.07x107
RALO 1.14-2-2  3.10 x 107 2.01 %107 1.01 x 107 3.12x10° 2.58x 107
RALO 1.14-2-3  3.16 x 10° 2.01x107° 2.00 x 107 411x10°  1.67x107
RALO 1.14-2-4  3.17 x 107 2.01 x 107 4.00 x 107 6.11 x10°  9.82x 107
RALO 1.14-2-5  3.05x 107 2.01 x 107 8.07 x 107 1.02x 102 531x10°
RALO 1.14-2-6  3.04 x 107 2.01 %107 1.40 x 107 1.61 x 107 3.34x 107

* Calculated from the measurement of 1a-K with 2k in DMSO at 20°C.

] )
0 0005 001 0015  0.02
[Li*] / mol L

Table 47: Kinetics of the reaction of 1a-Li with 2h in DMSO with additional LiBF,4 at 20°C (deprotonation of
1a-H with 1.05 equiv of LiO7Bu, stopped-flow UV-Vis spectrometer, A = 630 nm, the data point for [Li'] = 0
mol L' was calculated from the measurement of 1a-K with 2h in DMSO at 20°C).

No. [Elo/mol L [NuJo/molL" [LiBF;]/molL" [Li']/molL"  kgpe/s”
- - - - - 3.01 x 10*”
RALO 1.15-1-7  2.12x 107 5.18 x 10 - 544 x10*  1.17 x 10?
RALO 1.15-1-8  2.12x 107 5.18 x 10 1.01 x 107 1.55%10°  3.16 x 10
RALO 1.15-1-9  2.12 x 107 5.18 x 10 2.01 x 107 255%x10°  1.64 x 10
RALO 1.15-1-10  2.12x 107 5.18 x 10 4.00 x 107 5.54 x 107 7.41
RALO 1.15-1-11  2.12x 107 5.18x 10 8.00 x 107 8.54 x 107 2.87

* Calculated from the measurement of 1a-K with 2h in DMSO at 20°C.
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0 0.0025 0.005 0.0075 0.01

[Li*] / mol L

Table 48: Kinetics of the reaction of 1a-Li with 2h in DMSO with additional LiBF,4 at 20°C (deprotonation of

1a-H with 1.05 equiv of LiO7Bu, stopped-flow UV-Vis spectrometer, A = 630 nm, the data point for [Li'] = 0

mol L' was calculated from the measurement of 1a-K with 2h in DMSO at 20°C).

No. [Elo/mol L' [Nuly/mol L' [LiBF,]/molL" [Li']/molL"  kg/s"

- - - - - 5.88 x 10*"
RALO 1.15-1-1 212 x 107 1.01 x 107 - 1.06 x 107 1.85 x 10?
RALO 1.15-1-2  2.12x 10? 1.01 x 107 1.01 x 107 207x10° 634 x 10
RALO 1.15-1-3  2.12x 107 1.01 x 107 2.01 x 107 3.07x10°  3.70 x 10’
RALO 1.15-1-4  2.12x 107 1.01 x 107 4.00 x 107 5.06x10°  2.14 x 10
RALO 1.15-1-5 2,12 x 107 1.01 x 107 8.00 x 10 9.06x10°  1.44 x 10
RALO 1.15-1-6  2.12x 107 1.01 x 107 1.40 x 10 151102 1.17 x 10

* Calculated from the measurement of 1a-K with 2h in DMSO at 20°C.

800

n 9

0 0.004 0.008 0.012 0.016

[Li*] / mol L
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Table 49: Kinetics of the reaction of la-Li with 4a in DMSO at 20°C (deprotonation of la-H with 1.00-1.05
equiv of LiO7Bu, stopped-flow UV-Vis spectrometer, A =310 nm).

No. [Elo/mol L' [Nulo/molL"  kgs/s”
RAK 7.23-8  5.16x 107 6.17x10%  231x10" 045\ _ 5 17E+02x + 1.04E-01
RAK 7.23-1  5.16 x 107 7.05x10*  2.52x 10" R? =9.86E-01
RAK 7232 5.16x 107 79310 2.76 x 10" . 03
RAK 7.23-3  5.16x 10” 8.81x10%  2.97x10" i;,
RAK 7.23-4  5.16x 107 9.69x10*  323x10" ~ 015
RAK 7.23-7  5.16x 107 1.06 x 107 3.44 %107
RAK 7.23-6  5.16 x 107 123x10° 370 x 10" 0 - - :
RAK 7.23-5  5.16 x 10 141 x10°  4.01x 10" 0 0.0005 0.001 0.0015
Ky = E [Nu]/ mol L

* . .
No clean second-order kinetics.

Table 50: Kinetics of the reaction of 1a-Li with 4a in DMSO with additional LiBF, at 20°C (deprotonation of
1a-H with 1.05 equiv of LiO#Bu, stopped-flow UV-Vis spectrometer, 2 = 310 nm, the data point for [Li'] = 0

mol L was calculated from the measurement of 1a-K with 4a in DMSO at 20°C).

No. [Elo/mol L [NuJo/mol L' [LiBF,]/molL" [Li']/molL"  kus/s"

- - - - - 121°
RAK 7.24-1 5.71x 107 1.01 x 107 - 1.06 x10°  3.32x10"
RAK 7.24-2 571 %107 1.01 x 107 1.00 x 107 2.06x10°  1.56 x 10"
RAK 7.24-3 571 %107 1.01 x 107 2.01 x 107 3.07x10°  1.06 x 10
RAK 7.24-4 571 %107 1.01 x 107 4.02 x 107 5.08x10°  7.04x 107
RAK 7.24-5 571 x 107 1.01 x 107 8.01 x 107 9.07 x 10°  4.70 x 10

* Calculated from the measurement of 1a-K with 4a in DMSO at 20°C.
16
0 0.003 0.006 0.009 0.012
[Li*] / mol L
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Table 51: Kinetics of the reaction of 1a-Li with 4a in DMSO with additional LiBF, at 20°C (deprotonation of
1a-H with 1.05 equiv of LiO7Bu, stopped-flow UV-Vis spectrometer, 2 = 310 nm, the data point for [Li'] = 0

mol L was calculated from the measurement of 1a-K with 4a in DMSO at 20°C).

No. [Elo/mol L' [Nulo/mol L' [LiBF,]/molL" [Li']/molL"  kus/s"
- - - - - 240°
RAK 7.24-6 571 %103 2.00 x 107 - 2.10x 107  4.89x 10"
RAK 7.24-7 571 %103 2.00 x 107 1.00 x 107 3.10x10°  2.90 x 10!
RAK 7.24-8 571 x 103 2.00 x 1073 2.01 x 1073 411x10°  2.13x10"
RAK 7249 571 %107 2.00 x 107 4.02 %103 6.12x10°  1.48 x 10!
RAK 7.24-10  5.71 x 10 2.00 x 1073 5.02x 103 7.12x10°  1.31 %107
* Calculated from the measurement of 1a-K with 4a in DMSO at 20°C.
2.8
2.1
o
\3 14 f
x0
0.7
0 1 1 1 1
0 0.002 0.004 0.006 0.008
[Li*] / mol L

Kinetic investigations of the counterion effects for the phosphonate-stabilized carbanion
1b

Counterion effects of K

Table 52: Kinetics of the reaction of 1b-K with 2k in DMSO with additional KBF, at 20°C (deprotonation of
1b-H with 1.05 equiv of KO7Bu, diode array UV-Vis spectrometer, 4 =393 nm).

No. [Elo/mol L' [Nul]o/mol L' [KBF,]/molL" [K']/molL"  kus/s"
RALO2.12-1  3.40 x 107 8.02x 10" - 842 x10*  3.63x107
RALO2.12-2  3.58 x 107 8.02x 10" 2.02 x 107 2.86x10°  3.63 x 107
RALO2.12-3  3.64 x 107 8.02x 10 3.99 x 107 483x10°  3.63x107
RALO2.12-4  3.70 x 107 8.02x 10 8.00 x 107 8.84 x10°  3.57x 107
RALO2.12-5  3.56 x 107 8.02 x 10 1.60 x 10 1.68x 102 3.51 x 107
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Counterion effects of Na'*

0.02

0.04 r
—oo—o¢o o
0.03
B
=~ 002 |
_\40
0.01
o 1 1 1 1
0 0.005 0.01 0.015
[K*] / mol Lt

Table 53: Kinetics of the reaction of 1b-Na with 2j in DMSO at 20°C (deprotonation of 1b-H with 1.00-1.05

equiv of NaO7Bu, stopped-flow UV-Vis spectrometer, A =371 nm).

No. [Elo/ mol L [Nulo/mol L' kg/s™
RALO22-1 5.64x107° 633 x 10" 427 x 107
RALO22-2 5.64 %107 921 x10*  6.17 x 10>
RALO22-3  5.64x10° 121x10°  821x107
RALO22-4 5.64x10° 1.50 x 107 1.01 x 107!
RALO22-5 5.64x10° 1.79x10° 122 10"
RALO2.2-6 5.64x107° 207x10°  1.40x 10"

k, = 6.81 x 10' L mol?* s

y =6.81E+01x - 5.77E-04

RZ=

1.00E+00

0.0006

0.0012
[Nu-] / mol Lt

0.0018

0.0024

Table 54: Kinetics of the reaction of 1b-Na with 2k in DMSO at 20°C (deprotonation of 1b-H with 1.00-1.05

equiv of NaO7Bu, diode array UV-Vis spectrometer, 4 =393 nm).

No. [Elo/mol L [Nulo/mol L' kg/s™
RALO2.6-1  2.34x 107 402x10*  1.71x10?
RALO2.6-2 249x107° 510x10% 217 x 107
RALO2.6-3  2.66 x 107 6.19x10%  2.68 x 107
RALO2.6-4 2.64 %107 721x10%  3.12x107
RALO2.6-5 2.65x 107 8.04 x 10" 3.44x 107

k, = 4.35 x 10' L mol? s

82

y = 4.35E+01x - 3.50E-04

R =

9.99E-01

0.00025 0.0005 0.00075

[Nu-] / mol L

0.001
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Table 55: Kinetics of the reaction of 1b-Na with 2l in DMSO at 20°C (deprotonation of 1b-H with 1.00-1.05

equiv of NaO7Bu, diode array UV-Vis spectrometer, 4 =486 nm).

No. [Elo/mol L [Nulo/mol L' kg/s™
RALO2.5-1 230x 107 3.95x 10" 2.66x 107
RALO2.5-2 246x107° 592x 10" 4.06x10°
RALO2.5-3 242x107° 8.01 x10*  537x10°
RALO2.5-4 2.65x10° 1.07x10°  720x 107
RALO2.5-5 2.57x10° 126x10°  851x10°
RALO2.5-6 256 x 107 1.50x10°  1.02 x 107

k,=6.78 L molts?

Kops /S

0.012

0.009

0.006

0.003

y = 6.78E+00x - 1.62E-05

R? = 1.00E+00

0.0005

0.001

[Nu]/mol L

0.0015

0.002

Table 56: Kinetics of the reaction of 1b-Na with 2m in DMSO at 20°C (deprotonation of 1b-H with 1.00-1.05

equiv of NaO7Bu, diode array UV-Vis spectrometer, A =521 nm).

No. [Elo/ mol L [Nulo/mol L' kg/s™
RALO2.4-1  4.03 x 107 3.98x10*  1.11x10°
RALO24-2 3.89x10° 595x10*  1.68x107
RALO2.4-3 3.96x107° 8.02x 10"  224x107
RALO2.4-4 3.89x10° 9.99x10*  2.80x 107
RALO24-5 3.84x107 1.17x10°  327x 107
RALO2.4-6  3.83 x 107 138x10°  3.84x107°

k,=2.78 L molts?

Kops/S*

0.004

0.003

0.001

[y =2.78E+00x + 1.56E-05

R? = 1.00E+00

0.0004

0.0008

[Nu]/mol L

0.0012

0.0016

Table 57: Kinetics of the reaction of 1b-Na with 4a in DMSO at 20°C (deprotonation of 1b-H with 1.00-1.05

equiv of NaO7Bu, stopped-flow UV-Vis spectrometer, A =310 nm).

No. [Elo/mol L' [Nulo/mol L kgpe/s”
RAK 8.8-1 5.61 x 107 6.31 x 10 1.60
RAK 8.8-2  5.61 x 107 8.41 x 10" 2.16
RAK 8.8-3  5.61 x 107 1.05 % 107 2.74
RAK 8.8-4  5.61 x 107 1.26 x 107 3.29
RAK 8.8-5 5.61 x 107 1.68 x 107 4.41
RAK 8.8-6  5.61 x 107 2.52 %107 6.76

k,=2.72 x 10° L mol?*s?

&3

y =2.72E+03x - 1.32E-01

R? = 1.00E+00

0.0008

0.0016
[Nu-] / mol L

0.0024

0.0032
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Table 58: Kinetics of the reaction of 1b-Na with 4e in DMSO at 20°C (deprotonation of 1b-H with 1.00-1.05

equiv of NaO7Bu, diode array UV-Vis spectrometer, 4 = 280 nm).

No. [Elo/mol L' [Nulo/mol L' ky/s™
RAK 8.9-1  4.96 x 107 6.01 x 10* 434 x10°
RAK 8.9-2  4.92 x 107 7.04x 10" 517x107°
RAK 8.9-3  4.96 x 107 7.95x10*  6.00 x 107
RAK 8.9-4 5.41x 107 8.94x10%  6.73 x 107
RAK 8.9-5 546 x 107 1.08x10°  828x10°
RAK 8.9-6  5.47 x 107 1.19x10°  925x 107

k, =8.30 L molts?

0.0075 |

Kops /S

0.0025

0.01

0.005

y = 8.30E+00x - 6.50E-04
R? = 1.00E+00

0.0003 0.0006 0.0009 0.0012
[Nu] / mol L2

Table 59: Kinetics of the reaction of 1b-Na with 4g in DMSO at 20°C (deprotonation of 1b-H with 1.00-1.05

eq. of NaO7Bu, diode array UV-Vis spectrometer, A =310 nm).

No. [Elo/ mol L' [Nu o/ mol L ks / 87
RAK 8.11-4  4.56 x 107 6.68 x10*  3.01 x10™
RAK 8.11-1  4.61 x 107 7.96 x10*  3.64 x 10
RAK 8.11-2  4.60 x 107 9.12x10* 423 x10*
RAK 8.11-3  4.57x 107 1.03x10°  477x10*

k,=4.88 x 10 L mol*s?

Counterion effects of Li"

1
bs | S

[}
X

0.0006

0.0004

0.0002

y =4.88E-01x - 2.46E-05
R? = 1.00E+00

0.0004 0.0008 0.0012
[Nu]/ mol Lt

Table 60: Kinetics of the reaction of 1b-Li with 2j in DMSO at 20°C (deprotonation of 1b-H with 1.05 equiv of

LiO#Bu, stopped-flow UV-Vis spectrometer, A =371 nm).

No. [Elo/ mol L [Nulo/mol L' kg/s™
RALO2.7-1 5.17x 107 541 x10*  3.52x107
RALO2.7-2 5.17x107° 6.76 x 10*  4.51 x 107
RALO2.7-3 5.17x107° 8.11x10*  554x107
RALO2.7-4 5.17x10° 9.46x10%  6.42x107
RALO2.7-5 5.17x 107 1.08x10°  7.40 x 107
RALO2.7-6  5.17 x 107 135%x10° 926 x 107
RALO2.7-7 5.17 %107 1.62x10°  1.11x10"
RALO2.7-8 5.17x107° 1.89x10°  1.29x 10"

k, =6.92 x 10' L mol™* s

84

y = 6.92E+01x - 1.43E-03
R? = 1.00E+00

0.0005 0.001 0.0015 0.002
[Nu-] / mol L
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Table 61: Kinetics of the reaction of 1b-Li with 2k in DMSO at 20°C (deprotonation of 1b-H with 1.05 equiv of

LiO#Bu, diode array UV-Vis spectrometer, A =393 nm).

No. [Elo/ mol L [Nulo/mol L' kg/s™ 0.05
RALO29-1  2.64x 107 298 x 10" 1.33x 1072 0.04
RALO29-2 2.59x10° 5.03x 10" 229x10? 003
RALO29-3 2.80x 107 7.00 x 10" 3.14 x 107 2
RALO2.9-4 278 x10° 9.05x 10"  4.06 x 102 < 002

k, = 4.48 x 10* L mol™* s*

y = 4.48E+01x + 1.02E-04
R? = 1.00E+00

0.00025 0.0005 0.00075 0.001
[Nu-]/ mol L*

Table 62: Kinetics of the reaction of 1b-Li with 2k in DMSO with additional LiBF, at 20°C (deprotonation of

1b-H with 1.04 equiv of LiOsBu, diode array UV-Vis spectrometer, A = 393 nm, the data point for [Li‘] = 0 mol
L was calculated from the measurement of 1b-K with 2k in DMSO at 20°C).

No. [Elo/mol L' [Nu]o/mol L' [LiBF,]/molL" [Li']/molL"  kys/s"

- - - - - 3.51x107%"
RALO2.11-1  3.02x 107 8.02x 10 - 834 x10*  3.40x107
RALO2.11-2 2.86x10° 8.02 x 10 2.03 x 107 286 %107  3.06x107
RALO2.11-3 297 x 107 8.02x 10 3.98 x 107 481x10°  2.69x 10>
RALO2.11-4 292 x 107 8.02x 10" 8.04 x 107 8.87x10°  2.02x107
RALO2.11-5  2.80 x 10” 8.02x 10" 1.11 x 107 1.19x 107 1.56x 107

* Calculated from the measurement of 1b-K with 2k in DMSO at 20°C.
0.04
0.03
22 0.02 +
~
0.01
0 . . . .
0 0.003 0.006 0.009 0.012
[Li*] / mol L
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Table 63: Kinetics of the reaction of 1b-Li with 21 in DMSO at 20°C (deprotonation of 1b-H with 1.05 equiv of

LiOfBu, diode array UV-Vis spectrometer, A =486 nm).

No. [Elo/ mol L [Nulo/mol L' kg/s™
RALO2.8-1 2.67x 107 299x10*  2.12x10°
RALO2.8-2 2.64 %107 592x10*  4.11x10°
RALO2.8-3  2.60x 107 8.96 x 10*  6.18x 107
RALO2.8-4 2.61x10° 1.19x10°  826x 107
RALO2.8-5 2.59x10° 1.50 x 107 1.03 x 107

k,=6.84 L mol*s?

0.012
y = 6.84E+00x + 7.28E-05
R? = 1.00E+00
_ 0.008
P
~ 0.004 |
o 1 1 ]
0 0.0005 0.001 0.0015
[Nu-] / mol L

Table 64: Kinetics of the reaction of 1b-Li with 2m in DMSO at 20°C (deprotonation of 1b-H with 1.05 equiv

of LiO7Bu, diode array UV-Vis spectrometer, A =521 nm).

No. [Elo/ mol L' [Nulo/mol L' kgs/s™ 0.004 y = 2.81E+00% + 8.99E05

RALO2.10-1  3.16x10°  395x10*  1.20x10° 0003 | R? = 1.00E+00

RALO2.10-2  3.16 x 107 6.01 x10*  1.78 %107 -

RALO2.10-3  3.14x 107 8.05x10*  236x10° Eg 0.002 |

RALO2.10-4  3.11x 107 1.00 x 10°  2.90 x 10” = oooL |

k,=2.81L molts?
0 . . . .
0 0.0003 0.0006 0.0009 0.0012
[Nu=]/ mol L*

Table 65: Kinetics of the reaction of 1b-Li with 4a in DMSO at 20°C (deprotonation of 1b-H with 1.05 equiv of
LiO#Bu, stopped-flow UV-Vis spectrometer, A =310 nm).

No. [E]y/ mol L! [Nu]y/ mol L g/ s
_ B 12 -
RAK 8.12-1 538 x 10” 6.15 x 10" 1.55 y = 2.70E+03x - 1.30E-01
RAK 8.12-2  538x 107 7.38 x 10 1.88 9l R? =9.98E-01
RAK 8.12-3 538 x 107 8.61 x 107 2.17 "
RAKS8.12-4 538x10°  983x10% 251 EI
X
RAK 8.12-5 538 x 107 1.11 % 107 2.89 3l
RAK 8.12-9 5.38x10° 123 x 107 3.20
RAK 8.12-6 538 x10° 1.72 x 107 4.60 0 ' ' ' '
0 0.001 0.002 0.003 0.004
RAK 8.12-7 5.38x 107 221107 5.63 )
[Nu-]/ mol Lt
RAK 8.12-8  5.38 x 107 2.95x 107 7.95

k,=2.70 x 10° L mol* s
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Table 66: Kinetics of the reaction of 1b-Li with 4e in DMSO at 20°C (deprotonation of 1b-H with 1.05 equiv of
LiOfBu, diode array UV-Vis spectrometer, A = 280 nm).

No. [Elo/mol L' [Nulo/mol L' kys/s™ 0.01 - y = 8.35E+00x - 3.42E-04
RAK 8.13-1 498x10°  6.05x10% 473 x 107 toos | Rf = 1.00E+00
RAK 8.13-2 494 x 107 7.07x 10" 555x107 B
RAK 8.13-3  4.93 x 107 8.13x10*  6.41x10° gg 0.005
RAK 8.13-4  4.95x10” 9.02x10%  7.21x 107 x 00025 |
RAK 8.13-5  5.15x 107 1.05x10° 843 x10°
k,=8.35L mol*s* 0 ' ' ' '

0 0.0003 0.0006 0.0009 0.0012
[Nu]/ mol L

Table 67: Kinetics of the reaction of 1b-Li with 4g in DMSO at 20°C (deprotonation of 1b-H with 1.05 equiv of
LiOfBu, diode array UV-Vis spectrometer, A =310 nm).

No. [Elp/mol L [Nule/molL"  kyy/s” 0.0006 | = 4.44E01x - 3.006.05
RAK 8.14-1 522 x107° 6.93x10* 278 x 10™ R? = 9.98E-01
RAK 8.14-2  5.25x 107 810x10%  331x10* X 0.0004 |
RAK 8.14-3 513 x10° 9.00 x 10*  3.65x 10 3
RAK 8.14-4  5.12x 107 1.03x10° 429 x 10 ¥ 00002
k,=4.44 x 10" L mol™* s
’ 0 0.0004 0.0008 0.0012

[Nu-] / mol L

Kinetic investigation of the counterion effects for the triphenylphosphonium ylide 1e

Counterion effects of Li"

Table 68: Kinetics of the reaction of 1e with 2h in DMSO with additional LiBF, at 20°C (diode array UV-Vis

spectrometer, A= 630 nm).

No. [Elo/ mol L [NuJo/mol L' [LiBF,]/mol L'  kg/s”
RALO 5.2-1-1 197 x 107 1.02 x 107 - 243 x 107
RALO 5.2-1-2  1.96 x 107 1.02 x 107 1.02 x 107 2.51 x 107
RALO 5.2-1-3  2.02x 107 1.02 x 107 2.03 x 107 2.58 x 107
RALO 5.2-1-4  2.03 x 107 1.02 x 107 4.01 x 107 2.61 x 107
RALO 5.2-1-5  2.00 x 107 1.02 x 107 7.99 x 107 2.68 x 107
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0.04 r

0.03
_;n .__.___._’_./.
=~ 002 |
_\40

0.01

o 1 1 1 1
0 0.0025 0.005  0.0075 0.01
[Li*] / mol L

Table 69: Kinetics of the reaction of 1le with 2h in DMSO with additional LiBF, at 20°C (diode array UV-Vis

spectrometer, A = 630 nm).

No. [Elo/mol L' [Nu]o/mol L' [LiBF,]/molL"  ku/s"
RALO 5.2-1-6 194 x 107 5.04 x 10 - 1.18 x 10
RALO5.2-1-7  1.94x 107 5.04 x 10* 1.02 x 107 1.21 x 10
RALO 5.2-1-8  2.00 x 107 5.04 x 10* 2.01 x 103 1.22 x 1072
RALO52-1-9 197 x 107 5.04 x 10 8.07 x 107 1.33 x 10

0.016

0.012 .——0—4—/.
P
\B 0.008 F
x0

0.004 |

O 1 1 1 1
0 0.0025 0.005 0.0075 0.01
[Li*] / mol L2

Table 70: Kinetics of the reaction of 1e with 4a in DMSO with additional LiBF, at 20°C (diode array UV-Vis

spectrometer, A= 330 nm).

No. [Elo/mol L' [Nulo/mol L' [LiBFs]/molL"  ky/s”
RAK 11.2-2-3  5.64 x 107 8.03 x 10" - 239 x 10
RAK 11.2-1  5.69x 107 8.03 x 10" 1.02 x 107 2.30x 10"
RAK 11.2-2-1  5.64 x 107 8.03 x 10" 2.02 %107 229 x 10"
RAK 112-32  5.77x 107 8.03 x 10 3.00 x 107 220 %10
RAK 11.2-3-1  5.64 x 107 8.03 x 10" 3.98 x 107 222 x10™
RAK 11.2-2-2  5.64 x 107 8.03 x 10" 6.00 x 107 224 x10™
RAK 11.2-3  5.72x10° 8.03 x 10 8.05 x 107 239 x 10
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1 Introduction

Phosphorus and sulfur ylides are two important classes of reagents in organic chemistry.
While phosphorus ylides and related phosphoryl-stabilized carbanions are used in the most
common olefination reactions, that is, Wittig, Wittig-Horner, and Horner-Wadsworth-
Emmons reactions,!") sulfur ylides have been introduced as versatile reagents for the syntheses
of three-membered carbo- and heterocyclic rings (Corey-Chaykovsky reaction).”

In contrast to their phosphorus-stabilized analogs, sulfinyl- and sulfonyl-stabilized carbanions
react with aldehydes to form p-hydroxysulfines and -sulfones,” respectively, or undergo

4" Acylation and subsequent reductive elimination

Knoevenagel condensation reactions.
transfers -hydroxy-sulfones into olefins (Julia and related olefinations).”

Previous investigations on structure-reactivity relationships of sulfur and phosphorus ylides
were focused on their basicities'® and the different leaving group abilities of R,S and R3P.!"!
Owing to the poor correlation between basicities and reactivities of carbon-centered
nucleophiles,™ a quantitative comparison of the reactivities of sulfur and phosphorus ylides
as well as their related carbanions has so far not been possible.

In recent years, we have shown that the rates of the reactions of carbocations and Michael
acceptors with n-, -, and o-nucleophiles can be described by eq 1, where k¢ is the second-

1

order rate constant in M s, s is a nucleophile-specific slope parameter, N is a

nucleophilicity parameter, and £ is an electrophilicity parameter.
IOg kzooc = S(N+ E) (1)

By using this methodology, we have developed the most comprehensive nucleophilicity scale

presently available and, therefore, were able to directly compare many different classes of

(8,9

nucleophiles.’*” With the rule of thumb that electrophile-nucleophile combinations at room

temperature only take place when (£ + N > -5), we have been able to establish a rough

ordering principle of polar organic reactivity."”
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After determining the nucleophilicities of phosphorus ylides and phosphoryl-stabilized

: 8
carbanions,®

we have now studied the kinetics of the reactions of the sulfur ylides 1a and
1b, the sulfonyl stabilized carbanion 1c, and the sulfinyl stabilized carbanion 1d with the
benzhydrylium ions 2a—€ and the structurally related quinone methides 2f—k (Table 1) in
DMSO, to derive the nucleophilicity parameters N and s for the nucleophiles 1 and to

compare them with those of analogous phosphorus compounds.

I
_S._CO,Et

+ . of
Mezs\_/COzEt MeZS\_/CN Me~ \_/COZEt Me

1a 1b 1c 1d

Table 1: Benzhydrylium Ions 2a—e and Quinone Methides 2f—k Employed as Reference
Electrophiles in this Work.

Electrophile 4 E“

X x
2a X =NMe, -7.02
2b X= N(CH2)4 —7.69
2C * -8.76

JOT

M
2d (n = 2)

2e (n=1) W ~10.04

é Me
L L
)n )n
Electrophile Y ‘ = O E“
o; ’ ‘ ~Z
Y

* -9.45

2f Y=Ph Z=0Me -12.18
29 Y=Ph Z=NMe, -13.39
2h Y=tBu Z=Me —-15.83
2i Y=Bu Z=0Me -16.11
2j Y=Bu Z=NMe, -17.29

2k tBu / O -17.90
(0] N
tBu

¢ E for 2a—e from ref 9b, for 2f—K from ref 9c.




Chapter 4: Nucleophilic Reactivities of Sulfur Ylides and Related Carbanions

2 Results

As shown in Scheme 1, the reference electrophiles 2a and 2h were employed to elucidate the
course of these reactions. Because of the low stability of the addition products 3a,b obtained
from 2a and the sulfur ylides 1a,b, the adducts 3a,b were not isolated but immediately treated
with thiophenolate to afford the non-charged products 4a,b, which were fully characterized.
For identifying the products formed from the nucleophiles 1c¢,d and the quinone methide 2h,
solutions of the carbanions 1c,d were generated by deprotonation of the corresponding CH
acids (1c,d)-H with KOsBu in DMSO, subsequent addition of 2h, and aqueous acidic workup.
The addition products 5a and 5b were obtained as mixtures of two and four diastereomers,

respectively (‘"H- and *C-NMR spectroscopy).

Scheme 1: Characterization of the Reaction Products.

MeZN SMeZ MeZN MezN
BFs” pmso SMe2 +PhS™K* O SMe
— > —_—
— PhS-Me %
X = COZEt (1a)
- cna W,
MezN Me,N Me,N
2a X = CO,Et (3a) X = CO,Et (4a)
= CN (3b) = CN (4b)
o) HO  tBu
Y
\ DMSO
e
CO,Et
o e
Y = SO,Me (1c) Me
= SOMe (1d)
2h Y = SO,Me (5a)
= SOMe (5b)

All kinetic investigations were monitored photometrically by following the disappearance of
the colored electrophiles 2 in the presence of more than 10 equiv of the nucleophiles 1 (first-
order conditions). Solutions of the ylides 1a,b in DMSO were freshly prepared before the
kinetic experiments; the carbanions 1c,d were generated by deprotonation of the

corresponding CH acids (1c,d)-H with 1.00-1.05 equiv of KO/Bu in DMSO solution. To
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prove that (1c,d)-H were quantitatively deprotonated under these conditions, several kinetic
experiments have been repeated by using only 0.5-0.6 equiv of KO7Bu for the deprotonation
of (1c,d)-H. In these experiments, where the concentrations of the carbanions 1¢,d correspond
to the amount of KO7rBu used, second-order rate constants were obtained, which agreed
within 1-2 % with those obtained with a slight excess of KOrBu (see Table 2). As the
presence of 18-crown-6 did not affect the reactivities of (1c,d)-K, one can conclude that the
reactivities of the free carbanions 1c¢,d were observed.

From the exponential decays of the UV-Vis absorbances of the electrophiles, the first-order
rate constants kyp,s were obtained. Plots of kg (s’l) against the concentrations of the

nucleophiles 1 were linear with negligible intercepts as required by eq 2 (Figure 1).

—d[2)/dt = k> [1] [2] for [1] >> [2] = kobs = k2 [1] ©)

Kobs = 1.33 x 10° [1a] + 7.40 x 107

08 T 15 R2 = 0.9997
100
0.6 Kobs/ st
50
A 04 0
0 0.0004 0.0008 0.0012
[1a]/ mol Lt —>
02 +
0 1 1 1
0 0.05 0.1 0.15 0.2
t/s —_—

Figure 1: Exponential decay of the absorbance at 624 nm during the reaction of la
(3.14 x 10* M) with 2b (2.23 x 10~ M) at 20°C in DMSO. Insert: Determination of the
second-order rate constant k, = 1.33 x 10° M s7! from the dependence of the first-order rate

constant ks on the concentration of 1a.
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Table 2: Second-Order Rate Constants for the Reactions of the Sulfur-Stabilized
Nucleophiles 1 with the Reference Electrophiles 2 in DMSO at 20°C.

Nucleophile N/s* Electrophile k& /M 's
Me,S.__CO,Et 15.85/0.61 2a 2.70 x 10°
- 2b 133 x 10°
1a 2¢ 134 x 10°
2d 7.30 x 10°
2e 2.56 x 10°
2f 2.32 x 10?
Me,S___CN 16.23/0.60 2a 3.47 x 10°
- 2b 2.08 x 10°
1b 2¢ 1.95 x 10*
2d 9.06 x 10°
2e 3.07 x 10°
2f 4.00 x 10?
oﬁé’ 18.00/0.66 2d 3.38 x 10°
Me~ >~ CO2E 2e 1.61 x 10°
1c 2f 1.04 x 10°*
2f 1.02 x 10*?
29 1.17 x 10°
2h 2.72 x 10"
2i 1.65 x 10"
2j 2.54
o 20.61/0.64 2f 2.29 x 10°
Me~ S~ CO2E 29 3.42 x 10*
1d 29 3.44 x 10*°
2h 1.34 x 10°
2i 8.12 x 10?
2j 1.30 x 10>°
2k 4.43 x 10"

“ Nucleophilicity parameters N and s derived by using eq 1; determination see below. ” Deprotonation of the

conjugate CH acids (1c,d)-H with 0.5-0.6 equiv of KO7Bu.

3 Discussion

According to Table 2, the quinone methide 2f is the only electrophile for which rate constants
with all four nucleophiles 1la—d have been determined. The corresponding rate constants can,

therefore, be employed for a direct structure-reactivity analysis. As shown in Scheme 2, the
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cyano-substituted sulfur ylide 1b is marginally more reactive than the ethoxycarbonyl-
substituted analog 1la. However, the methylsulfonyl-stabilized carbanion 1c is 45 times and
the methylsulfinyl-stabilized carbanion 1d 990 times more reactive than the ylide 1la.
Comparison of the two carbanions 1c,d moreover shows that the methylsulfinyl-stabilized
species 1d is 22 times more reactive than the analogously substituted methylsulfonyl

compound 1c.

Scheme 2: Relative Reactivities of the Nucleophiles 1la—d towards the Quinone Methide 2f
(DMSO, 20°C).

+ + O\\g
Me,S__COEt MeS__CN S COEt

~ e M~ >~ COE
1a 1b 1c 1d
ket 1.0 1.7 45 990

To include compounds 1a—d in our comprehensive nucleophilicity scale, we determined their
nucleophilicity parameters N and s. For that purpose, log k, for the reactions of the
nucleophiles 1 with the electrophiles 2 (Table 2) were plotted against their electrophilicity
parameters £ as shown in Figure 2. The linearity of the correlations shows the applicability of
eq 1, which allows one to derive the nucleophile-specific parameters N and s for the

nucleophiles 1a—d, which are listed in Table 2 and Figure 3.

SOMe  SO,Me SMe,

CO,Et  CO,Et  CO,Et

. RJZ;/\N ,1d 1c 1a
5 L R 2f—k / ’
4 F
logk, 3
2 |
1 b
0 L L L L L L )

20 -18 -16 -14 -12 -10 -8 -6
Electrophilicity E ———

Figure 2: Plots of log k, for the reactions of the sulfur ylide 1a and the sulfur-stabilized
carbanions 1c,d with the reference electrophiles 2a—k in DMSO at 20°C versus their
electrophilicity parameters E. For the sake of clarity, the correlation line for 1b is not shown

(see the Experimental Section).
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Among the many comparisons, which are now possible on the basis of N, we will restrict the
following discussion on the comparison with the recently investigated phosphoryl-stabilized

carbanions and phosphorus ylides (Figure 3).[%¢

A N
in DMSO
22__ O
(EtO),P~_CO,E I
N Ve~ S~ CO2E
19.23, 0.65)2 1 - -
( 6 " 20 (20.61, 0.64)"
¢ yu Old
0
> 18+ —-- 94 co,et
PhZP\/COZEt Me”™ \_/ 2
(19.20, 0.69)* (18.00, 0.66)P
6b 16+ . 1c
) +
Ph3P+\/COZEt Mezs\_/COZEt
- 14+ X
(12.21,0.62) _ (15.85, 0.61)
6a R la
12—

Figure 3: Comparison of the nucleophilicity parameters (&, s) in DMSO of the sulfur-
stabilized nucleophiles 1a,c,d with those of phosphorus ylide 6a and phosphoryl-stabilized
carbanions 6b,c. ¢ Values (V, s) taken from ref 8c. * Values (¥, s) taken from Table 2.

Figure 3 reveals a difference of nucleophilic reactivity of AN = 3.6 between the
triphenylphosphonium ylide 6a and the structurally analogous dimethylsulfonium ylide la.
For an s value of 0.62, this difference implies that the phosphorus ylide 6a is 170 times less
reactive than the sulfur ylide 1a. On the other hand, the phosphoryl-stabilized carbanions 6b,c
show nucleophilic reactivities, which lie in between those of the sulfinyl- and sulfonyl-
stabilized carbanions 1¢,d. From the nucleophilicities of diethyl malonate anions (N = 20.22),
ethyl cyanoacetate anions (N = 19.62), and ethyl acetoacetate anions (N = 18.82),” one can
derive that the ethoxycarbonyl-, cyano-, and acetyl groups have stabilizing abilities, which are
also in between those of a methylsulfinyl and a methylsulfonyl group.

To examine the applicability of the N and s parameters of the sulfur-stabilized nucleophiles 1
for reactions with other electrophiles, we have investigated their reactions with trans-p3-
nitrostyrene (7a) and trans-4-methoxy-f-nitrostyrene (7b), whose electrophilicity parameters

d.1" Whereas the reactions of the carbanions lc,d with

E have recently been determine
nitrostyrene 7b yield the Michael addition products 8a and 8b, respectively, the zwitterion 9
initially generated from the sulfur ylide 1a and 7b, underwent a subsequent intramolecular

nucleophilic displacement of dimethylsulfide to yield the dihydroisoxazole N-oxide 10
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(Scheme 3). The latter compound was not isolated but intercepted by a 1,3-dipolar
cycloaddition with dimethyl maleate according to previous reports'' and as specified in the

Experimental Section.

Scheme 3: Reactions of the Nucleophiles 1a,c,d with Nitroolefin 7b.

NO, K™ X NO,
\ 1. © < X
CO,Et
_ %
2. AcOH COoEt
THF, < -50°C
MeO _ X = SO,Me (1c) MeO X = SO,Me (8a)
= SOMe (1d) = SOMe (8b)
NO, CO,Et O\’\]r,O_ (’)\\l+
A\ S+Me2 4 CO,Et a
1
2 CsMe, |—> CO,Et
CHQC|2 - MeZS
MeO
7b _MeO 9 B MeO 10

In line with these mechanisms, the experimental second-order rate constants for the reactions
of 1a,c,d with the nitrostyrenes 7a,b agree within a factor of 1.1 to 4.3 with those calculated
by equation 1 (Table 3). This remarkable agreement demonstrates that rates of the reactions of
the nucleophiles 1 with electrophiles of known electrophilicity £ can be efficiently predicted
by eq 1 using the N/s-parameters reported in Table 2.

Table 3: Experimental and Calculated Second-Order Rate Constants (M~ s') for the
Reactions of the Nucleophiles 1a,c,d with the Nitrostyrenes 7 in DMSO at 20°C.

Nucleophile Electrophile /™" fpcled kot [ kel
la 7b 5.46 5.03 1.1
1c 7a 1.25x 10> 5.48 x 10> 0.23
7b 3.98 x 10" 1.51x 10> 0.26
1d 7a 1.21 x10* 2.12x10* 0.57
7b 3.48 x 10° 6.06 x 10° 0.57

“ Calculated by eq 1 using the electrophilicity parameters E(7a) = —13.85 and E(7b) = —14.70 (from ref 10) as
well as the N and s values for 1a,c,d (from Table 2).

As the formation of oxaphosphetanes from phosphorus ylides and carbonyl compounds

generally proceeds via concerted [2+2] cycloaddition reactions,!'* %!?

100
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of phosphorus ylides cannot be employed to determine the E parameters of aldehydes.® On
the other hand, sulfur ylides have been demonstrated to react with aldehydes by a stepwise
mechanism.!®! Tt should, therefore, be possible to use the kinetics of the formation of
epoxides via the Corey-Chaykovsky reaction to derive electrophilicity parameters of carbonyl

compounds.

4 Experimental Section

4.1 General

Chemicals. The sulfur ylides 1a,b were synthesized according to literature procedures!' as

well as ethyl 2-(methylsulfinyl)acetate (1d)-H,"'”) and the nitrostyrenes 7a,b.!'"

] (2a—e)-BF,; and quinone methides®™ ' 2f-k were

Benzhydrylium tetrafluoroborates
prepared as described before. All other chemicals were purchased from commercial sources

and (if necessary) purified by recrystallization or distillation prior to use.

Analytics. 'H- and C-NMR spectra were recorded on Varian NMR-systems (300, 400, or
600 MHz) in CDCl; or DMSO-d; and the chemical shifts in ppm refer to TMS (g 0.00, oc
0.00) in CDCI; or the solvent residual signal in DMSO-ds (da 2.50, oc 39.43) as internal
standard. The following abbreviations were used for chemical shift multiplicities: brs = broad
singlet, s = singlet, d = doublet, t = triplet, ¢ = quartet, m = multiplet. For reasons of
simplicity, the "H-NMR signals of AA’BB’-spin systems of p-disubstituted aromatic rings
were treated as doublets. NMR signal assignments are based on additional 2D-NMR
experiments (COSY, NOESY, HSQC, and HMBC). Diastereomeric ratios (dr) were
determined by '"H-NMR. (HR-)MS has been performed on a Finnigan MAT 95 (EI) or a
Thermo Finnigan LTQ FT (ESI) mass spectrometer. An Elementar Vario Micro Cube device
was used for elemental analysis. Melting points were determined on a Biichi B-540 device and

are not corrected.

Kinetics. The rates of all investigated reactions were determined photometrically. The
temperature of the solutions was kept constant (20.0 £ 0.1°C) during all kinetic studies by
using a circulating bath thermostat. The kinetic experiments with ylides 1a,b were carried out
with freshly prepared stock solutions of the ylides in DMSO. If not mentioned otherwise,
stock solutions of the carbanions 1c,d were prepared by deprotonation of the CH acids (1c,d)-
H with 1.00-1.05 eq of KO7Bu in DMSO. The electrophiles 2 and 7 (also prepared as stock
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solutions in DMSO) were always employed as minor component in the reactions with the
nucleophiles resulting in first-order kinetics.

The rates of slow reactions (71, > 15-20 s) were determined by using a J&M TIDAS diode
array spectrophotometer controlled by Labcontrol Spectacle software and connected to a
Hellma 661.502-QX quartz Suprasil immersion probe (5 mm light path) via fiber optic cables
and standard SMA connectors.

For the evaluation of fast kinetics (73, < 15-20 s) the stopped-flow spectrophotometer systems
Hi-Tech SF-61DX2 or Applied Photophysics SX.18MV-R were used.

Rate constants kg (sﬁl) were obtained by fitting the single exponential 4, = Ay exp(—kobst) + C
(exponential decrease) to the observed time-dependent absorbance (averaged from at least 3
kinetic runs for each nucleophile concentration in case of stopped-flow method). Second-
order rate constants k, (L mol ' s™') were derived from the slopes of the linear correlations of

kovs (™) with the concentration of the nucleophiles used in excess ([Nu]o).

4.2 Product Studies

4.2.1 Reactions of the Ylides 1a,b and the Carbanions 1c,d with the Reference
Electrophiles 2a,h

Reactions of the sulfur ylides 1a,b with the reference electrophile 2a

General procedure A. Reactions of the ylides 1a,b with electrophile the 2a were carried out
by dissolving the ylides 1a or 1b and the electrophile 2a-BF4 in dry DMSO (2-3 mL) at room
temperature. The resulting mixture was stirred until complete decolorization occurred (< 1
min) and subsequently treated with a mixture of thiophenol (50 pL, 0.49 mmol) and KO/Bu
(37.3 mg, 332 pmol) in dry DMSO (2-3 mL). After 10 min of additional stirring, the reaction
was quenched by the addition of water and extracted with CH,Cl,. The combined organic
layers were washed with water and brine, dried over Na,SO4 and evaporated under reduced
pressure. The crude products were purified by column chromatography on silica gel (n-
pentane/EtOAc). Small samples of solid products were recrystallized in appropriate solvent

mixtures for the determination of melting points.

Ethyl 3,3-Bis(4-(dimethylamino)phenyl)-2-(methylthio)propanoate (4a) was obtained
from ethyl (dimethyl-A*-sulfanylidene)acetate (1a, 42.0 mg, 283 pmol) and benzhydrylium
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tetrafluoroborate 2a-BF4 (94.2 mg, 277 umol) as a pale yellow solid (95 mg, 0.25 mmol,
90 %).

RAP 20.1
Et0,C.__SMe

1
4
3
2 5
6
MezN NMez
4a

R¢ (n-pentane/EtOAc 4:1, v/v): 0.31. Mp. (n-pentane/Et,0): 122-123°C. 'H-NMR (CDCls,
300 MHz): 6 = 1.07 (t, 3H, J = 7.1 Hz, OCH,CH3), 2.08 (s, 3 H, SCH3), 2.85 (s, 6 H,
N(CHs),), 2.89 (s, 6 H, N(CHz),), 3.96 (d, 1 H, J = 122 Hz, 1-H), 3.98-4.06 (m, 2 H,
OCH,CHs3), 4.16 (d, 1 H, J = 12.2 Hz, 2-H), 6.61 (d, 2 H, J = 8.8 Hz, 5-H), 6.66 (d, 2 H, J =
8.8 Hz, 5-H), 7.14-7.19 (m, 4 H, 4-H). >C-NMR (CDCls, 75.5 MHz): § = 14.02 (q, SCH3),
14.04 (q, OCH,CH3), 40.6 (q, N(CHs),), 40.7 (g, N(CH3),), 50.3 (d, C-2), 52.5 (d, C-1), 60.7
(t, OCH,CH3), 112.6 (d, C-5), 112.8 (d, C-5), 128.1 (d, C-4), 128.5 (d, C-4), 129.8 (s, C-3),
130.9 (s, C-3), 149.2 (s, C-6), 149.3 (s, C-6), 171.5 (s, CO). MS (EI): m/e (%) = 386 (1) [M]",
266 (5), 254 (17), 253 (100), 237 (9). HR-MS (EI) [M]": calcd for [C2H30N,0,S]": 386.2022,
found 386.2025. Anal calcd for CyH3oN,0,S (386.55): C 68.36, H 7.82, N 7.25, S 8.30,
found C 68.31, H 7.66, N 7.33, S 8.69.

3,3-Bis(4-(dimethylamino)phenyl)-2-(methylthio)propanenitrile (4b) was obtained from
(dimethyl-1*-sulfanylidene)-acetonitrile (1b, 29.0 mg, 287 umol) and benzhydrylium
tetrafluoroborate 2a-BF4 (94.2 mg, 277 umol) as yellow oil (88 mg, 0.26 mmol, 94 %).

RAP 21.1

NC SMe
o
6
MesN b NMe,

R (n-pentane/EtOAc 4:1, v/v): 0.25. '"H-NMR (CDCls;, 300 MHz): 6= 2.24 (s, 3 H, SCH3),
2.90 (s, 12 H, 2 x N(CHs)»), 4.10-4.17 (m, 2 H, 1-H, 2-H), 6.65-6.69 (m, 4 H, 5-H), 7.14 (d,
2 H, J= 8.8 Hz, 4-H), 7.23 (d, 2 H, J = 8.8 Hz, 4-H). >*C-NMR (CDCl;, 75.5 MHz): 6= 15.0
(q, SCH3), 40.45 (q, N(CHas)»), 40.47 (q, N(CHs)»), 40.52 (d, C-1), 51.5 (d, C-2), 112.4 (d, C-
5), 112.5 (d, C-5), 118.5 (s, CN), 127.8 (s, C-3), 128.1 (s, C-3), 128.4 (d, C-4), 128.7 (d, C-4),
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149.6 (s, C-6), 149.7 (s, C-6). MS (EI): m/e (%) = 339 (<1) [M]", 254 (19), 253 (100), 237
(12), 126 (8). HR-MS (EI) [M]": calcd for [C20H25N3S]™: 339.1764, found 339.1765.

Reactions of the carbanions 1c,d with the reference electrophile 2h

General procedure B. Reactions of the nucleophiles 1c,d with the electrophile 2h were
carried out by dissolving the corresponding CH acid (1c,d)-H with KOzBu in dry DMSO
(5 mL). After 2 min, a solution of the electrophile 2h in DMSO (3 mL) was added and the
resulting mixture was stirred for additional 5 min. The reaction was quenched by the addition
of 1 % aqueous acetic acid solution (30 mL). After extraction with CH,Cl,, the combined
organic layers were washed with water and brine, dried over Na,SO4 and evaporated under
reduced pressure. The crude products were purified by column chromatography on silica gel

(n-pentane/EtOAc).

Ethyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(methylsulfonyl)-3-p-tolylpropanoate (5a)
was obtained from ethyl 2-(methylsulfonyl)acetate 1c-H (90.0 mg, 542 pmol), KO7Bu
(57.0 mg, 508 umol), and quinone methide 2h (150 mg, 486 umol) as colorless solid (218 mg,
459 pmol, 94 %, dr ~ 1 : 1.4).

RAP 25.1

'H-NMR (CDCls, 599 MHz): 6 = 091" (t, 3 H, J = 7.1 Hz, OCH,CH;), 1.00* (t, 3H, J =
7.1 Hz, OCH,CH3), 1.39, 1.40 (2s, 2 x 18 H, 2 x 13-H), 2.22% (s, 3 H, SO,CH;), 2.28" (s, 3 H,
Ar-CHs), 230" (s, 3H, Ar-CH;), 245 (s, 3H, SO,CH;3), 3.95-4.08 (m, 2x2H,
2 x OCH,CHs), 4.64° (d, 1 H, J = 11.9 Hz, 5-H), 4.68-4.72" (m, 2 H, 5-H, 10-H), 4.75" (d,
1 H, J=11.9 Hz, 10-H), 5.09" (s, 1 H, OH), 5.18" (s, 1 H, OH), 7.09" (d, 2 H, J = 7.9 Hz, 8-
H), 7.11° (s, 2 H, 3-H), 7.15" (d, 2H, J = 7.9 Hz, 8-H), 7.25-7.26" (m, 4 H, 3-H, 7-H,
superimposed by CDCl; residual signal), 7.35° (d, 2 H, J = 8.1 Hz, 7-H). *C-NMR (CDCl;,
151 MHz): 6= 13.5" (q, OCH,CHs), 13.6" (q, OCH,CHs), 21.0% (q, Ar-CH3), 21.1% (q, Ar-
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CHs), 30.2" (g, C-13), 30.3" (q, C-13), 34.3" (s, C-12), 34.4" (s, C-12), 41.8" (q, SO,CHj3),
42.2% (q, SO,CH3), 50.9" (d, C-5), 51.0° (d, C-5), 62.1" (t, OCH,CHj3), 62.3" (t, OCH,CH3),
75.1° (d, C-10), 75.4" (d, C-10), 124.3" (d, C-3), 125.1% (d, C-3), 127.6" (d, C-7), 128.1" (d, C-
7), 129.5% (d, C-8), 129.81" (d, C-8), 129.83" (s, C-4), 130.8" (s, C-4), 136.0" (s, C-2), 136.7"
(s, C-2), 136.9% (s, C-9), 137.1" (s, C-6), 137.4" (s, C-9), 137.5" (s, C-6), 152.9" (s, C-1),
153.3% (s, C-1), 164.5" (s, C-11), 164.8" (s, C-11). HR-MS (ESI') [M-HJ: calc. for
[C27H3305S] : 473.2367; found 473.2396.

* . . . .
signal can be assigned to major isomer

* signal can be assigned to minor isomer

Ethyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(methylsulfinyl)-3-p-tolylpropanoate (5b)
was obtained from ethyl 2-(methylsulfinyl)acetate 1d-H (82.0 mg, 546 umol), KOrBu
(57.0 mg, 508 umol), and quinone methide 2h (150 mg, 486 umol) as colorless solid (214 mg,
467 pmol, 96 %, complex mixture of 4 diastereomers, dr ~1:2.0:3.8: 6.0).

RAP 29.1

'H-NMR (CDCls, 599 MHz): §=0.92" (t, 3 H, J = 7.1 Hz, OCH,CH3), 1.00-1.03 (m, 2 x 3 H,
OCH,CH3), 1.08 (t, 3 H, J = 7.1 Hz, OCH,CH3), 1.38, 1.390, 1.394", 1.40 (4s, 4 x 18 H, 13-
H), 2.275, 2.280, 2.30 (3s, 4 x 3 H, Ar-CH3, signal of one diastereomer superimposed), 2.45,
2.52°,2.63,2.64 (4s, 4 x 3 H, SOCH3), 3.93-4.25 (m, 4 x 2 H, 4 x OCH>CH3, 4 x 1 H, 2 x 10-
H, 2 x 5-H), 4.66-4.69 (m, 2 x 1 H, 2 x 5-H), 4.77-4.81 (m, 2 x 1 H, 2 x 10-H), 5.07, 5.08,
5.13 (3brs, 4 x 1 H, 4 x OH, signal of one diastereomer superimposed), 7.07-7.14 (m, 8 x 2 H,
4 x 3-H, 4 x 8-H), 7.19 (d, 2 H, J = 8.1 Hz, 7-H), 7.23-7.24 (m, 2 x 2 H, 2 x 7-H), 7.28" (d,
2 H, J = 8.1 Hz, 7-H). "C-NMR (CDCls, 151 MHz): § = 13.85", 13.99, 14.02, 14.09 (4q,
4 x OCH,CHs), 20.98, 20.99, 21.04, 21.07 (4q, 4 x Ar-CH3), 30.21, 30.26, 30.27 (3q, 4 x C-
13, signal of one diastereomer superimposed), 30.05, 33.11 (2q, 2 x SOCH3), 34.34, 34.35,
34.37, 34.40 (4s, 4 x C-12), 37.32", 37.76 (2q, 2 x SOCH3), 48.49", 48.69, 49.64, 49.77 (4d,
4 x C-5), 61.36", 61.53, 61.55, 61.68 (4t, 4 x OCH,CHj3), 69.25, 69.28, 71.10°, 71.76 (4d,
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4 x C-10), 123.99, 124.16", 124.42, 124.80 (4d, 4 x C-3), 127.34, 127.45, 127.71, 128.12"
(4d, 4 x C-7), 129.31, 129.43, 129.65 (3d, 3 x C-8), 129.71 (d and/or s, 1 x C-4 and/or 1 x C-
8, assignment not possible, C-4 or C-8 signal of one diastereomer superimposed), 130.31,
131.41, 131.92 (3s, 3 x C-4), 135.90, 135.97, 136.22, 136.33, 136.42, 136.43, 136.72, 137.02,
137.15, 137.52, 138.28, 138.68 (12s, 4 x C-2, 4 x C-6, 4 x C-9), 152.66", 152.80, 153.03,
153.08 (4s, 4 x C-1), 165.85", 166.03, 167.13, 167.18 (4s, 4 x C-11). HR-MS (ESI") [M+H]":
calcd for [C27H3904S]+: 459.2563; found 459.2549.

signal can be assigned to major isomer

4.2.2 Reactions of the Carbanions 1c,d and the Ylide 1a with the Nitrostyrene 7b

Reactions of the carbanions 1c,d with nitrostyrene 7b

General procedure C. Reactions of the nucleophiles 1c,d with the electrophile 7b were
carried out by dissolving the corresponding CH acid (1c,d)-H with KOsBu in dry THF
(4 mL). The resulting mixture was cooled down to —78°C and a solution of electrophile 7b in
dry THF (4-5 mL) was added dropwise. After 3 h of stirring at a temperature below —50°C,
the mixture was again cooled down to —78°C and treated with concentrated acetic acid
(0.1 mL). The resulting solution was allowed to warm to room temperature. After evaporation
of the THF under reduced pressure, the residue was dissolved in CH,Cl, (30-50 mL), washed
with water and brine, dried over Na,SO, and again evaporated under reduced pressure. The

crude products were purified by column chromatography on silica gel (CH,CIl,/EtOAc).

Ethyl 3-(4-methoxyphenyl)-2-(methylsulfonyl)-4-nitrobutanoate (8a) was obtained from
ethyl 2-(methylsulfonyl)acetate 1c-H (130 mg, 782 umol), KOsBu (92.0 mg, 820 pmol), and
nitrostyrene 7b (200 mg, 1.12 mmol) as colorless oil after column chromatography (165 mg,
478 umol, 61 %, dr ~ 1:1.7). Recrystallization from n-pentane/EtOAc yielded a colorless
solid still composed of two diastereomers (102 mg, 295 umol, 38 %, dr ~1: 1.9).

RAP 54.7
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MeO
'H-NMR (CDCls, 599 MHz): § = 1.00" (t, 3 H, J = 7.1 Hz, OCH,CH3), 1.33" (t, 3H, J =
7.2 Hz, OCH,CH3), 2.82" (s, 3 H, SO,CH3), 3.11° (s, 3 H, SO,CH3), 3.78" (s, 3 H, OCH3),
3.79° (s, 3 H, OCH3), 3.96-4.04" (m, 2 H, OCH>CH3), 4.20-4.27 (m, 3 H, 5-H", 7-H", 7-H"
4.29-438" (m, 2 H, OCH,CH3), 447" (ddd, 1 H, J = 10.3, 6.3, 3.9 Hz, 5-H), 4.79-4.83" (m,
1 H, 6-H), 5.01" (dd, 1 H, J = 13.7, 3.9 Hz, 6-H), 5.19" (dd, 1 H, J = 13.7, 10.5 Hz, 6-H"),
526" (dd, 1 H, J = 13.6, 4.1 Hz, 6-H’), 6.85 (d, 2 H, J = 8.8 Hz, 2-H), 6.89" (d, 2 H, J =
8.8 Hz, 2-H), 7.15" (d, 2 H, J = 8.8 Hz, 3-H), 7.24" (d, 2 H, J = 8.7 Hz, 3-H). “C-NMR
(CDCl3, 151 MHz): 6= 13.6" (q, OCH,CH3), 14.0" (q, OCH,CH3), 39.4" (q, SO,CHj3), 40.5"
(d, C-5), 41.9" (d, C-5), 42.3" (q, SO,CH3), 55.3 (q, OCH3, same chemical shift of signal for
both diastereomers), 62.8" (t, OCH,CHjs), 63.3" (t, OCH,CH3), 71.5° (d, C-7), 71.9" (d, C-7),
76.2" (t, C-6), 77.6" (t, C-6), 114.6" (d, C-2), 114.8" (d, C-2), 126.1" (s, C-4), 126.8" (s, C-4),
129.3" (d, C-3), 129.5" (d, C-3), 159.9 (s, C-1), 160.0" (s, C-1), 164.3" (s, C-8), 164.8" (s, C-
8). MS (EI): m/e (%) = 345 (1) [M]", 284 (12), 239 (13), 205 (13), 204 (38), 179 (28), 159
(10), 139 (27), 133 (19), 132 (100), 121 (11), 121 (30), 117 (13), 90 (10), 89 (19), 79 (24), 77
(15), 63 (11), 44 (18), 43 (10), 42 (12). HR-MS (EI) [M]": caled for [Ci14H;oNOsS]":
345.0877, found 345.0885. HR-MS (ESI') [M—H]: calcd for [Ci4H sNO;S]: 344.0810;
found 344.0805. Anal calcd for Ci4H0NO;S (345.37): C 48.69, H 5.55, N 4.06, S 9.28, found
C 48.57,H 5.52, N 4.03, S 9.49.

signal can be assigned to major isomer

" signal can be assigned to minor isomer

Ethyl 3-(4-methoxyphenyl)-2-(methylsulfinyl)-4-nitrobutanoate (8b) was obtained from
ethyl 2-(methylsulfinyl)acetate 1d-H (120 mg, 799 umol), KO7Bu (94.1 mg, 839 pumol), and
nitrostyrene 7b (200 mg, 1.12 mmol) as colorless oil after column chromatography (161 mg,
489 umol, 61 %, complex mixture of 4 diastereomers, d.r. ~ 1 : 1.1 : 1.2 : 2.5). A colorless
solid was obtained by recrystallization from n-pentane/EtOAc (53 mg, 0.16 mmol, 20 %, only

. . *
major diastereomer).

RAP 56.1
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MeO
Mp. (n-pentane/EtOAc): 136-137°C. '"H-NMR (CDCls, 599 MHz): § = 1.38 (t, 3H, J =
7.1 Hz, OCH,CHs), 2.59 (s, 3 H, SOCH3), 3.68 (d, 1 H, J = 10.9 Hz, 7-H), 3.79 (s, 3 H,
OMe), 4.25 (ddd, 1 H, J = 11.2, 9.1, 4.1 Hz, 5-H), 4.36-4.42 (m, 2 H, OCH,CHs), 4.79 (dd,
1 H,J=12.8, 4.1 Hz, 6-H), 4.88 (dd, 1 H, J = 12.8, 8.9 Hz, 6-H), 6.89 (d, 2 H, J = 8.6 Hz, 2-
H), 7.19 (d, 2 H, J = 8.6 Hz, 3-H). C-NMR (CDCls, 151 MHz): & = 14.4 (q, OCH,CHj3),
37.9 (g, SOCH3), 41.8 (d, C-5), 55.3 (q, OMe), 62.5 (t, OCH,CH3), 68.2 (d, C-7), 78.2 (t, C-
6), 114.8 (d, C-2), 126.8 (s, C-4), 129.3 (d, C-3), 159.9 (s, C-1), 165.1 (s, C-8). MS (EI): m/e
(%) =329 (<1) [M]", 220 (17), 219 (18), 205 (47), 191 (18), 179 (60), 177 (16), 147 (22), 134
(18), 133 (25), 132 (100), 121 (21), 118 (18), 117 (17), 105 (27), 90 (15), 89 (24), 88 (51), 77
(26), 64 (20), 63 (32), 59 (19). HR-MS (EI) [M]: calcd for [C14H;9NO4S]": 329.0928, found
329.0942. HR-MS (ESI") [M+H]": calcd for [C14H20NO4S]": 330.1006, found 330.1005.

“only NMR signals for major diastereomers given

Reaction of the sulfur ylide 1a with the nitrostyrene 7b

O\\N+/O_ B COQEt O\Nf—/o_
\ S+Me2 / ( COzEt
1a
LS+|V|ez
CH20|2 —Mezs
MeO 7b | MeO 9 i MeO

5-Ethyl 2,3-dimethyl 4-(4-methoxyphenyl)tetrahydro-2H-isoxazolo[2,3-b]isoxazole-2,3,5-
tricarboxylate (11). To a stirred solution of ethyl (dimethyl-A*-sulfanylidene)acetate la
(65.2 mg, 440 umol) in CH,Cl, (2 mL) was added dropwise a solution of nitrostyrene 7b
(75.0 mg, 419 umol) in CH,Cl, (2mL) and subsequently dimethyl maleate (0.15 mL,
0.90 mmol). After 17 h of stirring at room temperature, the resulting dark red reaction mixture
was evaporated under reduced pressure. Purification of the crude product by column
chromatography (silica gel, n-pentane/EtOAc 3:1 — 2:1) furnished 11 as a colorless oil

(21 mg, 51 pmol, 12 %, one diastereomer).
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RAP 55.2

Rt (n-pentane/EtOAc 2:1, v/v): 0.22. '"H-NMR (DMSO-ds, 400 MHz): §=1.17 (t, 3H, J =
7.1 Hz, OCH,CHs), 3.57 (s, 3 H, CO:Me), 3.66 (s, 3 H, CO,Me), 3.75 (s, 3 H, Ar-OMe), 4.03
(dd, 1 H, J = 8.4, 3.4 Hz, 4-H), 4.07-4.16 (m, 3 H, OCH,CHj3, 2-H), 4.19 (dd, 1 H, J = 4.9,
3.5 Hz, 3-H), 4.68 (d, 1 H, J = 5.8 Hz, 1-H), 5.29 (d, 1 H, J = 8.4 Hz, 5-H), 6.94 (d, 2 H, J =
8.8 Hz, 8-H), 7.31 (d, 2 H, J = 8.8 Hz, 7-H). "C-NMR (DMSO-ds, 101 MHz): 5= 13.8 (q,
OCH,CHj3), 52.0 (d, C-4), 52.17 (g, CO,Me), 52.24 (d, C-2), 52.4 (q, CO:Me), 55.0 (q, Ar-
OMe), 61.1 (t, OCH,CH3), 77.5 (d, C-5), 79.8 (d, C-3), 83.8 (d, C-1), 114.3 (d, C-8), 128.7 (d,
C-7), 131.1 (s, C-6), 158.6 (s, C-9), 168.0 (s, CO from CO,Me), 169.1 (s, CO from CO,Et),
169.4 (s, CO from CO,Me). HR-MS (ESI") [M+H]": calcd for [Ci9H24NOo]": 410.1446,
found 410.1445.

4.3 Kinetics

4.3.1 Reactions of the Ylides 1a,b and the Carbanions 1c,d with the Reference
Electrophiles 2a—k

Table 4:Kinetics of the reaction of la with 2a in DMSO at 20°C (stopped-flow UV-Vis spectrometer, A =
613 nm).

No.  [Elo/molL" [Nulg/molL"  keps/s" 120 1y =2695E+05x + 1.156E+01
nfh36-1  126x10°  131x10% 474 x 10’ o | R = 9990801
nth36-2 1.26x 107 1.69 x 10 5.68 x 10 o
nfh36-3 126 x10°  2.06 x 10 6.69 x 10! 3 807
nth36-4 126x10° 244 x 10" 7.67 x 10' - 20 |
nfh36-5 1.26x10” 2.81 x 10" 8.80 x 10’
ke =270 10°L mol”s” ’ 0 0.0001 0.0002 0.0003 0.0004

[Nu] / mol Lt
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Table 5:Kinetics of the reaction of la with 2b in DMSO at 20°C (stopped-flow UV-Vis spectrometer, A =

624 nm).

No. [Elo/ mol L' [Nuly/ mol L Kops/ s
nfh 15-1 223 x107° 3.14 x 10 431 x10'
nfh 15-4 223 x 107 471 %10 6.26 x 10
nfh 152 223 x 107 6.27 x 10 8.34 x 10’
nfh 15-5 223 x 107 7.84 x 10" 1.05 x 10
nfh 15-3 223 x 107 9.41 x 10" 1.26 x 10

k,=1.33 x 10° L mol*s*

Ko /st

160

120

80

40

y = 1.327E+05x + 7.400E-01
R? =9.997E-01

0 0.0003 0.0006 0.0009 0.0012
[Nu] / mol L

Table 6:Kinetics of the reaction of 1a with 2c in DMSO at 20°C (stopped-flow UV-Vis spectrometer, 4 =

624 nm).

No. [Elo/mol L' [Nu]y/ mol L™ kops/ s
nfh 14-1 2,19 x 107 3.14x 10" 4.11
nfh 142 2.19 x 107 6.27 x 107 8.05
nfh 14-5  2.19 x 107 7.84 %10 1.02 x 10'
nfh 14-3  2.19 x 107 9.41 x 10 1.22 x 10
nfh 14-4  2.19 x 107 1.26 x 107 1.67 x 10

k, =1.34 x 10* L mol*s*

[y =1.336E+04x - 2.280E-01
R?2 =9.991E-01

0.0004 00008 0.0012 0.0016
[Nu] / mol Lt

Table 7:Kinetics of the reaction of la with 2d in DMSO at 20°C (stopped-flow UV-Vis spectrometer, A =

632 nm).

No. [Elo/ mol L' [Nu]y/ mol L kops/ 8!
nfh13-1  1.01 x 107 2.01x10* 1.21
nfh 132 1.01 x 107 6.03 x 10 423
nfh13-3  1.01 x 107 1.01 x 107 7.15
nfh 13-4 1.01 x 107 1.41 %107 1.00 x 10"
nfh13-5  1.01 x 107 1.81 %107 1.30 x 10"

k,=7.30 x 10° L mol™* s

110

Kops!S™

15 ¢

12

y =7.299E+03x - 2.195E-01
R? = 9.999E-01

0

0.0005 0.001 0.0015 0.002
[Nu] / mol L%
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Table 8:Kinetics of the reaction of 1a with 2e in DMSO at 20°C (stopped-flow UV-Vis spectrometer, 4 =

632 nm).

No. [Elo/ mol L' [Nuly/ mol L kg / 87
nfh12-1  1.18 x 107 330 x 10 8.29 x 10"
nfh12-2  1.18 x 107 6.60 x 10™* 1.62
nfh12-3  1.18 x 107 9.90 x 10 2.54
nfh 12-4  1.18 x 107 1.32x 107 3.37
nfh 12-5  1.18 x 107 1.65 %107 4.18

k, = 2.56 x 10° L mol™* s

0.002

51 y=2562E+03x - 2.780E-02
A R = 9.995E-01
3 F
2
1 L
o 1 1 1 ]
0 0.0005 0001  0.0015
[Nu] / mol Lt

Table 9:Kinetics of the reaction of 1la with 2f in DMSO at 20°C (stopped-flow UV-Vis spectrometer, 4 =

422 nm).

No. [Elo/ mol L' [Nu]y/ mol L kops/ s
nfh20-6  3.79 x 107 471 %10 1.19 x 10"
nfh20-1  3.79 x 107 6.27 x 10" 1.49 x 107!
nfh20-2  3.79 x 107 7.84x 10 1.86 x 10"
nfh20-3  3.79 x 107 9.41x 10" 226 x 10"
nfh20-4  3.79 x 107 1.10 x 107 2.60 x 107
nfh20-5  3.79 x 107 1.25 x 107 2.99 x 107

k,=2.32 x 10°L mol*s*

log k 2
w

Determination of the N -Parameter for 1a
(Correlation of log k , for the Reactions of 1a with 2a—f
Versus the Blectrophilicity Parameters E for 2a—f)

R?=9.84543E-01

y=6.08760E-01x+ 9.64773E+00

-14 -12

-10

111

Kops/ St

0.0016

04T y = 2.319E+02x + 6.457E-03
R2 = 9.987E-01
03}
02}
01}
O 1 1 1 1
0 0.0004 0.0008  0.0012
[Nu] / mol L
N=15.85
s=0.61
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Kinetic investigations of the reactions of the ylide 1b with the reference electrophiles 2a—

fin DMSO

Table 10: Kinetics of the reaction of 1b with 2a in DMSO at 20°C (stopped-flow UV-Vis spectrometer, 1 =

613 nm).

No. [E]o/ mol L! [Nu]o/ mol L! kops/ s
RAK 15.5-1 1.75x 107 1.86 x 10 7.68 x 10
RAK 1552 1.75x 107 2.54x 10" 1.02 x 107
RAK 155-3  1.75x 107 3.22x 10" 1.24 x 10
RAK 15.5-4 175 x 107 3.90 x 10 1.47 x 10°
RAK 15.5-5 175 x 107 458 x 10™ 1.72 x 10?

k,=3.47 x 10° L mol* s

200

[y =3.472E+05x + 1.255E+01
R? =9.995E-01

0 000015 0.0003 0.00045 0.0006
[Nu] / mol L

Table 11: Kinetics of the reaction of 1b with 2b in DMSO at 20°C (stopped-flow UV-Vis spectrometer, 1 =

623 nm).

No. [Elo/ mol L' [Nuly/ mol L ks / 7
RAK 154-3 247x10° 2.84 x 10 5.97 x 10'
RAK 15.4-1 247 x 107 3.79 x 10 7.75 x 10"
RAK 15.4-4 247 %107 473 x 10 9.87 x 10
RAK 1542 247 %107 5.68 x 10 1.18 x 10
RAK 15.4-5 247 x 107 6.62 x 10 1.38 x 10?

k, =2.08 x 10° L mol* s

K/ S*

160

120

80

40

[y = 2.083E+05x - 1.700E-01
R? = 9.995E-01

0 0.0002 0.0004 0.0006 0.0008
[Nu] / mol L

Table 12: Kinetics of the reaction of 1b with 2¢c in DMSO at 20°C (stopped-flow UV-Vis spectrometer, 1 =

623 nm).

No. [Elo/ mol L' [Nuly/ mol L kops/ 7
RAK 153-1  2.40 x 107 3.79 x 10 6.94
RAK 153-2 240 x 107 5.68 x 10 1.07 x 10
RAK 15.3-3  2.40 x 107 7.57x10* 1.44 x 10"
RAK 153-4 240 x 107 9.46 x 10™ 1.81 x 10'
RAK 153-5 240 x 107 1.14 x 107 2.17x 10

k, =1.95 x 10* L mol*s*

112

24
y = 1.950E+04x - 4.000E-01
2 = -
8l R? = 9.999E-01
12 |
6 }
0 1 1 1 1
0 0.0003 0.0006 0.0009  0.0012
[Nu] / mol Lt
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Table 13: Kinetics of the reaction of 1b with 2d in DMSO at 20°C (stopped-flow UV-Vis spectrometer, 4 =

630 nm).

No. [Elo/ mol L' [Nuly/ mol L Kops/ 8!
RAK 152-1  2.35x 107 3.91x10* 322
RAK 1522  235x10° 587 x10* 4.92
RAK 152-3  2.35x 107 7.83 x 10 6.79
RAK 152-4 235x107° 9.79 x 10™* 8.50
RAK 152-5 2.35x107° 1.17 x 107 1.03 x 10

k, =9.06 x 10° L mol™* s

12

[y =9.064E+03x - 3.500E-01
R? =9.998E-01

0 0.0004  0.0008  0.0012
[Nu] / mol Lt

0.0016

Table 14: Kinetics of the reaction of 1b with 2e in DMSO at 20°C (stopped-flow UV-Vis spectrometer, 1 =

630 nm).
No. [Elo/ mol L' [Nuly/ mol L Kops/ s 4r
y =3.071E+03x - 1.440E-01
RAK 15.1-1 230 x 10° 3.91 x 10™ 1.07 . R? = 9.999E-01
RAK 15.1-2  230x10° 587 x10* 1.65 -
7]
RAK 15.1-3 230 x 107 7.83x 10 2.25 2
RAK 15.1-4 230x10°  9.79 x 10* 2.86 = .
RAK 15.1-5 230x10° 1.17 x 107 3.47
k, =3.07 x 10° L mol* s 0 ' ' ' !
0 0.0003 0.0006 0.0009 0.0012
[Nu] / mol L
Table 15: Kinetics of the reaction of 1b with 2f in DMSO at 20°C (stopped-flow UV-Vis spectrometer, 4 =
422 nm).
No. [E]o/ mol L' [Nulo/molL"  kyy/s" 08 [y = 4.004E+02x +3.757E-03
RAK 15.6-1  398x10°  509x10*  2.06x 10" 0s | R =9.999E.01
RAK 1562 398x10°  678x10"  2.75x10" .
RAK 15.6-3 3.98x10° 848 x10* 343 x10" 3 04
X
RAK 15.6-4  3.98 x 107 1.02x10° 413 x 10" oz |
RAK 15.6-5 3.98x10° 1.19 x 10°  4.80x 10
RAK 15.6-6  3.98 x 107 1.70 x 10°  6.81 x 10™ 0 ' ' ' '
. T 0 0.0005 0.001 0.0015 0.002
k, = 4.00 x 10 L mol* s i)/ ol L2
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Determination of the N-Parameter for 1b
(Correlation of log k , for the Reactions of 1b with 2a—f
Versus the Electrophilicity Parameters E for 2a—f)

y=5.96850E-01x + 9.68418E+00

6 2
R“=9.73410E-01
45 |
< 3l N=16.23
=)
15 L s =0.60
0 1 1 1 1
-14 -12 -10 -8 -6

Kinetic investigations of the reactions of the carbanion 1c with the reference
electrophiles 2d—j in DMSO

Table 16: Kinetics of the reaction of 1¢ with 2d in DMSO at 20°C (addition of 0-2.0 equiv of 18-crown-6,
stopped-flow UV-Vis spectrometer, A= 633 nm).

No. [Elo/mol L' [Nul]o/molL" [18-crown-6]/mol L  kys/s"
RAK 21.4-1 1.08x 107 1.79 x 10 - 6.14 x 10
RAK 21.4-2 1.08x 107 2.98 x 10 4.68 x 10™ 1.04 x 107
RAK 21.4-3  1.08x 107 4.17 x 10™ - 1.45 x 10?
RAK 21.4-4 1.08x 107 536x 10" 1.09 x 107 1.83 x 107
RAK 21.4-5 1.08x 107 6.55 x 10" - 2.23 x 10?

k,=3.38 x 10° L mol?* s*

300

y = 3.376E+05x + 2.510E+00
R% = 9.996E-01

0 1 1 1 1
0 0.0002 0.0004 0.0006 0.0008

[Nu-] / mol Lt
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Table 17: Kinetics of the reaction of 1c with 2e in DMSO at 20°C (addition of 0-2.0 equiv of 18-crown-6,
stopped-flow UV-Vis spectrometer, A = 633 nm).

No. [Elo/mol L' [Nulo/molL" [18-crown-6]/mol L'  ku/s™
RAK 21.3-1 1.01x107 1.79 x 10 - 2.70 x 10
RAK 21.3-2  1.01x10° 2.98 x 10 4.68 x 10™ 4.61 x 10"
RAK 21.3-3  1.01x 107 4.17 x 10™ - 6.63 x 10"
RAK 21.3-4 1.01x 107 536x 10" 1.09 x 107 8.43 x 10"
RAK 21.3-5 1.01 x 107 6.55x 10" - 1.04 x 10?

k,=1.61x 10° L molts?

120 vy =1.613E+05x - 1.730E+00
R? = 9.998E-01

2 |
)
~ 60 f
xo

30}

0 1 1 1 1

0 0.0002 0.0004 0.0006 0.0008

[Nu7]/ mol L

Table 18: Kinetics of the reaction of 1c with 2f in DMSO at 20°C (addition of 0-1.5 equiv of 18-crown-6,
stopped-flow UV-Vis spectrometer, A =422 nm).

No. [Elo/mol L' [Nulo/molL" [18-crown-6]/mol L'  ku/s™
RAK 21.1-1  2.61x10° 3.57x 10 - 3.32
RAK 21.1-2  2.61x107° 5.96 x 10 7.80 x 107 5.73
RAK 21.1-3 261 x 107 8.34 x 10" - 8.11
RAK 21.1-4  2.61x 107 1.07 x 107 1.56 x 107 1.07 x 10
RAK 21.1-5  2.61x 107 131 %107 - 1.32 x 10"

k, =1.04 x 10* L mol*s?

16 r y = 1.038E+04x - 4.435E-01
R? = 9.997E-01

12 b
Tn
= 8t
xD

4 |

O 1 1 1 1

0 0.0004 0.0008 0.0012 0.0016
[Nu]/ mol L
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Table 19: Kinetics of the reaction of 1¢ with 2f in DMSO at 20°C (deprotonation of 1c-H with 0.497 equiv of
KOf#Bu, addition of 0-1.5 equiv of 18-crown-6, stopped-flow UV-Vis spectrometer, A =422 nm).

No. [Elo/mol L' [Nul]o/molL" [Nu-H]o/molL" [18-crown-6]/molL"  kye/s"
RAK 21.5-1 271 %107 4.83 x 10™ 4.88 x 10™ - 4.60
RAK 21.5-2 271 x10° 6.76 x 10* 6.82 x 10 7.80 x 10* 6.57
RAK 21.5-3 271 %107 8.69 x 10 8.77 x 10 - 8.36
RAK 21.5-4 271 x 107 1.06 x 1073 1.07 x 107 1.56 x 107 1.07 x 10
RAK 21.5-5 2.71x 107 1.25 %1073 1.27 x 107 - 1.24 x 10

k, =1.02 x 10* L mol*s?
16
y = 1.022E+04x - 3.525E-01
R2 =9.981E-01
12 |
W
\3 8 L
xc
4 +
O 1 1 1 1
0 0.0004 0.0008 0.0012 0.0016
[Nu]/mol L

Table 20: Kinetics of the reaction of 1¢ with 2g in DMSO at 20°C (addition of 0-1.6 equiv of 18-crown-6,
stopped-flow UV-Vis spectrometer, A = 533 nm).

No. [Elo/mol L' [Nul]o/molL" [18-crown-6]/mol L'  ku/s™
RAK 21.2-1  2.46 x 107 4.77 x 10™ - 5.22x 10"
RAK 21.2-2 246 x 107 7.15 %10 9.36 x 10 7.95 % 10
RAK 21.2-3 246 x 107 9.53 x 10* - 1.07
RAK 21.2-4  2.46 x 107 1.19 x 1073 1.87 x 1073 1.36
RAK 21.2-5 2.46x 107 143 x 107 - 1.63

k,=1.17 x 10° L mol?* st
2 -
y =1.167E+03x - 3.700E-02
R2 = 9.999E-01
15 f
W
\3 1 L
xc
05
0 1 1 1 1
0 0.0004 0.0008 0.0012 0.0016
[Nu]/mol L
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Table 21: Kinetics of the reaction of 1¢ with 2h in DMSO at 20°C (addition of 0-1.7 equiv of 18-crown-6, diode
array UV-Vis spectrometer, A =371 nm).

No. [Elo/mol L' [Nul]o/molL" [18-crown-6]/mol L'  kus/s™
RAK 21.6-1 3.07 x 107 3.15x 10 - 8.50 x 107
RAK 21.6-2 328 %107 530 x 10" 7.97 x 10™ 1.43 x 107
RAK 21.6-3  3.63 %107 7.24 x 10" - 1.94 x 107
RAK 21.6-4 3.75x 107 9.26 x 10™* 1.54 x 107 2.52 x 107
RAK 21.6-5 4.16x 107 1.12 x 107 - 3.02 x 107

k,=2.72x 10' L molts?

0.04
y =2.717E+01x - 1.105E-04
R? = 9.998E-01

0.03
»
~, 0.02 |
xD

0.01

O 1 1 1 ]
0 0.0004 0.0008 0.0012 0.0016
[Nu=]/ mol L

Table 22: Kinetics of the reaction of 1¢ with 2i in DMSO at 20°C (addition of 0-1.5 equiv of 18-crown-6, diode
array UV-Vis spectrometer, A =393 nm).

No. [Elo/mol L' [Nul]o/molL" [18-crown-6]/mol L'  ku/s™
RAK 21.7-1  4.11x 107 423 x10™ - 6.87 x 107
RAK 21.7-2  3.97x107° 6.34 x 10™ 7.99 x 10 1.04 x 107
RAK 21.7-3  4.07 x 107 8.38 x 10™ - 1.37 x 107
RAK 21.7-4 3.85x 107 1.03 x 107 1.55x 107 1.70 x 107
RAK 21.7-5  3.99 x 107 123 %107 - 2.02 x 107

k, = 1.65 x 10' L mol*s?

0.024 vy =1.647E+01x - 6.996E-05

R? = 9.999E-01
0.018
»
-, 0.012
xD
0.006 [
0 1 1 1 ]
0 0.0004 0.0008 0.0012 0.0016
[Nu]/ mol L*
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Table 23: Kinetics of the reaction of 1¢ with 2j in DMSO at 20°C (addition of 0-1.5 equiv of 18-crown-6, diode
array UV-Vis spectrometer, 4 =486 nm).

No. [Elo/mol L' [Nul]o/molL" [18-crown-6]/mol L'  kus/s™
RAK 21.8-1 3.62x107° 421x10* - 1.24 x 107
RAK 21.8-2 4.18x 107 7.00 x 10™ 9.31x10* 1.95x 107
RAK 21.8-3 424x10° 9.57 x 10™ - 2.60 x 107
RAK 21.8-4 4.11x107° 122 %107 1.83 x 107 326 %107
RAK 21.8-5 426x107° 1.51 x 107 - 4.01 %107

k,=2.54 L mol™*s?

0.006
y = 2.540E+00x + 1.702E-04
R? = 1.000E+00
0.0045
E
\B 0.003
x0
0.0015
0 1 1 1 ]
0 0.0005 0.001 0.0015 0.002
[Nu]/ mol L

Determination of the N -Parameter for 1c
(Correlation of log k , for the Reactions of 1c with 2d-
j Versus the Hectrophilicity Parameters E for 2d-j)

6 r  y=6.58710E-01x+ 1.18554E+01
R?=9.97921E-01

log k 2
w

N=18.00
0 1 1 1 1 ] s=0.66
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Kinetic investigations of the reactions of the carbanion 1d with the reference
electrophiles 2f-k in DMSO

Table 24: Kinetics of the reaction of 1d with 2f in DMSO at 20°C (addition of 0-3.4 equiv of 18-crown-6,
stopped-flow UV-Vis spectrometer, 4 =422 nm).

No. [E]y/ mol L! [Nu]y/ mol L! [18-crown-6] / mol L! kops/ s
RAK 22.1-1  2.72x 107 2.84 x 10 - 6.43 x 10"
RAK 22.1-2  2.72x 107 426 x10* 1.20 x 107 9.63 x 10"
RAK 22.1-3 2.72x 107 5.69 x 107 - 1.29 x 10
RAK 22.1-4 2.72x10° 7.11 x 10 2.40 x 107 1.62 x 107
RAK 22.1-5 2.72x 107 8.53x 10" - 1.94 x 107

k,=2.29 x 10° L mol?*s?

240 r y =2 287E+05x - 9.200E-01

R? = 1.000E+00
180 |

1
Kops!S
=
N
o
T

0 1 1 1 Il
0 0.00025 0.0005 0.00075 0.001

[Nu-] / mol L2

Table 25: Kinetics of the reaction of 1d with 2g in DMSO at 20°C (addition of 0-2.1 equiv of 18-crown-6,
stopped-flow UV-Vis spectrometer, 4 =533 nm).

No. [Elo/mol L' [Nul]o/molL" [18-crown-6]/mol L  kys/s"
RAK 22.2-1 2.16x10° 2.84x 10" - 9.19
RAK 2222 2.16x107° 5.69 x 107 1.20 x 107 1.94 x 10"
RAK 222-3 2.16x107° 8.53x10* - 2.83 x 10"
RAK 22.2-4 2.16x 107 1.14 x 107 2.40 x 107 3.91 x 10
RAK 22.2-5 2.16x 107 1.42 x 107 - 4.80 x 10"

k, = 3.42 x 10* L mol?* st
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60
y = 3.423E+04x - 3.980E-01
R? = 9.992E-01

45
s
~ 30}
x0

15 |

0 1 1 1 ]

0 0.0004 0.0008 0.0012  0.0016
[Nu] / mol Lt

Table 26: Kinetics of the reaction of 1d with 2g in DMSO at 20°C (deprotonation of 1d-H with 0.593 equiv of
KO#Bu, addition of 0-2.2 equiv of 18-crown-6, stopped-flow UV-Vis spectrometer, A = 533 nm).

No. [Elo/mol L' [Nul]o/molL" [Nu-H]o/molL"' [18-crown-6]/molL"  kye/s"
RAK 22.5-1 2.16x 107 2.74 %10 1.88x 10 - 9.00
RAK 22.5-22  2.16x 107 5.49 x 10 3.77x 10 1.20 x 107 1.92 x 10
RAK 22.5-3  2.16x 107 8.23 x10* 5.65x 10 - 2.89 x 10
RAK 22.5-4 2.16x 107 1.10 x 107 7.54 %10 2.40 x 107 3.76 x 10"
RAK 22.5-5 2.16x 107 137 %107 9.42 %10 - 470 x 10

k, =3.44 x 10* L mol™* s

60 y = 3.441E+04x + 2.000E-02
R? = 9.992E-01
45 |
)
~ 30 |
xD
15 |
0 1 1 1 ]
0 0.0004 00008 00012 0.0016
[Nu] / mol L2
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Table 27: Kinetics of the reaction of 1d with 2h in DMSO at 20°C (addition of 0-2.0 equiv of 18-crown-6,
stopped-flow UV-Vis spectrometer, A = 380 nm).

No. [Elo/mol L' [Nul]o/molL" [18-crown-6]/mol L'  ku/s™
RAK 22.3-1 2.76x 107 2.99 x 10 - 3.95x 10"
RAK 22.3-2 276 x 107 597 x10* 1.20 x 107 7.82 % 107!
RAK 22.3-3  2.76 x 107 8.96 x 10™ - 1.21
RAK 22.3-4 2.76x 107 1.19 x 107 2.40 %107 1.60
RAK 22.3-5 276 x 107 1.49 x 107 - 1.99

k,=1.34 x 10° L mol?*s*

[y =1.342E+03x - 7.000E-03
R? = 9.997E-01

0 0.0004 0.0008 0.0012 0.0016

[Nu]/ mol L

Table 28: Kinetics of the reaction of 1d with 2i in DMSO at 20°C (addition of 0-2.0 equiv of 18-crown-6,
stopped-flow UV-Vis spectrometer, A = 380 nm).

No. [Elo/mol L' [Nul]o/molL" [18-crown-6]/mol L'  ku/s™
RAK 22.4-1 2.75x107 2.99 x 10 - 2.38x 10"
RAK 22.4-2 2.75x10° 597 x 10" 1.20 x 107 4.81 %10
RAK 22.4-3 2.75x 107 8.96 x 10™ - 7.38 x 10!
RAK 22.4-4 275x 107 1.19 x 107 240 x 107 9.82x 10"
RAK 22.4-5 2.75x 107 1.49 x 107 - 1.20

k,=8.12 x 10 L mol*s*

16
y =8.121E+02x + 3.000E-04
R? = 9.992E-01
1.2 +
»
~ 08
xD
04
O 1 1 1 ]
0 0.0004 0.0008 0.0012 0.0016
[Nu]/mol L
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Table 29: Kinetics of the reaction of 1d with 2j in DMSO at 20°C (deprotonation of 1d-H with 0.593 equiv of
KOf#Bu, addition of 0-2.2 equiv of 18-crown-6, stopped-flow UV-Vis spectrometer, A = 533 nm).

No. [Elo/mol L' [Nulo/mol L' [Nu-H],/molL" [18-crown-6]/mol L kops/ 8!
RAK 22.6-1  2.64 x 107 8.23 x 10 5.65x 10 - 1.05 x 10"
RAK 22.6-2 2.64x10° 1.10 x 107 7.54 %10 240 %107 1.40 x 10™!
RAK 22.6-3  2.64 x 107 1.37x 107 9.42 x 10 - 1.76 x 10™
RAK 22.6-4  2.64 x 107 1.65 %107 1.13x 107 240 %107 2.15x 10"
RAK 22.6-5  2.64 x 107 1.92 x 107 1.32x 107 - 2.46 %10

k,=1.30 x 10 L mol*s*

[y =1.301E+02x - 2.100E-03
R? = 9.990E-01

O 1 1 1 ]
0 0.0005 0.001  0.0015 0.002

[Nu-] / mol Lt

Table 30: Kinetics of the reaction of 1d with 2k in DMSO at 20°C (addition of 0-2.0 equiv of 18-crown-6, diode
array UV-Vis spectrometer, A =521 nm).

No. [Elo/mol L' [Nul]o/molL" [18-crown-6]/mol L'  ku/s™
RAK 22.7-1 226x 107 3.00 x 10" - 1.28 x 107
RAK 22.7-2  2.95x 107 5.11x10* 9.34x 10" 2.24 x 107
RAK 22.7-3  2.99x 107 6.96 x 10™* - 3.05 x 107
RAK 22.7-4 356 %107 8.92x 10" 1.80 x 107 3.89 x 107
RAK 22.7-5 3.70 x 107 1.08 x 107 - 477 x 107

k, = 4.43 x 10* L mol?* st

0.06 r
y = 4.428E+01x - 3.922E-04
R? = 9.999E-01

0.045
o

\E 0.03
x0

0.015

0 1 1 1 Il

0 0.0003 0.0006 0.0009 0.0012
[Nu-] / mol L
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Determination of the N -Parameter for 1d
(Correlation of log k , for the Reactions of 1d with 2f—k
Versus the Eectrophilicity Parameters E for 2f—k)

y=6.35818E-01x + 1.31052E+01
R?=9.98102E-01

log k2
O B N W M 01 O
T

N=120.61
s=0.64

4.3.2 Reactions of the Ylide 1a and the Carbanions 1c,d with the Nitrostyrenes

7a,b

Kinetic investigation of the reaction of the ylide 1a with nitrostyrene 7b in DMSO

Table 31: Kinetics of the reaction of la with nitrostyrene 7b in DMSO at 20°C (diode array UV-Vis

spectrometer, A =363 nm).

No. [E]y/ mol L! [Nu]o/ mol L! kops/ 8!
RAK 23.3-2-1  4.16 x 107 429 x10* 230107
RAK 23.3-2-2  4.86 x 107 6.41 x 10" 3.55x 107
RAK 23.3-2-3 490 x 107 8.61 x10*  4.75x107
RAK 23.3-2-4 4.88x 107 1.07x10°  5.84x 107
RAK 23.3-2-5  4.79 x 107 126x10°  6.88x 107

k, =5.46 L molts?

123

0.008 r y =5460E+00x + 6.215E-06
R? = 9.995E-01

0.006 |
)
~, 0.004
xO

0.002 |

0 1 1 1 ]
0 0.0004 0.0008 0.0012

[Nu] / mol Lt
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Kinetic investigations of the reactions of the carbanion 1c with the nitrostyrenes 7 in
DMSO

Table 32: Kinetics of the reaction of 1c with nitrostyrene 7a in DMSO at 20°C (stopped-flow UV-Vis

spectrometer, A= 330 nm).

0.2 r
No. [Elo/mol L' [Nulo/mol L’  kupe/s™ y = 1.246E+02x - 4.800E-03

RAK 21.9-1 3.76 x 107 508x10* 588 x 102 015 | R =9.981E01
RAK 21.9-2  3.76 x 107 7.62x 10" 890 x 107
RAK 21.9-3  3.76 x 107 1.02 x 107 121 x 10"
RAK 21.9-4 376 x 107 127x10° 157 x 10" 0.05
RAK 21.9-5 3.76 x 107 1.52 x 107 1.83 x 10"

0.1

K ps!/S*

0 0.0004 0.0008 0.0012 0.0016

k,=1.25x 10 L mol?*s?

[Nu7]/ mol L

Table 33: Kinetics of the reaction of 1c with nitrostyrene 7b in DMSO at 20°C (stopped-flow UV-Vis

spectrometer, A =360 nm).

No. [Elo/ mol L [NuJo/mol L kg/s" M y = 3.982E+01x - 3.300E-04
RAK 21.10-1  3.74 x 10” 7.62x10% 296 x 107 0.075 | R = 9.994E-01
RAK 21.10-2  3.74 x 107 1.02 x 107 4.03 x 102 1”
RAK 21.10-3  3.74 x 107 127%x10° 508 x 10?2 E 0.05
RAK 21.10-4  3.74 x 107 1.52x10°  6.02x 10~ 0.025 L
RAK 21.10-5  3.74 x 107 178 x 107 7.02 x 107
ke = 3.98 x 10°L mol*s™ ’ 0 0.0005 0.001 0.0015 0.002
[Nu]/ mol L

Kinetic investigations of the reactions of the carbanion 1d with the nitrostyrenes 7 in
DMSO

Table 34: Kinetics of the reaction of 1d with nitrostyrene 7a in DMSO at 20°C (stopped-flow UV-Vis

spectrometer, A= 330 nm).

No. [Elo/mol L [NuTJo/mol L ke/s” oroyE 12;? :EFQOS)QSESOSF 001
RAK 22.8-1 3.96x 107 4.53 x 10 4.85 12 t
RAK 22.8-2  3.96 x 107 6.80 x 10™ 7.77 P
RAK 22.8-3  3.96 x 10” 9.07 x 10" 1.04 x 10 ;ﬂ 8T
RAK 22.8-4 3.96 x 107 1.13 x 107 1.32 x 10" al
RAK 22.8-5 3.96 x 107 1.36 x 107 1.59 x 10"
ko=1.21x10° L mol™ 5™ ° 0 00004 00008 00012 0.0016

[Nu] / mol L2
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Table 35: Kinetics of the reaction of 1d with nitrostyrene 7b in DMSO at 20°C (stopped-flow UV-Vis

spectrometer, 4 =360 nm).

No. [Elo/mol L' [Nulo/mol L' kgpe/s” 6 r

y = 3.480E+03x + 6.800E-02

RAK 22.9-1 3.82x 107 4.53 x 10™ 1.63 R? = 9.998E-01

RAK 2292 3.82x10° 6.80 x 10™ 2.46
RAK 22.9-3 3.82x107° 9.07 x 10™ 321
RAK 22.9-4 3.82x10° 1.13x 107 4.03
RAK 22.9-5 3.82x10° 1.36 x 107 4.79

k, = 3.48 x 10° L mol* st

0 0.0004 0.0008 0.0012 0.0016
[Nu-] / mol Lt
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Chapter 5: Scope and Limitations of Cyclopropanations
with Sulfur Ylides

Roland Appel, Nicolai Hartmann, and Herbert Mayr
J. Am. Chem. Soc. 2010, 132, 17894-17900.

1 Introduction

Sulfur ylides have emerged to an important class of reagents in organic synthesis. Though the
first report on the isolation of a sulfur ylide by Ingold and Jessop was already published in
1930,l") a systematic investigation of sulfur ylides started only in the 1960s when these
compounds were recognized as versatile reagents for the preparation of three-membered
carbo- and heterocycles.!”! Eventually, the use of chiral sulfur ylides or chiral electrophilic
substrates gave rise to a variety of stereoselective sulfur ylide-mediated cyclization

[4b,5]

reactions.”! Detailed investigations of epoxidation,' cyclopropanation, and aziridination

%] revealed a common mechanistic course. In all cases, the sulfur ylide initially

reactions
attacks at an electrophilic carbon center (i.e., aldehyde, imine, or Michael acceptor) to form a
betaine intermediate, which undergoes an intramolecular nucleophilic displacement to yield

an epoxide, an aziridine, or a cyclopropane, respectively (Scheme 1).

Scheme 1: Mechanism of the Sulfur Ylide-Mediated Epoxidation-, Aziridination-, and

Cyclopropanation Reaction (Corey-Chaykovsky Reaction).[‘"5 6]

-
R3 ( 5

ﬁ /\‘J\D ”\]XRI: —_— X R
RS R? RS = RfoRz -rrSge R R*

X = O, N[EWG), C(H)EWG), C(EWG),

Depending on the reactivities of the sulfur ylides, the initial addition step of the sulfur ylide to
an aldehyde or an imine has been shown to be reversible or irreversible. 2o+ m6acd]
Stabilized sulfur ylides, i.e., acetyl-, benzoyl-, and ester-substituted sulfur ylides, are
considerably less reactive than the so-called semistabilized sulfur ylides, i.e., aryl-substituted
sulfur ylides, and do not undergo epoxidation reactions with aldehydes or react only under
harsh conditions.””™*! Obviously, the nucleophilicities of the ylides play an important role
for their synthetic applicability. Previous rationalizations of structure-reactivity relationships

of sulfur ylides focused on their basicities.” 47 However, due to the small amount of available
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pKan values of sulfur ylides and the poor correlation between basicity and nucleophilicity of
carbon-centered nucleophiles,”®! a quantitative comparison of the nucleophilicities of variably
substituted sulfur ylides as well as a comparison with other classes of nucleophiles has so far
not been possible.

In recent years, we have shown that the rates of the reactions of carbocations and Michael
acceptors (some of them are depicted in Table 1) with n-, n-, and o-nucleophiles can be
described by eq 1, where kpoc is the second-order rate constant in M! sfl, s is a nucleophile-
specific sensitivity parameter, N is a nucleophilicity parameter, and £ is an electrophilicity

parameter.
log kypec =s(N + E) (1)

On the basis of this linear free-energy relationship, we have developed the most
comprehensive nucleophilicity and electrophilicity scale presently available.® We have now
employed this method for characterizing the nucleophilicities of stabilized and semistabilized
sulfur ylides 1a—g (Scheme 2), and we will discuss the impact of these results for predicting

scope and limitations of cyclopropanation reactions of Michael acceptors with sulfur ylides.

Scheme 2: Benzoyl-Stabilized Sulfur Ylides la—d, Semistabilized Sulfur Ylides le—g, and
Ester-Stabilized Sulfur Ylide 1h.

Me28+ Me28+
- - (I)I MeZS+
.
0 MesS, )-
CH,~ EtO,C
RZ
Rl
R'=Br (la) R?=NO, (le) 19 1h
=H (1b) =CN (1f)
=OMe (1c)
= NMe, (1d)

130



Chapter 5: Scope and Limitations of Cyclopropanations with Sulfur Ylides

Table 1: Benzhydrylium Ions 2a—e, Michael Acceptors 2f—v, and their Electrophilicity

Parameters £.

Electrophile R E°
2a NMe, -7.02
R R 2b N(CHys -7.69

2¢ ind? ~8.76

2d  jul® 945

2 lil? ~10.04

Ph / O 2f  OMe —12.18

o R 29 NMe, -13.39
Ph

tBu / O 2h Me —15.83

o R 2i OMe ~16.11

tBu 2j NMe, -17.29

2k jul® ~17.90

0 2l OMe ~11.32

(T 2m NMe; 1356
Q 0 R e

2n  jul ~14.68

0 20 OMe ~10.37

Me‘jl\)i/\@ 2p NMe, -12.76

O”"N R 2q jul® ~13.84
Me

EtOZC\(\©\ 2r NO; -17.67

EtO,C R 25 CN ~18.06

2t mCl ~18.98

NC%\@\ 2u NMe, -13.30

NC R

OzNV/\©\ 2v. OMe -14.70
R

“ Electrophilicity parameters E of 2a—e were taken from ref 9b, of 2f—k from ref 9c, of 2l-n from ref 9g, 20—q
from ref 9h, of 2r-t from ref 9i, of 2u from 9d, and of 2v from ref 9k.
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2 Results

Reactions with Benzhydrylium lons. In order to establish the course of the reactions, which
were studied kinetically, we have characterized products of the reactions of the sulfur ylides
la—g with the benzhydrylium ion 2a. Owing to their low stability, the initially formed
addition products 3a—f were not isolated but immediately treated with thiophenolate to afford
the neutral addition products 4a—f, which are fully characterized in the Experimental Section

(Scheme 3).

Scheme 3: Reactions of the Sulfur Ylides la—f with Benzhydrylium Tetrafluoroborate
2a-BF,.

MezN . MeN Me,N
Qo™ Q5 e
- +
BFs R SMe, + Ph-S~K* SMe
+ —» e
DMSO - Ph-SMe
W, oN )
MezN MezN MezN
2a 1a—f 3a—f 4a—-f (65-95 %)

Treatment of 2a with the dimethylsulfoxonium ylide 1g and subsequent addition of
thiophenolate yielded the 2:1-product 49 (Scheme 4). Obviously, the initially generated 1:1-
addition product from 2a and 19 is rapidly deprotonated to give another sulfur ylide which
reacts with a second molecule of the electrophile 2a. Eventually, demethylation by

thiophenolate (according to Scheme 3) yields 4g.

Scheme 4: Reaction of the Sulfur Ylide 1g with Benzhydrylium Tetrafluoroborate 2a-BF,.

MesN
©2 ('s')+ NMe,  NMe,
0., ki
B Me
o Gy O
2 + (I?
O 2) Ph-S—K* O S O
DMSO
Me2N MezN NM62
2a 49 (43 %)

Reactions with Michael Acceptors. As the reactions of sulfur ylides with Michael acceptors
had already been known to yield cyclopropane derivatives (Scheme 1), product analyses have
only been performed for representative combinations of the sulfur ylides 1 with Michael

acceptors. The reactions of the semistabilized sulfur ylides le—g with the
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benzylideneindandiones 2I,m and the diethyl benzylidenemalonates 2r,s as well as the
reaction of the stabilized sulfur ylide 1h with benzylideneindandione 2l yielded the expected
cyclopropane derivatives 5 (Scheme 5). Due to the high tendency of dimethylsulfoxonium
ylide 1g for multiple addition (see Scheme 4), complex mixtures of products were formed in
the reactions of 1g with the other types of Michael acceptors. The treatment of the
benzylidenebarbituric acids 20,p with the sulfur ylides 1f and 1h did not yield cyclopropanes,
but the dihydrofuran derivatives 6a,b. As indicated in Scheme 6, the direct nucleophilic
displacement of dimethylsulfide by a carbonyl oxygen of the initially formed zwitterion
would lead to dihydrofurans 6°, which have a different substitution pattern than was actually
found for the compounds 6a,b (derived by 2D-NMR experiments). These findings suggest
that the dihydrofurans 6a,b are formed via a rearrangement of an intermediate cyclopropane

species 67"

Scheme 5: Reactions of the Semistabilized Sulfur Ylides 1e—g and the Stabilized Sulfur Ylide
1h with Different Michael Acceptors.

.
SMe,
BF,~
EWG
EWG._ _EWG %
]/ base Ar
Ar
2 (1e-H)-BF, 5a (X = NO,, 89 %, dr ~ 1:2)?
2m (1f-H)-BF, 5b (X = CN, 84 %)’
2r (1e-H)-BF, 5¢ (X = NO,, 86 %, dr ~ 1:1)?
2s (1f-H)-BF, 5d (X=CN, 89 %, dr ~ 1:1)?
EtO,C.__CO,Et “ EtO,C.__CO,Et
| HzC /@}

5e (74 %)

5f (87 %, dr ~ 1:3)

“ Reaction conditions: KOfBu, DMSO, rt. ° Reaction conditions: K,CO; (aq.)/CHCI;, rt; only one diastereomer

isolated.
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Scheme 6: Reactions of the Sulfur Ylides 1f and 1h with the Benzylidenebarbituric Acids 20
and 2p.

Me. J\ _Me —<+ Me sy -Me

SMez
)jA —

6a (R = CO,Et, 52 %, dr ~ 1:5)2

2p 1f 6b (R = 4-NC-CgH,, 56 %)°
o) ] o)
Me. )J\ Me Me. )J\ Me
N™ N
_ —»
o) o) o) o)
Ar R Ar R
i 6"
L SMe, _|
o)
Me\N)X\N,Me
not
O)ﬁ detected
Ar R
&

“ Reaction conditions: 1h, DMSO, rt. ” Reaction conditions: (1f-H)-BF,, K,CO; (aq.)/CHCls, rt; only one

diastereomer isolated.

In analogy to previous reports,’'*!!!

the reaction of the benzoyl-stabilized sulfur ylide 1c with
trans-4-methoxy-B-nitrostyrene (2v) does not give a cyclopropane but a dihydroisoxazole N-

oxide, which has been identified as described in the Experimental Section.

Kinetic Investigations have been performed in analogy to earlier studies.!"” However,
because of the low stability of the semistabilized ylides 1e,f, several modifications were
needed as described in detail in the Experimental Section. Table 2 shows a summary of the
second-order rate constants, which have been determined for the reactions of the sulfur ylides

la—h with the benzhydrylium ions 2a—e and the Michael acceptors 2f—v.
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Table 2: Experimental and Calculated Second-Order Rate Constants (M's™') for the
Reactions of the Sulfur Ylides 1 with the Electrophiles 2 in DMSO at 20°C.

Nucleophile Electrophile £,**P fepc2led?
N/s*
Me,S" 2a 571 x 10 7.37x10*
o - 2b 334 x10° 243 x 10*
2c 3.03x10°  4.12x 10°
2d 1.73x 10> 1.31 x 10°
la - 2e 572 x 10*  4.93 x 10?
13.78 / 0.72 2f 123 x 10" 1.42x 10"
Me,S " 2a 5.15x 10*  6.05 x 10*
ol 2b 3.06 x 10*  2.09 x 10*
2c 298 x10° 3.81 x 10°
2d 1.53x10°  1.27 x 10°
1b 2e 5.18 x 10> 4.99 x 107
13.95/0.69 2f 1.62 x 10" 1.66 x 10"
Me,S " 2a 146 x 10°  1.98 x 10°
o - 2b 7.54x 10" 6.62 x 10*
2c 8.06x 10° 1.15x 10*
2d 4.61x10° 3.73 x 10°
1c ove 28 1.50 x 10> 1.42 x 10°
14.48 /0.71 2f 5.01 x 10" 4.30 x 10
2v 580x 107" 6.98x 107!
Me,S " 2a 3.83x10° 4.26x10°
o - 2b 2.02x10° 1.56 x 10
2¢ 229%x 10" 3.15x 10
2d 1.31x10*  1.12 x 10*
1d Nie, 2e 5.05x10°  4.63 x 10°
15687065 2 1.82x 10> 1.88 x 10
Me,S" 2e 228 x10° 2.80x10°
- 2h 5.16 x 10" 4.83 x 10’
2i 327x 10" 3.17x 10
2l 5.96 x 10°  4.12 x 10*
ON 1o 2r 2.81 3.07
18.42/0.65
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Table 2: (Continued).

Nucleophile  Electrophile &, fepc?led?
N/s*

Me,S ™ 2j 3.97 x 10> 3.72 x 10
- 2m 1.77 x 10> 1.28 x 10°
2p 3.70 x 10°  4.48 x 10°
2r 1.51 x 10> 2.05 x 10?
NC ¢ 25 9.69 x 10" 1.11 x 10°
21.07/0.68 2t 3.48 x 10" 2.64 x 10
0 2d 1.63x10°  3.67 x 10°
MeS 2e 6.38 x 10" 1.94 x 10’
CH, 4c 5
1g 2e 6.36 x 10" 1.94 x 10
21.29/047  2f 1.65x10*  1.91 x 10*
29 3.53x10° 516 x 10°
2h 2.19 x 10> 3.68 x 10
2i 1.36 x 10> 2.72 x 10?
2 3.51x 10" 7.59 x 10!
2k 1.82x 10" 3.92x 10’
2m 827 x10°  4.30 x 10°
2n 247%x10°  1.28x10°
2p 3.27x 10 1.02 x 10*
2q 9.55x10°  3.17 x 10°
2r 7.84x 10" 5.03 x 10!
2u 6.69 x 10> 5.69 x 10°
Me,S " 2l 241 x10°  5.80 x 10
- 2m 1.14 x 10> 2.49 x 10’
EtO,C . 3
" 20 1.06 x 10*  2.20x 10

(15.85/0.61)"

“ Nucleophilicity parameters N and s derived by using eq 1, determination see below. ” Calculated by using eq 1
and the N and s parameters for the ylides 1 (column 1 of this Table) as well as the electrophilicity parameters £
for the benzhydrylium ions 2a—€ and the Michael acceptors 2f-Vv (see Table 1). © Deprotonation of the conjugate
CH acid Me;SO" I with 0.482 equiv of KO7Bu (for details see Experimental Section). ¢ Taken from ref 10.
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3 Discussion

Correlation Analysis. In order to determine the nucleophile-specific parameters N and s of
the sulfur ylides la—g, the second-order rate constants (log k») of their reactions with the
electrophiles 2 (see Table 2) were plotted against the electrophilicity parameters £ of 2a-v,
which have previously been derived from the rates of the reactions of 2a—Vv with electron-rich

Bo-deikl I Figure 1 these correlations are shown exemplarily for

ethylenes and carbanions.
the stabilized sulfur ylides 1b,d and the semistabilized sulfur ylides 1le,f. The correlations for
the other nucleophiles investigated in this work (1a,c,g) are of similar quality (see Table 2 and
Experimental Section) and allow the calculation of the nucleophile-specific parameters N and
s, which are listed in Table 2. The small deviations between the calculated and experimental
rate constants in Table 2 (72 % less than a factor of 1.5, 87 % less than a factor of 3.0, and
100 % less than a factor of 5) confirms that the rate-determining step of these reactions is
analogous to that from which the electrophilicity parameters £ of 2a—Vv have been derived.
The same electrophilicity parameters £ of carbocations and Michael acceptors, which have
previously been demonstrated to be suitable for predicting the rates of their reactions with
aliphatic and aromatic 7m-systems, carbanions, hydride donors, phosphines, and amines!®*

have thus been found to be also suitable for predicting the rates of their reactions with

stabilized and semistabilized sulfur ylides.

4-CN-CgH;  4-NO,-CgHs  4-Me,N-Bz

Me,S™* Me,S™* Me,S™*
1f . 1le .
6 - - - Bz
Me,S*
4 L 1b
2a
2b
log kz 2 r 2
2d
2e
0 | +
Ar/\Ar
2a-e
_2 1 1 1 1 1 1 1
-20 -18 -16 -14 -12 -10 -8 -6

Electrophilicity E ———————
Figure 1: Plots of log k, for the reactions of the stabilized sulfur ylides 1b,d and the
semistabilized sulfur ylides le,f with the electrophiles 2 (in DMSO at 20°C) versus the
electrophilicity parameters £ of 2. For the sake of clarity, the correlation lines for the ylides

la,c,g are only shown in the Experimental Section.
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The similarities of the slopes of the correlations for the dimethylsulfonium ylides 1a—f (Figure
1 and Experimental Section), which are numerically expressed by the s parameters in Table 2,
imply that the relative nucleophilicities of the dimethylsulfonium ylides 1a—f depend only
slightly on the electrophilicity of the reaction partners. Consequently, the N parameters can be
used to compare the relative reactivities of these compounds (Figure 2). The considerably
lower s parameter for the dimethylsulfoxonium ylide 19 indicates that the rates of its reactions
are less influenced by a change of the electrophilicity of the reaction partners than the
corresponding reactions of the dimethylsulfonium ylides 1a—f. As a consequence, the relative
reactivities of dimethylsulfonium ylides 1a—f in comparison to dimethylsulfoxonium ylide 1g

depend on the electrophilicity of the reaction partner.

A
N (DMSO)
22+

NC
0
gMe o—_— _— \[::]\V/§Me
HC > 2 21+ 2

1g (N =21.29, s = 0.47) 1f (N =21.07, s=0.68)

O,N
+ 19__ +
NC.__SMe, SMe,

1i (N =16.23,s= 060)6\’ 18-+ 1e (N=18.42, s=0.65)

17+ SMez
EtO,C__SMe,
z 2 MeZN
1h(N=15.85,s=0.61)@-_ 16 N = 15.68, s = 0.65)
(0] 15—+ SMe2

+
/©)K/8Me2
- MeO
14—
Br | — |

) 1c (N = 14.48, s = 0.71)
1a (N =13.78,5=0.72)

o
18 \ SMe,
1a (N =11.95, s=0.76)" =

— 12
CH,Cl, 1b (N = 13.95, s = 0.69)

Figure 2: Comparison of the nucleophilicity parameters N (in DMSO at 20°C) of stabilized
sulfur ylides (1a—d,h,i) and semistabilized sulfur ylides (1e—g). * Taken from ref 10. ” Taken
from ref 12.
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Structure-Reactivity Relationships. As shown in Figure 2, the nucleophilic reactivities of
the sulfur ylides 1a—i in DMSO cover a range of seven orders of magnitude.

The reactivities of the benzoyl-stabilized ylides 1a—d, which are the least reactive species in
this series, correlate moderately with Hammett’s o, as shown on p. 171 in the Experimental
Section. For s = 0.7, one derives a Hammett reaction constant of p = —1.3 which indicates a
moderate increase of reactivity by electron-donating substituents.

The ethoxycarbonyl- and cyano-substituted ylides 1h and 1i show nucleophilic reactivities,
which lie in between those of benzoyl- and aryl-substituted ylides. The semistabilized ylides
le,f are the strongest nucleophiles in this series despite the presence of strongly electron-
withdrawing groups at the p-position of the phenyl ring.

As the nucleophile-specific slope parameter s of the dimethylsulfoxonium ylide 1g differs
significantly from those of the dimethylsulfonium ylides la—f,h,i, the relative nucleophilic
reactivities of these different types of sulfur ylides have to be compared with respect to a
certain reaction partner. Scheme 7 thus shows that 1g reacts 13 times faster with the
benzhydrylium ion 2e than the most reactive benzoyl-stabilized ylide 1d, but 3 times more
slowly than the benzylic ylide 1e. In reactions with the weaker electrophile 2h, 1g exceeds the
reactivity of the benzoyl-substituted sulfur ylide 1d by more than 10 and is even more

reactive than the aryl-stabilized sulfur ylide 1e (Scheme 7).

Scheme 7. Relative Reactivities of the Nucleophiles 1d,e,g towards the Benzhydrylium Ion
2e and the Quinone Methide 2h (DMSO, 20°C).

o o NO,
Me,S. Me,S? Me,S.
2O 255CH,~ 25
NMe2

1d 19 1e
ke (foward 2e) 1.0 13 45
ke (toward 2h) 1.0°4 274 65

“ Absolute rate constant (k; = 0.799 M ' s™') calculated by eq 1 using N = 15.68 and s = 0.65 for ylide 1d as well
as the electrophilicity parameters £ = —15.83 for the electrophile 2h.

As indicated in Figure 2, the sulfur ylide 1a is significantly more nucleophilic in DMSO (&=
46.45)" than in CH,Cl, (&= 8.93)" solution.'” Obviously, the formation of a sulfonium ion

from a delocalized benzhydrylium ion and a sulfur ylide is accompanied by a significant
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localization of charge; as a result the rates of the reactions of la with benzhydrylium ions
increase with increasing solvent polarity.

Figure 3 compares the nucleophilic reactivities of ethoxycarbonyl- and p-nitro-phenyl-
stabilized sulfur ylides with those of analogously substituted carbanions. Both columns show
that Me,S" substitution reduces the nucleophilicity of a carbanionic center more than a cyano
group. The right column indicates that a nitro group reduces the reactivity even more than a
dimethylsulfonium group. It should be noted, however, that relative stabilizing effects of
different groups thus derived, cannot be generalized, because geminal substituent effects are

not strictly additive.

N (DMSO)
21
Et0,C._CO,Et O.N
T 20 , \@CN
EtO,C._CN --— — j
— 19__ OzN
E0,C._COMe: . \©\/S+Me2
- e
17+
O.N
EtO,C.__SMe,| . 167 \©vN02‘
=~ 1h
15

Figure 3. Comparison of the nucleophilicities of different ethoxycarbonyl- and p-nitro-
phenyl-stabilized carbanions and sulfur ylides in DMSO at 20°C.

A rather poor correlation is found between the nucleophilic reactivities of different classes of

[8,9¢,14

carbanions and ylides V'and their pK,u values!"! (Figure 6 in the Experimental Section).

Thus Brensted basicities are also a poor guide for the prediction of nucleophilicities for

(8]

ylides, as previously shown for acceptor-stabilized carbanions™™ as well as for amide and

imide anions.!'®

4 Conclusion

Though the reactions of sulfur ylides with carbocations (see Schemes 3 and 4) yield products
which differ from those obtained with Michael acceptors (see Schemes 5 and 6), the rate

constants for both types of reactions lie on the same correlation lines (Table 2 and Figure 1),
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which allow us to include sulfur ylides into the nucleophilicity scale on the basis of eq 1
(Figure 4).

A
N (DMSO)

NC -
s - e
SMez—
21+
’ t )
— A — N
Me/s\/COZEt MeCN

20+ -
=  PhSO;

o)
Il
OxN 191 EtO),P~__CO,Et /A
n ( )2 ~ — N\/\N
SME) mmm MeCN >/
i BT = O\ﬁs') CO,Et
Me” =72
= HN
17— Me Me
+ I - p OMe
EtO,C._SMe, . 16 oi_lo CH,Cl @ >3
15—+ 74
'Vle><Me —_ NC\>7NMe2
Q & 0" o —
€2 mmm 14 —
o~ T OO
— N

13+ CH,Cl,

— PhgP{__CO,Et
12+ -

Figure 4: Comparison of the nucleophilicity parameters N (in DMSO at 20°C) of different

sulfur ylides with other classes of nucleophiles (data referring to other solvents are marked).

The common correlation lines for carbocations and Michael acceptors furthermore imply that
the rate-determining step of the investigated sulfur ylide-mediated cyclopropanations is the
same as that for additions of sulfur ylides to carbocations. These findings are in line with a
stepwise or highly asynchronous mechanism for the cyclopropanation of Michael acceptors
with sulfur ylides, in which the formation of the first CC bond is rate-determining.”™ As a
consequence, eq 1 and the derived nucleophilicity parameters N (and s) of sulfur ylides 1 can
efficiently predict the rates of their reactions with Michael acceptors of known electrophilicity
E. As previous mechanistic investigations have shown that cyclopropanation reactions with
sulfur ylides usually proceed with rate-determining addition steps, followed by fast
cyclizations (sometimes accompanied by preceding fast proton-transfer reactions),”™ the
rule of thumb that nucleophile-electrophile combinations at room temperature only occur
when E + N > —5 can be employed” to predict whether a certain cyclopropanation reaction is

likely to take place.
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5 Experimental Section

5.1 General

Chemicals. Sulfur ylides 1a-d,h were obtained from the corresponding 2-
bromoacetophenones or ethyl bromoacetate and dimethylsulfide according to literature

procedures. ™17

Analytical data for 1d: Mp. (n-pentane/CH,Cl,): >107°C (decomp.). 'H-NMR (CDCls, 300
MHz): § = 2.96 (s, 12 H, NMe,, S"Me,), 4.21 (brs, 1 H, S'"CH), 6.64 (d, 2 H, J = 8.9 Hz,
CHa), 7.71 (d, 2 H, J = 8.6 Hz, CH,yy1). *C-NMR (CDCl3, 75.5 MHz): 5= 28.9 (q, S"Mey),
40.3 (q, NMey), 47.9 (d, S'CH"), 111.1 (d, Cary), 127.6 (d, Cary1), 128.9 (s, Caryl), 151.5 (s,
Caryl), 183.4 (s, CO). HR-MS (ESI") [M+H]": calcd for [C1;H;gNOS]™: 224.1103, found
224.1102.

The sulfonium tetrafluoroborates (le,f-H)-BF, were prepared according to a procedure for

benzyldimethylsulfonium tetrafluoroborate.'®!

Analytical data for (1e-H)-BF4: Mp. (Et,O/acetone): 137-139°C. 'H-NMR (DMSO-ds, 400
MHz): 6= 2.84 (s, 6 H, S"Mey), 4.77 (s, 2 H, CHy), 7.74 (d, 2 H, J = 8.8 Hz, CHayy1), 8.34 (d,
2 H, J = 8.8 Hz, CHary). BC-NMR (DMSO-ds, 101 MHz): §=24.0 (q, S"Me), 44.7 (t, CHy),
124.2 (d, Cay1), 132.0 (d, Cary1), 135.8 (s, Cary1), 148.0 (s, Cary1). HR-MS (ESI') [M+BF4] :
calcd for [CoH2B,FgNO,S]: 372.0653, found 372.0650.

Analytical data for (1f-H)-BF,4: Mp. (Et,O/acetone): 124-126°C. "H-NMR (DMSO-ds, 400
MHz): §=2.82 (s, 6 H, S"Mey), 4.71 (s, 2 H, CHy), 7.66 (d, 2 H, J = 8.4 Hz, CHay1), 7.96 (d,
2 H,J = 8.3 Hz, CHay1). "C-NMR (DMSO-ds, 101 MHz): 6=23.9 (q, S"Mey), 45.0 (t, CHy),
112.2 (s, Cary1), 118.2 (s, CN), 131.5 (d, Cary1), 133.0 (d, Cary1), 133.8 (s, Cary1). MS (EI): m/e
(%) = 265 (<1) [M]", 230 (10), 229 (7), 163 (33), 162 (35), 146 (5), 135 (12), 134 (19), 117
(13), 116 (100), 89 (13), 62 (13), 61 (9), 49 (11), 47 (10), 44 (6). HR-MS (EI) [M]": calcd for
[CioH2BE4NS]™: 265.0714, found 265.0719. HR-MS (ESI') [M+BF4]: caled for
[C10H12B,FsNS] : 352.0754, found 352.0761.

The Michael acceptors 21-v have also been prepared by known procedures.!"” Benzhydrylium

[82,20

tetrafluoroborates® (2a—e)-BF, and quinone methides 1 2f—k were prepared as described
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before. All other chemicals were purchased from commercial sources and (if necessary)

purified by recrystallization or distillation prior to use.

Analytics. 'H- and C-NMR spectra were recorded on Varian NMR-systems (300, 400, or
600 MHz) in CDCIl; or DMSO-d; and the chemical shifts in ppm refer to TMS (dy 0.00, oc
0.00), CDCl; (g 7.26, oc 77.0), or DMSO-ds (ou 2.50, oc 39.43) as internal standard. The
following abbreviations were used for chemical shift mutiplicities: brs = broad singlet, s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet. For reasons of simplicity, the 'H-
NMR signals of AA’BB’-spin systems of p-disubstituted aromatic rings were treated as
doublets. NMR signal assignments were based on additional 2D-NMR experiments (e.g.,
COSY-, NOESY-, HSQC-, and HMBC experiments). Diastereomeric ratios (dr) were
determined by 'H-NMR. (HR-)MS were performed on a Finnigan MAT 95 (EI) or a Thermo
Finnigan LTQ FT (ESI) mass spectrometer. Melting points were determined on a Biichi B-

540 device and are not corrected.

Kinetics. All kinetic investigations were performed in DMSO solution (H,O content <
50 ppm) at 20°C. Kinetic experiments with the stabilized ylides 1a—d,h were carried out with
freshly prepared solutions of the ylides in DMSO. As the aryl-stabilized sulfur ylides 1e,f are
only persistent for a short time at room temperature, they were prepared by deprotonation of
the corresponding CH acids (1e,f-H)-BF, in dry THF at < —50°C with 1.00-1.05 equiv of
KO7Bu. Small amounts of these solutions were dissolved in DMSO at room temperature
directly before each kinetic experiment. Stable stock solutions of dimethylsulfoxonium
methylide (1g) were prepared by deprotonation of trimethylsulfoxonium iodide (Me;SO"™ 1)
with 1.00-1.05 equiv of KO7Bu in DMSO at room temperature. In order to confirm that
Me;SO' I was quantitatively deprotonated under these conditions, the kinetic study of the
reaction of 1g with 2e was repeated by using only 0.482 equiv of KOrBu for the
deprotonation of Me;SO" I'. In these experiments, in which the concentration of the ylide 1g
corresponds to the amount of KO7Bu used, a second-order rate constant was obtained, which
agreed within <1 % with that obtained with a slight excess of KO7Bu (see Table 2).

All kinetic investigations were monitored photometrically, either by following the
disappearance of the colored electrophiles 2 or of the colored aryl-stabilized sulfur ylides le,f
at or close to their absorption maxima. All reactions of the sulfur ylides 1la—d,g,h with 2 were
performed under first-order conditions using at least 10 equiv of 1la—d,g,h. Vice versa, the

first-order kinetics for the reactions of the aryl-stabilized ylides 1e,f with 2 were realized by
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using at least 10 equiv of the electrophiles 2. As the absolute concentration of the minor
component is not crucial for the determination of the pseudo-first-order rate constants kqps
(egs 2 and 3), we have thus circumvented the problem that the absolute concentrations of the
semistabilized ylides 1e,f cannot precisely be determined due to their low stability.

From the exponential decays of the UV-Vis absorbances of the electrophiles 2 (Figure 5) or of
the sulfur ylides 1e,f, the first-order rate constants ks were obtained. Plots of kobs (sﬁl) against
the concentrations of the reaction partners used in excess were linear with negligible
intercepts as required by the relation k.s = k2[Nu]o (eq 2, Figure 5) or kobs = k2[E]o (eq 3),
respectively. Therefore, the slopes of these linear correlations yielded the second-order rate

constants of the corresponding reactions.

—d[E)/dt =k, [Nu] [E]  for [Nu]o >> [E]o = kovs = k2 [Nuo )
—d[Nul/dt = k> [Nu] [E] for [E]o >> [NuJo = kovs = k2 [E]o 3)

Kops = 1.53 x 103 [1b] - 5.00 x 1072

T 4 r R? =0.9998
0.75
A 0.5 1 1 |
0.001 0.002 0.003
[1b]/ mol L' —
0.25
0 1 ]
0 2 4 6 8
tls —_—

Figure 5: UV-Vis spectroscopic monitoring of the reaction of the benzoyl-stabilized sulfur ylide 1b (8.24 x
10 mol L") with the benzhydrylium ion 2d (1.05x 10° mol L™") at 632 nm in DMSO at 20°C. Insert:
Determination of the second-order rate constant k, = 1.53 x 10° L mol™' s™' from the dependence of the first-

order rate constant k., on the concentration of 1b.

The rates of slow reactions (71, > 15-20 s) were determined by using a J&M TIDAS diode

array spectrophotometer controlled by Labcontrol Spectacle software and connected to a

Hellma 661.502-QX quartz Suprasil immersion probe (5 mm light path) via fiber optic cables

and standard SMA connectors. For the evaluation of fast kinetics (7j, < 15-20 s) the stopped-

flow spectrophotometer systems Hi-Tech SF-61DX2 or Applied Photophysics SX.18MV-R
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were used. First-order rate constants ko (S ') Were obtained by fitting the single exponential
A; = Ao exp(-kobst) + C (exponential decrease) to the observed time-dependent absorbance
(averaged from at least 3 kinetic runs for each nucleophile concentration in case of the

stopped-flow method).

5.2 Product Analysis

5.2.1 Reactions of the Ylides 1 with the Benzhydrylium lon 2a

Me:N MeZN MezN

O BF N SM62
W, ;
MezN MeZN MezN
2a laf 3a-f 4a—f (65-95 %)

SMe, + +Ph-S K"
“DMsO “Ph-sMe

Product studies for the reactions of the stabilized sulfur ylides 1a—d with the reference
electrophile 2a in DMSO

General Procedure A. Reactions of the nucleophiles la—d with the electrophile 2a were
carried out by dissolving the ylides 1la—d and the benzhydrylium tetrafluoroborate (2a)-BF4 in
dry DMSO (2-3 mL) at room temperature. The resulting mixture was stirred until complete
decolorization occurred (usually < 1 min) and subsequently treated with a mixture of
thiophenol (50 uL, 0.49 mmol) and KOsBu (37 mg, 0.33 mmol) in dry DMSO (2-3 mL).
After 10 min of stirring, the reaction was quenched by the addition of water and extracted
with CH,Cl,. The combined organic layers were washed with water and brine, dried over
Na,S0,4 and evaporated under reduced pressure. The crude products were purified by column
chromatography on silica gel (n-pentane/EtOAc) and subsequently characterized by 'H- and
BC-NMR spectroscopy and MS. Signal assignments were based on additional COSY, HSQC
and HMBC experiments. Small samples of solid products were recrystallized in appropriate

solvent mixtures for the determination of melting points.
1-(4-Bromophenyl)-3,3-bis(4-(dimethylamino)phenyl)-2-(methylthio)propan-1-one  (4a)

was obtained from 1-(4-bromophenyl)-2-(dimethyl-1*-sulfanylidene)-ethanone 1a (73.0 mg,
282 umol) and (2a)-BF4 (94.2 mg, 277 pumol) as yellow solid (131 mg, 263 umol, 95 %).
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RAP 18.1

Ry (n-pentane/EtOAc 4:1, v/v): 0.30. Mp. (Et;0/CH,Cl,): 190-192°C. 'H-NMR (CDCls, 599
MHz): 6=1.91 (s, 3 H, SCHj3), 2.80 (s, 6 H, N(CH3),), 2.91 (s, 6 H, N(CH3),), 447 (d, l H, J
=11.8 Hz, 2-H), 4.82 (d, 1 H, J=11.8 Hz, 1-H), 6.55 (d, 2 H, J = 6.8 Hz, 5-H), 6.73 (d, 2 H,
J=6.6 Hz, 5-H), 7.09 (d, 2 H, J = 8.8 Hz, 4-H), 7.25 (d, 2 H, J = 8.5 Hz, 4-H, superimposed
by CDCl; residual signal), 7.55 (d, 2 H, J = 8.7 Hz, 10-H),