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ABSTRACT: The kinetics of epoxide formation by Darzens
condensation of aliphatic ketones 1 with arylsulfonyl-substituted
chloromethyl anions 2 (ArSO2CHCl

−) have been determined
photometrically in DMSO solution at 20 °C. The reactions
proceed via nucleophilic attack of the carbanions at the carbonyl
group to give intermediate halohydrin anions 4, which
subsequently cyclize with formation of the oxiranes 3. Protonation
of the reaction mixture obtained in THF solution at low
temperature allowed the intermediates to be trapped and the
corresponding halohydrins 4-H to be isolated. Crossover experi-
ments, i.e., deprotonation of the halohydrins 4-H in the presence of
a trapping reagent for the regenerated arylsulfonyl-substituted
chloromethyl anions 2, provided the relative rates of backward (k−CC) and ring closure (krc) reactions of the intermediates.
Combination of the kinetic data (k2

exptl) with the splitting ratio (k−CC/krc) gave the second-order rate constants kCC for the attack
of the carbanions 2 at the ketones 1. These kCC values and the previously reported reactivity parameters N and sN for the
arylsulfonyl-substituted chloromethyl anions 2 allowed us to use the linear free energy relationship log k2(20 °C) = sN(N + E) for
deriving the electrophilicity parameters E of the ketones 1 and thus predict potential nucleophilic reaction partners. Density
functional theory calculations of the intrinsic reaction pathways showed that the reactions of the ketones 1 with the chloromethyl
anions 2 yield two rotational isomers of the intermediate halohydrin anions 4, only one of which can cyclize while the other
undergoes retroaddition because the barrier for rotation is higher than that for reversal to the reactants 1 and 2. The
electrophilicity parameters E correlate moderately with the lowest unoccupied molecular orbital energies of the carbonyl groups,
very poorly with Parr’s electrophilicity indices, and best with the methyl anion affinities calculated for DMSO solution.

■ INTRODUCTION

Combinations of electrophiles with nucleophiles are the most
important reactions in organic synthesis. To predict the scope
and selectivities of such reactions, we have developed scales of
nucleophilicity and electrophilicity on the basis of eq 1, which
characterizes electrophiles by one parameter, E (electro-
philicity), and nucleophiles by two solvent-dependent param-
eters, N (nucleophilicity) and sN (susceptibility).1

° = +k s N Elog (20 C) ( )2 N (1)

Though carbonyl compounds belong to the most frequently
employed electrophiles in organic synthesis, there has been
only one previous attempt to integrate aldehydes in these
scales.2 The major problem for the quantitative determination
of the electrophilic reactivities of carbonyl compounds is the
fact that the nucleophilic attack at the carbonyl group is often a
reversible process, which is followed by an irreversible rate-
determining step.3

In the late 1950s, kinetic investigations of the reactions of
ketones and aldehydes with sodium borohydride in protic

solvents were reported by H. C. Brown.4 Geneste and
associates studied the kinetics of the reactions of ketones
with BH4

−,5a CN−,5b SO3
2−,5b,c NH2OH,

5b,d and RS− 5e in
water and reported linear correlations5f between the different
sets of data. Thermodynamics accounts for the fact that
ordinary acceptor-stabilized carbanions (e.g., malonate anions),
which have previously been used as reference nucleophiles for
the quantification of electrophilic reactivities,1b,6 are not
suitable for the determination of the E parameters of carbonyl
compounds in aprotic solvents: Due to the high basicity of the
initially formed alkoxide anions (pKaH = 29.0 for MeO− in
DMSO),7 additions of weakly basic carbanions (pKaH ≈ 16 for
dimethyl malonate in DMSO)8 to ordinary ketones and
aldehydes are highly endergonic in aprotic solvents and only
proceed in the presence of a suitable proton source. For that
reason, reference nucleophiles are needed, which yield
intermediates that undergo fast subsequent irreversible
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reactions to form stable products. One possibility is to use
carbanions carrying a leaving group (LG) in the α-position,
since the resulting intermediates may undergo cyclization with
formation of epoxides (Scheme 1).

For LG = Hal, the reaction depicted in Scheme 1
corresponds to the Darzens condensation,9,10 which has
mechanistically been investigated by Ballester11 and others.3a,12

Whereas early work has preferentially been performed with α-
halogen-substituted esters, ketones, and aldehydes (Acc =
CO2R or COR), Vogt and Tavares reported that α-halo-
substituted sulfones (Acc = ArSO2) also undergo the reaction
sequence shown in Scheme 1 to give sulfonyl-substituted
epoxides.3b For LG = R2S

+, the nucleophile in Scheme 1 is a
sulfonium ylide, and the sequence depicted in Scheme 1 then
corresponds to the Corey−Chaykovsky epoxidation.13,14

In previous work, we have determined the nucleophile-
specific reactivity parameters for acceptor-substituted sulfonium
ylides15 and for arylsulfonyl-substituted chloromethyl anions.16

Since acceptor-substituted sulfonium ylides are not sufficiently
nucleophilic to react with typical ketones, we have employed
anions 2 (Scheme 2) as reference nucleophiles to quantify the
electrophilicities of ketones.

■ RESULTS

Product Study. The reactions of the ketones 1a−l with the
carbanions 2a,b in anhydrous DMSO proceeded smoothly at
room temperature (Scheme 2) and gave the epoxides 3 in good
yields. The asymmetric ketones 1i−l generally reacted with low
diastereoselectivity. Only in the reaction of 1l with 2b, the
formation of the diastereomer with ArSO2 and CF3 trans to
each other is highly preferred (de = 88%) (Scheme 2). The
different stereoselectivities of 2a and 2b in reactions with 1l
have been observed in numerous experiments where 1l was
used as a trapping reagent in crossover experiments (see
below). As shown in the Supporting Information, 2a always
gave 2/1 mixtures of two diastereomers, while 2b gave one
diastereomer almost exclusively, possibly because 1l reacts with
2a, but not with 2b, under diffusion control.17

Kinetic Investigations. All kinetic investigations were
performed in anhydrous DMSO solution at 20 °C by following
the disappearance of the UV/vis absorptions of the carbanion
2a (320 nm) or 2b (405 nm) under pseudo-first-order
conditions ([1]0/[2]0 > 10). As the carbanions 2a,b decompose
on the minute time scale at 20 °C (depending on the method
of preparation), they were generated by treatment of their
conjugate CH acids with 1.00−1.05 equiv of t-BuOK in dry
THF at −78 °C. Small amounts of these solutions were
dissolved in DMSO at 20 °C immediately before the ketones 1
were added. The first-order rate constants kobsd were obtained
by least-squares fitting of the exponential function A = A0

exp(−kobsdt) + C to the observed time-dependent absorbances
A of 2 (Figure 1a). The slopes of the linear correlations
between kobsd and the different concentrations of 1a−j (Figure

Scheme 1. Epoxides from Carbonyl Compounds

Scheme 2. Reactions of Carbanions 2 with Ketones 1 and Corresponding Gross Second-Order Rate Constants k2
exptl

aCounterion: K+ for kinetics, Na+ for product studies. bCarbanions 2a,b generated by treatment of (2a,b)-H with t-BuOK, as described in the section
“Kinetic Investigations”. cIsolated yield obtained after chromatographic purification. dYield determined by 1H NMR spectroscopy using m-xylene as
an internal standard. eToo fast to be measured by the stopped-flow technique.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b01657
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01657/suppl_file/ja8b01657_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b01657


1b) correspond to the second-order rate constants k2
exptl listed

in Scheme 2.
Table 1 shows the role of counterions on the reaction

kinetics. Neither addition of 18-crown-6 ether to the potassium
salts of 2a or 2b nor exchange of t-BuOK by Schwesinger’s base
P4-

tBu18 for the generation of 2b from its conjugate acid had a
significant effect on the second-order rate constants k2

exptl.
Determination of the Rate-Limiting Step. As shown in

Scheme 3, nucleophilic attack of 2 at the ketone 1 yields the
intermediate alkoxide anion 4, which either cyclizes with
formation of the epoxide 3 or undergoes retroaddition with
regeneration of ketone 1 and carbanion 2.
The time-dependent concentrations of 2, 4, and 3 can be

expressed by eqs 2−4.

= − + −t k k2 1 2 4d[ ]/d [ ][ ] [ ]CC CC (2)

= − −−t k k k4 1 2 4 4d[ ]/d [ ][ ] [ ] [ ]CC CC rc (3)

=t k3 4d[ ]/d [ ]rc (4)

As the intermediate β-chloroalkoxide anion 4 is formed as a
short-lived species, the Bodenstein approximation holds (d[4]/
dt = 0), and the concentration of 4 is given by eq 5.
Substitution into eq 4 yields eq 6, and k2

exptl is a function of kCC,
k−CC, and krc as shown by eq 7.

= +−k k k4 1 2[ ] [ ][ ]/( )CC CC rc (5)

⇒ = − = +−t t k k k k3 2 1 2d[ ]/d d[ ]/d [ ][ ]/( )CC rc CC rc
(6)

⇒ = +−k k k k/( / 1)2
exptl

CC CC rc (7)

According to eq 7, the rate of the attack of 2 at the carbonyl
group (kCC) can be derived from the measured rate constant
k2

exptl (Scheme 2) if the ratio k−CC/krc is known. To determine
k−CC/krc, we have developed an independent access to the
intermediate 4.

Synthesis of the Halohydrins 4-H. Whereas treatment of
2-H with base in the presence of ketones 1 at ambient
temperature led to the formation of the epoxides 3 (Scheme 2),
the reactions of 2a-H with BuLi or of 2b-H with lithium
diisopropylamide (LDA) in THF at −78 °C, followed by
addition of the ketones 1a−j, and subsequent acidification at
low temperature yielded the halohydrins 4-H in good yields
(Scheme 4).19 In the case of the acyclic ketones 1i and 1j, two
diastereomeric compounds were formed, which were separated
by column chromatography on silica gel and fully characterized.
The structure of 4ca-H was confirmed by single-crystal X-ray
crystallography and showed a conformer with chlorine gauche
to the hydroxyl group (Figure 2).

Examination of the Reversibility of the Attack of 2 at
the Ketones 1. To examine whether the intermediates 4,
generated by treatment of the halohydrins 4-H with base,
undergo ring closure with formation of 3 (krc, Scheme 3) or
retroaddition with regeneration of 1 and 2 (k−CC, Scheme 3), it
was necessary to find a trapping reagent which rapidly
intercepts 2 after its generation from 4. In view of their high
reaction rates (Scheme 2), ketones 1g, 1j, 1k, and 1l were
considered to be suitable trapping agents. Ketone 1j was then
eliminated from this series because the resulting oxirane 3jb
turned out not to be stable at 20 °C.

Figure 1. (a) Monoexponential decay of the absorbance A of 2b (at
405 nm) during the reaction of 1a (3.91 × 10−3 mol L−1) with 2b
(2.50 × 10−4 mol L−1) in DMSO at 20 °C (the remaining absorbance
is due to products generated by degradation of carbanion 2b). (b) kobsd
for the reaction of 1a with 2b versus the concentration of 1a.

Table 1. Second-Order Rate Constants k2
exptl (M−1 s−1) for the Reactions of the Ketones 1 with Carbanions 2 under Various

Conditions

ketone nucleophile k2
exptl, a k2

exptl(18-crown-6)b k2
exptl(P4-

tBu)

1e 2a (1.77 ± 0.13) × 104 (1.79 ± 0.11) × 104

1f 2b (7.62 ± 0.35) × 103 (7.65 ± 0.47) × 103

1g 2b (1.81 ± 0.07) × 104 (1.71 ± 0.04) × 104 (1.66 ± 0.05) × 104

1j 2b (3.21 ± 0.55) × 104 (3.59 ± 0.33) × 104

aData from Scheme 2. b18-Crown-6 (2.0−2.5 equiv) was added to the potassium salts of 2a,b.

Scheme 3. Mechanism of the Reactions of Arylsulfonyl-
Substituted Chloromethyl Anions with Ketones
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When 1/1 mixtures of 1g on one side and of 1c, 1d, or 1i on
the other were combined with 0.5 equiv of the carbanion 2a,
the oxiranes derived from 1g (i.e., 3ga) were formed exclusively
(Scheme 5). Since 1g is only 6 times more reactive than 1h, 3
equiv of 1g was employed to obtain 3ga exclusively from a
mixture of 1h and 1g.
The oxiranes 3la and 3lb were the only products obtained

from the reactions of 3/1 mixtures of 1l and 1a−h with 2 (1
equiv with respect to 1a−h). Since the product obtained by
treatment of a mixture of 1j and 1l with 2b was difficult to
analyze, 1k was used as a trapping agent, and treatment of a 7/1
mixture of 1k and 1j with 1 equiv of 2b gave the oxirane 3kb
exclusively.
The principle of the crossover experiments is illustrated in

Scheme 6. When the independently synthesized halohydrin
4ca-H is treated with NaOH in the presence of the highly
reactive ketone 1g, the generated intermediate 4ca has the
choice of undergoing either ring closure with formation of the
epoxide 3ca or retroaddition with regeneration of 1c and 2a. As
1g is considerably more reactive and present in higher

concentration than 1c, any regenerated carbanion 2a will
exclusively be converted into the crossover product 3ga, and
the ratio [3ga]/[3ca] equals the ratio k−CC/krc.
Scheme 7 shows that in all crossover experiments at least 3

equiv of trapping agents was employed to ensure that they will
quantitatively intercept the regenerated carbanions 2. In
Scheme 7, one can furthermore see that, in most cases
investigated, ring closure (krc) is up to 8 times faster than
retroaddition. Entries 5−7 show, however, that the inter-
mediates generated from cycloheptanone (1d) undergo
retroaddition 3−4 times faster than ring closure. Comparison
of entry 5 with entry 7 and of entry 13 with entry 14 indicates
that almost the same k−CC/krc ratio is obtained with different
trapping agents, and entries 5/6 and 8/9 show that the nature
of the counterion (K+ vs Na+) has only a small influence on this
ratio. The similarity of k−CC/krc in entries 3/4, 8/10, and 13/15
implies that the ratio of retroaddition vs ring closure is almost
independent of the substituents at the arylsulfonyl groups.
Entries 16/17 as well as 18/19 show that the two
diastereomeric halohydrins obtained from the asymmetric
ketones 1i and 1j react with significantly different k−CC/krc
ratios.

Scheme 4. Synthesis of the Halohydrins 4-H

Figure 2. ORTEP drawing of the crystal structure of 4ca-H (the
ellipsoid probability level is 50%).

Scheme 5. Competition Reactions To Examine the
Suitability of Ketones 1g,k,l as Trapping Agents

Scheme 6. Crossover Reaction of the Cyclohexanone Adduct
4ca-H
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Combination of the k−CC/krc ratios from Scheme 7 with
k2

exptl from Scheme 2 according to eq 7 yields the rate constants
for nucleophilic attack of 2 at the ketones 1 (kCC), which are
listed in Table 2. While this procedure is straightforward for the
reactions with symmetrical ketones, the situation is more
complex for unsymmetrical ketones because their reactions
with the carbanions 2 yield mixtures of diastereomeric
halohydrins 4-H, as specified for 1i and 1j in the last two
entries of Table 2.
The stereospecifity of ring closure has exemplarily been

studied for the reaction of 2a with pentan-2-one (1i). The
diastereomeric halohydrins 4ia′-H and 4ia″-H undergo either
stereospecific ring closure with formation of epoxides or
retroaddition with regeneration of 1i and 2a. Figure 3a shows

the 1H NMR spectrum of 3ga, the product formed by trapping
the regenerated carbanion 2a with the ketone 1g. Treatment of
ketone 1i with anion 2a yielded a mixture of the diastereomeric
epoxides 3ia′ and 3ia″ (Figure 3b). Since the ring protons A′
and A″ of the epoxides 3ia′ and 3ia″ have similar chemical
shifts, their ratio was derived from the 1H NMR signals of the
methyl groups B′/B″ and C′/C″. Nuclear Overhauser effect
(NOE) experiments show that the methyl resonances at lower
field (B′ and C″) arise from the groups cis to the phenylsulfonyl
substituent.20 Parts c and d of Figure 3 reveal that the epoxides
3ia′ and 3ia″ are formed stereospecifically from the
diastereomeric halohydrins 4ia′-H and 4ia″-H, respectively.
When 4ia′-H is treated with NaOH in the presence of 1g,
epoxides 3ia′ and 3ga are formed in the ratio 1/2.2, as derived
from the integrals of protons A′ and A in Figure 3c. Since there
are no peaks at δ 1.32 and 0.93, the chemical shifts of the
methyl protons (B″ and C″) of the diastereomer 3ia″, we can
conclude that 4ia′ either cyclizes with formation of 3ia′ or
fragments with formation of 1i and 2a, the latter of which is
subsequently trapped by 1g to give 3ga.
Analogously, treatment of the other diastereomer (4ia″-H)

with NaOH in the presence of 1g yields the epoxides 3ia″ and
3ga in a ratio of 1/6.9 (from integrals A″ and A, Figure 3d).
The stereospecificity of this cyclization, i.e., the exclusive
formation of 3ia″ from 4ia″-H, can be derived from the
absence of 3ia′ in the product mixture, which would be
detectable by a 1H NMR signal for the methyl group B′ at δ
1.63 and less clearly by the methyl triplet at δ 0.80 for C′.
With the product ratio 3ia′/3ia″ = 2.6 given in Scheme 2, we

can split the measured gross second-order rate constant k2
exptl =

74.2 M−1 s−1 for the reaction of 1i with 2a (Scheme 2) into the
partial rate constants k2′(exptl) = 53.6 M−1 s−1 and k2″(exptl) = 20.6
M−1 s−1 for the formation of 3ia′ and 3ia″, respectively. The
ratio of these partial rate constants corresponds to the observed
product ratio (eq 8) given in Scheme 2, and their sum
corresponds to the measured rate constants (k2

exptl in Scheme 2,
eq 9).

′ ″ =k k/ 2.62
(exptl)

2
(exptl)

(8)

′ + ″ = = − −k k k 74.2 M s2
(exptl)

2
(exptl)

2
exptl 1 1

(9)

Scheme 7. Crossover Reactions of 4-H

aDetermined by 1H NMR spectroscopic analysis of the crude product.
bProduct yields determined by using 1,3,5-trimethoxybenzene as an
internal standard (Supporting Information). cKOH was used as the
base instead of NaOH.

Table 2. Determination of Second-Order Rate Constants kCC from Measured Rate Constants k2
exptl and Ratios k−CC/krc

ketone nucleophile k2
exptl, a (M−1 s−1) (k−CC/krc) + 1b kCC (M−1 s−1) E kcalcd/kCC

1a 2b 7.05 × 103 1.89 1.33 × 104 −17.5 identical
1b 2b 1.31 × 102 1.63 2.14 × 102 −21.0 identical
1c 2a 2.98 × 103 1.60 4.77 × 103 −19.9c 0.69

2b 2.61 × 102 1.86 4.85 × 102 1.6
1d 2a 8.49 × 101 4.5 3.8 × 102 −22.1 identical
1e 2a 1.77 × 104 1.37 2.42 × 104 −18.4c 0.58

2b 1.82 × 103 1.33 2.42 × 103 1.9
1f 2b 7.62 × 103 1.13 8.61 × 103 −17.9 identical
1g 2b 1.81 × 104 1.57 2.84 × 104 −16.9 identical
1h 2a 2.12 × 104 1.19 2.52 × 104 −18.2c 0.67

2b 3.00 × 103 1.21 3.63 × 103 1.6
1i 2a 7.42 × 101 3.2d 3.3 × 102e −22.3 identical

7.9d

1j 2b 3.21 × 104 3.2d 1.3 × 105e −15.6 identical
6.1d identical

aFrom Scheme 2. bFrom Scheme 7. cCalculated by averaging the individual E parameters. dRatios (k−CC/krc) for the individual halohydrin
diastereoisomers. ekCC = k′CC + k″CC (see the text for the calculation).
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With application of eq 7 to the two parallel reactions with
k′−CC/k′rc = 2.2 (Figure 3c and Scheme 7, entry 16) and k″−CC/
k″rc = 6.9 (Figure 3d and Scheme 7, entry 17), we obtain k′CC =
(2.2 + 1) × 53.6 M−1 s−1 = 1.7 × 102 M−1 s−1 and k″CC = (6.9 +
1) × 20.6 M−1 s−1 = 1.6 × 102 M−1 s−1, i.e., both halohydrins
are formed with similar rates, and the stereoselectivity
originates from the different rates of cyclization as illustrated
in Figure 4. In contrast, in THF at −78 °C, 4ia′-Li is formed
1.8 times faster than 4ia″-Li (Scheme 4).
An analogous calculation gave k′CC = 7.1 × 104 M−1 s−1 and

k″CC = 6.1 × 104 M−1 s−1 for the reaction of 2b with the
unsymmetrical ketone 1j.
Substitution of kCC and the published parameters N and sN

for 2a,b into eq 1 yielded the electrophilicity parameters E of

the ketones 1. In cases where the electrophilicity parameters E
are derived from reactions with 2a and 2b, both rate constants
should ideally give the same value of E. As this is not the case,
the E values derived from different reactions were averaged and
listed in Table 2. The last column of Table 2, which compares
the rate constants calculated by eq 1 with the directly
determined rate constants, shows that, in this series, eq 1
reproduces the rate constants kCC within a factor of 2.
A confirmation for the ketone reactivities derived in this way

was obtained by competition experiments. When a mixture of
diethyl maleate (5) (E = −19.49) and cycloalkanone 1b or 1c
was treated with 2a (in situ generated from 2a-H and NaOH),
mixtures of the epoxides 3 and the cyclopropane 6 were
obtained. Their ratio was determined by 1H NMR spectroscopy

Figure 3. Examination of the stereospecifity of ring closure of the diastereomeric halohydrins 4ia′-H and 4ia″-H by 1H NMR spectroscopy: (a)
independently synthesized trapping product of regenerated 2a, (b) mixture of 3ia′ and 3ia″ obtained from the reaction of 2a with 1i, (c) exclusive
formation of 3ia′ and 3ga (1/2.2 = k′rc/k′−CC) by treatment of 4ia′-H with NaOH in the presence of 1g, (d) exclusive formation of 3ia″ and 3ga (1/
6.9 = k″rc/k″−CC) by treatment of 4ia″-H with NaOH in the presence of 1g.

Figure 4. Gibbs energy profile (kJ mol−1) for the reaction of carbanion 2a with pentan-2-one (1i) at 20 °C in DMSO derived from rate
measurements (Scheme 2) and crossover experiments (Figure 3, Table 2).
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and used to calculate the ratio k2
exptl(1)/k2

exptl(5) given in
Scheme 8. The ratios of direct rate measurements, k2(1)/k2(5),

agree with product ratios from competition experiments, κ =
[3]/[6], within a factor of 2. This suggests that diethyl maleate
(5) and cyclohexanone (1c) have similar electrophilicities E,
one order of magnitude greater than the electrophilic reactivity
of cyclopentanone (1b).
Intrinsic Reaction Pathway Calculations. The mecha-

nistic picture derived from the kinetic studies was subsequently
complemented by reaction path calculations. Geometry
optimizations and calculations of intrinsic reaction pathways
have been performed at the B3LYP21-D322/6-31+G(d,p)23

level of theory in combination with the polarizable continuum
model (PCM)24 for DMSO as the solvent and UA0 radii.
Improved energies for ground and transition states have been
calculated at the PCM(DMSO,UA0)/B2PLYP25-D3/
def2TZVPP26 level. Combination of energies with thermo-
chemical corrections obtained at a lower level then yields the
reaction Gibbs energies reported in the Supporting Information
and summarized in Figures 5−7.
For the reaction of carbanion 2a with cyclohexanone (1c) (a

ketone of intermediate electrophilicity, E = −19.9), the Gibbs
energy surface is shown in Figure 5. Two distinct pathways
have been identified for the addition of anion 2a to the CO
double bond in ketone 1c, which differ by the relative
orientation of the two reactants. The energies shown are
those of the energetically best conformers for each pathway (for
full details, see the Supporting Information). The blue,
energetically less favorable reaction pathway (ΔG⧧ = +61.5 kJ
mol−1) directly yields an adduct with the C−Cl bond anti to
the C−O bond. Chloride expulsion through epoxide ring
closure is possible from this adduct with a barrier of +44.8 kJ
mol−1 (relative to separate reactants). A second, red reaction
pathway (ΔG⧧ = +47.4 kJ mol−1) leads to a primary adduct
where the C−Cl bond assumes a gauche orientation relative to
the C−O bond. Epoxide ring closure from this adduct is not
immediately possible, but requires rotation around the newly
formed C−C bond such that the C−Cl and C−O bonds attain
the anti orientation required for cyclization. The barrier for this

rotation is higher (ΔG⧧ = +58.5 kJ mol−1 relative to separate
reactants) than the barrier for the reversal to the separate
reactants 2a and 1c. The comparable heights of the barriers for
initial nucleophilic addition and conformational reorientation
are in line with the results derived from the crossover
experiments with halohydrin 4ca-H described in Scheme 7.
Guided by the conformational analysis of halohydrin 4ca-H and
its deprotonated form 4ca, we assume that 4ca-H exists as a
mixture of conformers in solution, from which only that with
the C−Cl and C−O bonds in gauche conformation had
crystallized (see Figure 2 and Figure S15 in the Supporting
Information). Deprotonation of 4ca-H will give both adduct
conformers shown in Figure 5. While the adduct 4ca with
gauche C−Cl and C−O bonds will revert back to reactants, the
conformer with anti C−Cl/C−O orientation will cyclize to
epoxide 3ca.
The reaction of anion 2a with the more reactive ketone 1g (E

= −16.9) has been studied analogously. The resulting Gibbs
energy surface in Figure 6 shows that the nucleophilic addition
can also lead to intermediates 4ga with C−Cl/C−O gauche or
anti orientation, and the rotational barrier for their
interconversion (ΔG⧧ = +41.4 kJ mol−1 relative to separate
reactants) is again comparable to the barriers of the reverse
reaction. The barrier for epoxide ring closure is, in comparison,
lower at ΔG⧧ = +30.0 kJ mol−1, which again implies that
adducts with C−Cl/C−O anti orientation will move forward to
epoxide product rather than revert to separate reactants. In
agreement with the larger E value of ketone 1g as compared to
1c (−16.9 vs −19.9), the calculated overall Gibbs energy barrier
for reaction with anion 2a is much lower for 1g than for 1c
(+41.6 vs +58.5 kJ mol−1).
To test whether the mechanistic picture obtained for the

ketone addition reaction is comparable to that for addition to
electron-poor alkenes (Michael acceptors), the reaction of
anion 2a with dimethyl maleate (5*), as a model for the
experimentally studied diethyl maleate (5), was also treated
computationally (Figure 7). While the same sequence of initial
nucleophilic addition, gauche/anti reorientation, and ring
closure was also found for this system, the relative barriers

Scheme 8. Examination of the E Parameters of Ketones 1

aEquation 1 gives kCC = 1.13 × 103 M−1 s−1, which was corrected for
reversibility by applying eq 7 with k−CC/krc = 0.63. bThis work (Table
S20, Supporting Information). cFor the calculation, see the Supporting
Information. dFrom Scheme 2.

Figure 5. Gibbs energy surface (25 °C) for the reaction of 1c with 2a
[at the PCM(DMSO,UA0)/B2PLYP-D3/def2TZVPP//PCM-
(DMSO,UA0)/B3LYP-D3/6-31+G(d,p) level, kJ mol−1].
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for the individual steps differ significantly from those found for
the ketones: While the barrier for the initial addition step (ΔG⧧

= +46.2 kJ mol−1) is similar to that for ketone 1c (in line with
the kinetic measurements described above), the barriers for
rotation and cyclopropane ring closure are much lower than the
barrier for the reverse reaction. This implies that the initial
addition step of anion 2a to alkene 5* is practically irreversible,
irrespective of the gauche/anti orientation in the initial addition
step.
Electrophilicities of Benzaldehydes. According to Table

2, most of the ketones characterized in this work have E
parameters similar to that previously reported for benzaldehyde

(1m; E = −19.5),2 in contrast to common experience that
aldehydes are generally more electrophilic than ordinary
ketones. How can this discrepancy be explained?
On the basis of Aggarwal’s report that the independently

synthesized anti-betaine 8a, formed from sulfonium ylide 7a
and benzaldehyde (1m), does not undergo retroaddition but
rapidly cyclizes with formation of trans-stilbene oxide (9a)
(Scheme 9),3c we had extrapolated that the same was true for
the betaine generated from benzaldehyde (1m) and p-cyano-
substituted sulfonium ylide 7b.2

Figure 6. Gibbs energy surface (25 °C) for the reaction of 1g with 2a
[at the PCM(DMSO,UA0)/B2PLYP-D3/def2TZVPP//PCM-
(DMSO,UA0)/B3LYP-D3/6-31+G(d,p) level, kJ mol−1].

Figure 7. Gibbs energy surface (25 °C) for the reaction of 5* with 2a [at the PCM(DMSO,UA0)/B2PLYP-D3/def2TZVPP//PCM(DMSO,UA0)/
B3LYP-D3/6-31+G(d,p) level, kJ mol−1]. Dimethyl maleate (5*) is used as a model substrate for diethyl maleate (5).

Scheme 9. Aggarwal’s Mechanism Accounting for the High
trans Selectivity in the Epoxidation Reaction of
Benzaldehyde with Semistabilized Sulfur Ylide 7a
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This conclusion was obviously incorrect as shown by the
following experiments. Treatment of the benzyl thioether 10
with LDA and benzaldehyde (1m) yielded the β-thio-
substituted alcohol 11, which was converted into the sulfonium
tetrafluoroborate 12 by treatment with trimethyloxonium
tetrafluoroborate (Scheme 10a). As shown in Scheme 10b,

the sulfonium ylide generated by treatment of the sulfonium
ion 13 with NaOH in the presence of p-nitrobenzaldehyde
(1n) and benzaldehyde (1m) reacts exclusively with the former
to yield the epoxide 3n. As expected, p-nitrobenzaldehyde (1n)
is much more reactive than the parent benzaldehyde (1m).
The crossover experiment in Scheme 10c shows the exclusive

formation of the epoxide 3n when 12 is treated with base in the
presence of p-nitrobenzaldehyde (1n). This observation implies
that the betaine 8c, which is formed by deprotonation of 12,
does not cyclize, but rather undergoes retroaddition with
regeneration of benzaldehyde (1m) and the sulfonium ylide 7b,
which is quantitatively intercepted by p-nitrobenzaldehyde
(1n). The rate-determining step for the reaction of the
sulfonium ylide 7b with benzaldehyde (1m) thus is the
cyclization and not the nucleophilic attack of the ylide at the
carbonyl group, as assumed for the derivation of the
electrophilic reactivity of benzaldehyde (1m) in ref 2. The
electrophilicity parameters of aldehydes reported in ref 2 thus
do not refer to the initial attack of nucleophiles at the carbonyl
group but describe the gross rate constants for the reactions of
carbonyl groups with the sulfonium ylide 7b.
How can the rate of the initial nucleophilic attack at

aldehydes be determined? Are the chloro-substituted carban-
ions 2a,b suitable reference nucleophiles, because the
corresponding intermediates cyclize with lower barriers than

the intermediates formed from sulfur ylides? In line with the
expected higher electrophilic reactivity of benzaldehyde (1m),
its reactions with the carbanions 2a,b were found to be too fast
for direct measurements with our stopped-flow techniques. We
succeeded, however, to measure the rate of the reaction of 2b
with the less electrophilic p-methoxybenzaldehyde (1o) in the
same way as described above for the corresponding reactions
with ketones and obtained the second-order rate constant k2

exptl

= 2.69 × 104 M−1 s−1, which will be used in Table 3.
Subsequently, the relative reactivities of benzaldehyde (1m)
and p-methoxybenzaldehyde (1o) toward 2a were determined
by the competition experiment illustrated in Scheme 11.27

From the composition of the reaction mixtures given in
Scheme 11, we derived the competition constant κ using eq
10,28 which is applicable when the competing reagents are not
used in high excess and the ratio of their concentrations
changes during the reaction.
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From the directly measured rate constant for the reaction of
2b with 1o and the competition constant κ (Scheme 11), one
can calculate the rate constant k2

exptl for the reaction of 2b with
benzaldehyde (1m) according to eq 11.

κ=k k1m 1o( ) ( )2
exptl

2
exptl

(11)

As described in Scheme 3 and eqs 2−7, the rate constants
k2

exptl thus obtained refer to the rates of the overall reactions.
To derive the rate of attack of the anions 2 at the carbonyl
groups of the aldehydes 1m and 1o (kCC), we must know the
degree of reversibility of the initial addition step, which again
was determined by crossover experiments. For their design, it
was necessary to identify trapping agents which can
quantitatively intercept the carbanions 2 generated by reverse
addition of the halohydrin anions. As shown in Scheme 12, the
epoxides 3la′ and 3la″ are formed exclusively when a 1/1
mixture of benzaldehyde (1m) and trifluoroacetophenone (1l)
is treated with 0.5 equiv of 2a, indicating that the fluorinated
ketone 1l is much more electrophilic than benzaldehyde (1m).

Scheme 10. Synthesis of Sulfonium Tetrafluoroborate 12 and
Crossover Experiment To Elucidate the Rate-Determining
Step in the Epoxidation of Benzaldehyde with the Sulfonium
Ylide 7b

Scheme 11. Competition Experiments for Determining the
Relative Reactivities of Benzaldehyde (1m) and p-
Methoxybenzaldehyde (1o) toward 2a
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In analogy to the procedure described in Scheme 4, the
chlorohydrins 4ma-H and 4oa-H (Scheme 13) were synthe-

sized in THF at −78 °C by the reaction of 2a-Li with the
aldehydes 1m and 1o, respectively, and subsequent acid-
ification. As illustrated in Scheme 13, treatment of a 1/5
mixture of 4ma-H and 1l gave the crossover product 3la in
addition to 3ma, the cyclization product of 4ma, in a ratio of
7.9/1. Since 1l is much more electrophilic than 1m (Scheme
12), we can conclude that 3ma is exclusively formed by direct
cyclization of the deprotonated chlorohydrin 4ma, whereas the
carbanion 2a, which is formed by reversal of 4ma, is
quantitatively converted into 3la. The ratio [3la]/[3ma] =
7.9 (Scheme 13a) thus reflects the ratio k−CC/krc given in Table
3.
Since the competition experiment in Scheme 11 showed 1m

to be 12 times more reactive than 1o, benzaldehyde (1m) could
be used as a trapping reagent for the crossover experiment in
Scheme 13b, and the ratio [3ma]/[3oa] = 4.7 (Scheme 13b)
again reflects the ratio k−CC/krc given in Table 3.

Equation 7 was then used to calculate the rate constants kCC
for the nucleophilic attack of 2b at the aldehydes 1o,m from the
gross rate constants k2

exptl listed in Table 3 and the k−CC/krc
ratios from Scheme 13. Substitution into eq 1 with the N and sN
parameters of 2b eventually yielded the electrophilicity
parameters E of the aldehydes 1m and 1o in the last column
of Table 3. It should be admitted, however, that there are two
uncertainties in this derivation. First, the mixtures of
diastereomers of the chlorohydrins 4ma-H and 4oa-H, which
are used for the crossover experiments in Scheme 13, are
formed by the reactions with the lithiated nucleophiles 2a-Li in
THF at −78 °C and may differ somewhat from the
diastereomeric ratios of the halohydrins generated under the
conditions of the kinetic experiments. Second, we had to use
the k−CC/krc ratios for the adducts of 2a for the calculation of
kCC in Table 3 because the epoxides obtained from 2b were not
stable. The plausibility of this assumption is based on the
comparison of entries 3/4, 8/10, and 13/15 in Scheme 7, which
indicated that the ratio of retroaddition vs ring closure (k−CC/
krc) is almost independent of the substituents at the arylsulfonyl
groups.
These uncertainties prompted us to examine the E value for

benzaldehyde thus derived by an independent experiment.
Substitution of the E values for 1m and 14 and of the N and sN
parameters for 2a into eq 1 gives kCC, the rate constant for the
initial nucleophilic attack of 2a at these electrophiles. Since the
attack of 2a at 1m (in contrast to the attack at 14) is reversible,
kCC was corrected by the splitting ratio k−CC/krc according to eq
7 to obtain the overall rate constant k2

exptl for the formation of
the epoxide 3ma.
In the competition experiment described in Scheme 14,

which compares the electrophilic reactivity of benzaldehyde

(1m) with that of the N-tosyl imine 14, we observed the ratios
[3ma]/[1m] = 0.22/3.31 and [15]/[14] = 1.08/2.04 from
which the reactivity ratio κ = k(14)/k(1m) = 6.6 was derived by

Scheme 12. Competition Experiment To Demonstrate the
Much Higher Reactivity of Ketone 1l Compared to
Benzaldehyde (1m)

Scheme 13. Crossover Reactions of Aldehydes 1m and 1o

Table 3. Derivation of the Rate Constants kCC for Nucleophilic Attack of 2b at the Aldehydes 1o and 1m and the Resulting E
Parameters

aldehyde nucleophile k2
exptl (M−1 s−1) k−cc/krc

a kCC
b (M−1 s−1) approximate E

1m 2b 3.36 × 105c 7.9 3.0 × 106 −12.9
1o 2b 2.69 × 104d 4.7 1.5 × 105 −15.4

aFrom Scheme 13. bFrom eq 7. cFrom eq 11 using the averaged κ from Scheme 11, k2
exptl = 12.5 × (2.69 × 104 M−1 s−1). dDirect rate measurement.

Scheme 14. Competition Experiment To Determine the
Relative Reactivities of Benzaldehyde (1m) and Imine 14
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eq 10 as summarized in Table 4. The fair agreement between
the relative reactivities of 1m and 14 and the rate constants
calculated by eq 1 confirms the electrophilicity parameter of
benzaldehyde (1m) derived above.
Correlation Analysis. To elucidate the origin of the

corresponding electrophilic reactivities, we have determined
various properties of the investigated carbonyl compounds by
quantum chemical calculations (Table 5). As specified in Table
5 and Table S25 (Supporting Information), the computational
methods used in these calculations differ from those employed
in the reaction path calculations (see above) to make them
strictly comparable to our earlier work on nucleophilic
additions to Michael acceptors and carbenium ions.29

Methyl anion affinities (MAAs) have been calculated as the
negative of the reaction Gibbs energies for the addition of
methyl anion to ketones and aldehydes (eq 12). In addition, we

calculated Parr electrophilicity indices ω (eq 13) for 12
carbonyl compounds30 from the chemical hardness η (eq 14)
and the electronic chemical potential μ (eq 15). The values of η
and μ have been calculated from the energies of the lowest
unoccupied molecular orbital (εLUMO) and the highest occupied
molecular orbital (εHOMO), which were derived at the gas-phase
B3LYP/6-31G(d,p) level. As in previous studies, the Parr
electrophilicity indices are expressed in electronvolts (eV).

ω μ η= /22 (13)

η ε ε= −LUMO HOMO (14)

μ ε ε= +1/2( )LUMO HOMO (15)

ω ω= +fkc (16)

The local electrophilicity indices ωc at the carbonyl carbon
were calculated as the product of Parr’s electrophilicity index ω
and the nucleophilic Fukui function ( f k

+) according to eq 16.
The Fukui function for nucleophilic attack is defined as the
change of the partial charge q at a certain atom k by adding an
electron to the corresponding compound; that is, f k

+ = q(k,N
+1) − q(k,N) with N = total number of electrons.31

Previously, good correlations between the electrophilicities of
benzhydrylium ions and their LUMO energies were reported
by Liu34a and Yu.34b Figure 8 shows a moderate correlation
between the electrophilicity parameters E of ketones and their
LUMO energies in the gas phase. This correlation improves
slightly when the correlation with LUMO energies in DMSO
solution is considered (as depicted in Figure S29B, Supporting
Information). Though the correlation between the electro-
philicity parameters E and LUMO energies of Michael
acceptors has been reported to be very poor,29a Figure 8
shows that ketones are generally more electrophilic than
Michael acceptors of equal LUMO energies.
Whereas Figure 9 shows a moderate correlation between

electrophilicities E and Parr’s global electrophilicity index ω, a
plot of E vs the local electrophilicity index ωC (Figure S33A,
Supporting Information) has a correlation coefficient of R2 =
0.30 (!); i.e., ωC is inadequate to predict electrophilic
reactivities of ketones.35

As in our previous investigation of the electrophilic
reactivities of Michael acceptors,29a the electrophilicities E of
the ketones 1a−1j correlate fairly with the calculated gas-phase
methyl anion affinities (R2 = 0.77; Figure S17B, Supporting

Table 4. Comparison of the Relative Reactivities of Benzaldehyde (1m) and Imine 14 toward 2a Derived from Rate
Measurements and Competition Studies

electrophile E kCC
a (M−1 s−1) k2

exptl (M−1 s−1) krel(rates) krel(competition)

1m −12.9 2.85 × 106 3.20 × 105b 1 1
14 −13.05c 2.47 × 106 2.47 × 106 7.7 6.6d

aFrom eq 1 with E from this table and N = 28.27 and sN = 0.42 for 2a. bCalculated with eq 7 using k−CC/krc = 7.9 from Table 3. cReference 2. dFrom
Scheme 14; for a competition experiment with [2a-H]/[1m]/[14] = 1/5/2, a κ = 6.65 was obtained (see the Supporting Information).

Table 5. Quantum Chemically Calculated Frontier Orbital Energies (hartrees), Global (ω) and Local (ωC) Parr Electrophilicity
Indices (eV), and Methyl Anion Affinities (MAAs; kJ mol−1) of Ketones and Aldehydes

electrophile Ea εHOMO
b εLUMO

b global ωb local ωC
b ΔGgas(−MAA)c ΔGsol‑sp(−MAA)d

1a −17.5 −0.24245 −0.02117 1.07 0.16 −131.6 −8.0
1b −21.0 −0.23597 −0.01449 0.96 0.15 −114.2 14.6
1c −19.9 −0.23443 −0.01201 0.93 0.15 −126.7 11.7
1d −22.1 −0.23483 −0.01104 0.92 0.14 −116.3 26.8
1e −18.4 −0.22444 −0.01456 0.93 0.15 −136.2 2.9
1f −17.9 −0.24378 −0.02071 1.07 0.18 −147.3 −1.4
1g −16.9 −0.23250 −0.02310 1.06 0.19 −158.3 −4.1
1h −18.2 −0.23481 −0.01233 0.93 0.15 −138.5 5.3
1i −22.3 −0.24272 −0.00948 0.93 0.15 −114.3 16.4
1j −15.6 −0.22563 −0.02762 1.10 0.14 −144.4 −5.9
1m (−12.9)e −0.25521 −0.06342 1.80 0.22 −155.2 −27.8
1o (−15.4)e −0.23442 −0.05149 1.52 0.18 −143.7 −13.2

aEmpirical electrophilicity parameters from Tables 2 and 3, as defined in eq 1. bCalculated at the B3LYP/6-31G(d,p) level in the gas phase.
cCalculated at the B3LYP/6-311+G(3df,2pd)32//B3LYP/6-31G(d,p) level in the gas phase. dBased on methyl anion affinities (ΔGgas), which were
corrected for solvent effects by adding single-point solvation energies calculated at B3LYP/6-31G(d,p) using the solvation model based on density
(SMD)33 (solvent = DMSO) on gas-phase optimized geometries at the same level. eApproximate electrophilicities E of aldehydes (see text and
Table 3).
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Information),21,23,32,36 and this correlation improves further
when solvation is included in the calculated methyl anion
affinities (Figure 10). Obviously, the solvation energy of the
methyl anion is overestimated by this model, since negative
MAAs were calculated for several additions. Though the data
for the benzaldehydes 1m and 1o were not used for the
correlation because of the uncertainty of the experimental E
parameters, they also are on this best fit line, thus justifying the
approximations made for the derivation of their E parameters.
When the plots of E vs MAA for carbonyl compounds and

Michael acceptors are drawn in the same graph (Figure 11),
one can clearly see two correlation lines, which differ in two
aspects. First, the slope for the ketones is significantly larger
than that for Michael acceptors. As pointed out previously, the
slope of the Michael acceptor correlation implies that in
reactions with a nucleophile of sN = 0.7 (see eq 1) about 43% of
the differences of the Gibbs reaction energies are reflected in
the Gibbs activation energies.29a A significantly higher

percentage (75%) of the Gibbs reaction energies is mirrored
by the activation energies of the additions of nucleophiles with
the typical value sN = 0.7 to carbonyl compounds.37 Second, the
different positions of the two correlation lines imply that
additions to carbonyl compounds are significantly faster than
Michael additions of equal thermodynamic driving force
(ΔrG°). In Marcus terminology,38a−e this means that Michael
additions proceed with significantly higher reorganization
energies than nucleophilic additions to carbonyl groups,
which can be explained by the much greater movements of
electrons and structural changes occurring in Michael additions
(Scheme 15).38f

Structure−Reactivity Relationships. As shown in Table
6, the reactivity order cyclobutanone (1a) > cyclohexanone
(1c) > cyclopentanone (1b) > cycloheptanone (1d), which we
found for reactions with carbanions 2a,b, had previously been

Figure 8. Correlation of the electrophilicities (E) of ketones with their
gas-phase lowest unoccupied molecular orbital energies (εLUMO)
calculated at the B3LYP/6-31G(d,p) level of theory compared with
the corresponding correlation for Michael acceptors.

Figure 9. Correlation between electrophilicities (E) of ketones 1a−1j
and Parr’s global electrophilicity index (ω) calculated at the B3LYP/6-
31G(d,p) level of theory.

Figure 10. Correlation between electrophilicities (E) of ketones and
their MAAsol‑sp values (−ΔGsol‑sp, kJ mol−1) calculated at the
SMD(DMSO)/B3LYP/6-311++G(3df,2pd)//B3LYP/6-31G(d,p)
level of theory. A superscript a indicates the data point was not used
for the construction of the correlation line.

Figure 11. Correlation between the empirical electrophilicities (E, eq
1) and MAA (−ΔGsol‑sp, kJ mol−1) values calculated at the
SMD(DMSO)/B3LYP/6-311++G(3df,2pd)//B3LYP/6-31G(d,p)
level of theory for ketones and Michael acceptors.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b01657
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

L

http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01657/suppl_file/ja8b01657_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b01657


observed in reactions with other nucleophiles, though the
relative reactivities of the different cycloalkanones depend on
the reaction partner and conditions.39 The uniformly higher
electrophilic reactivity of cyclobutanone (1a) can partially be
explained by the higher release of ring strain during conversion
of the sp2 carbon in the four-membered ring into an sp3 carbon.
Table 5 shows, however, that the gas-phase methyl anion
affinity of 1a is only 5 kJ mol−1 higher than that of
cyclohexanone (1c), indicating that release of strain can only
account for part of the reactivity difference of 1a and 1c. Since
the MAA of 1a is almost 20 kJ mol−1 higher than that of 1c in
DMSO solution, we must conclude that differences of solvation
are the major reason for the higher reactivity of cyclobutanone
(1a) toward 2b in solution. Let us analyze the origin of the
solvation effect in the following comparison of cyclohexanone
with cyclopentanone.
H. C. Brown rationalized the 23 times faster reaction of

NaBH4 with cyclohexanone compared to cyclopentanone by a
change of torsional strain: As the hybridization of the carbonyl
carbon changes from sp2 to sp3, the torsional strain increases in
the five-membered ring (eclipsed bonds), but decreases in the
six-membered ring because the equatorial hydrogens are nearly
eclipsed with carbonyl oxygen in cyclohexanone and attain
staggered arrangements in the chair conformation of cyclo-
hexanol.40 Since the opposite rehybridization takes place in the
rate-determining step of SN1 reactions of cycloalkyl halides,
differences in torsional strain were analogously used to explain
the much larger solvolysis rates of cyclopentyl halides
compared to cyclohexyl halides.40 We had already doubted
that the change from Csp

3 to Csp
2 is the major contribution to

this difference of the SN1 reactivities because methylenecyclo-
pentane was found to react 50 times faster with benzhydrylium
ions than methylenecyclohexane though the rate-determining
step does not involve rehybridization of a ring carbon.41

The 12.5 kJ mol−1 higher gas-phase methyl anion affinity of
cyclohexanone (1c) compared to cyclopentanone (1b) in
Table 5 supports the torsional strain argument. However, the
difference between the MAAs of 1c and 1b shrinks to 2.9 kJ

mol−1 in DMSO solution. As discussed in detail in Figures S24
and S25 (Supporting Information), this change is due to the
fact that the cyclohexanolate conformer with oxygen in the axial
position, which is most stable in the gas phase, is less efficiently
solvated and becomes even less stable in DMSO solution than
the conformer with equatorial oxygen. Thus, the overall poorer
solvation of the cyclohexanolate ion accounts for the fact that
the MAA of cyclohexanone, which is much higher than that of
cyclopentanone in the gas phase, is only slightly higher in
solution. The poor solvation of the cyclohexanolate anion with
oxygen in the axial position analogously accounts for the
finding (Table 5) that the MAAs of cyclobutanone and
cyclohexanone differ only slightly in the gas phase (5 kJ mol−1)
but strongly in solution (20 kJ mol−1).
As shown in Table 7, the introduction of electronegative

elements in the 4-position of cyclohexanone leads to an

increase of the electrophilic reactivity toward carbanion 2b as
well as toward BH4

−. Possibly different solvation accounts for
the fact that the relative reactivities in the two reaction series
correlate only moderately. From the fact that the data for the
four six-membered ring ketones 1c, 1e, 1f, and 1g are perfectly
on the correlation line of Figure 10, one can conclude that the
relative reactivities of these ketones are predominantly
controlled by the thermodynamics of the CC-bond-forming
step. Though oxygen is more electronegative than sulfur,
tetrahydrothiopyranone (1g) is more electrophilic than
tetrahydropyranone (1f), which may be due to through-bond
interaction.42

When the β-carbon of ketones is replaced by sulfur (1i→ 1j)
or oxygen (1i → 1k), the heteroatom effect is larger (by a
factor of 400 for S and not measurable for O) than the γ-
heteroatom effect shown in Table 7 and follows the
electronegativity order O ≫ S.

■ CONCLUSIONS
The arylsulfonyl-substituted chloromethyl anions 2a,b are
suitable reference nucleophiles for the determination of the
electrophilic reactivities of ordinary aliphatic ketones. The rate
constants kCC for the initial nucleophilic attack are accessible by
combination of the directly measured gross rate constants
(k2

exptl) for the formation of the epoxides 3 from the reactants 1
and 2 with the degree of reversibility of the initial step (k−CC/
krc). This ratio was derived from crossover experiments with the
independently synthesized intermediates 4. Two reaction
pathways have been identified for the reactions of the
carbanions 2 with the ketones 1: one which yields the
intermediate halohydrin anions 4 with the C−Cl and C−O−

bonds in anti-arrangements that can undergo direct cyclization
to the epoxides 3 and a second one which gives the halohydrin

Scheme 15. Less Movement of Electrons and Nuclei
Required in Nucleophilic Additions to Carbonyl Groups
Than to Michael Acceptors

Table 6. Comparison of the Reactivities of the
Cycloalkanones 1a−d toward Different Nucleophiles

kCC(2b)
a

(M−1 s−1)
k2(NaBH4)

b

(M−1 s−1) krel(2b)
a krel(NaBH4)

b krel(Nu)
c

1a 1.33 × 104 2.66 × 10−2 27 1.6 1.2
1b 2.14 × 102 7.01 × 10−4 0.44 0.044 0.066
1c 4.85 × 102 1.61 × 10−2 1 1 1
1d 3.88 × 101d 1.02 × 10−4 0.080 0.0063 0.11

aIn DMSO, 20 °C, from Table 2. bIn iPrOH, 0 °C, from ref 4c.
cAveraged value derived from reactions with NH2OH, SO3

2−, CN−,
BH4

−, and HOC2H4S
− in aqueous solution; krel(Nu) = 10B calculated

from Geneste’s B values defined by the relation log k = A log k0 + B in
ref 5f. dFrom the rate constant with 2a (Table 2) divided by 9.8, the
reactivity ratio 2a/2b toward cyclohexanone (1c).

Table 7. Influence of Heteroatoms in the γ-Position on the
Reactivities of Cyclic Ketones

ketone 1 krel(2b)
a krel(BH4

−)b

1c (X = CH2) 1.0 1.0
1e (X = NMe) 5.0 9.9
1f (X = O) 18
1g (X = S) 59 11.2

akCC in DMSO from Table 2. bIn water/dioxane (1/1) at 25 °C (from
ref 5a).
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anions 4 with C−Cl and C−O− in gauche orientation. The
latter undergo retroaddition with regeneration of the reactants
1 and 2, because the barrier for reversal is lower than the barrier
for rotation to give the anti conformer suitable for cyclization.
The cyclopropanation of diethyl maleate with 2a proceeds via
an analogous mechanism, with the difference that the initial
CC-bond-forming step, which also gives different conformers, is
irreversible.
The electrophilicity parameters E of the ketones 1 were

calculated by eq 1 from the rate constants kCC and the
previously reported reactivity parameters N and sN for the
carbanions 2. The E parameters, which refer to the nucleophilic
attack of 2 at the carbonyl groups, correlate moderately with
the gas-phase LUMO energies of the ketones (R2 = 0.76, Figure
8), poorly with Parr’s global electrophilicity index ω (R2 = 0.61,
Figure 9), very poorly with Parr’s local electrophilicity index ωC

(R2 = 0.30, Figure S33A in the Supporting Information), and
best with the methyl anion affinities calculated for DMSO
solution (R2 = 0.87, Figure 10). We thus do not consider Parr’s
electrophilicity indices suitable measures for electrophilic
reactivities, though electrophilic reactivities within a series of
structurally closely related Michael acceptors correlate well with
Parr’s indices.30

Comparison of the electrophilicities E of ketones with those
of Michael acceptors shows that ketones are significantly more
electrophilic than Michael acceptors of equal methyl anion
affinity (≙ Lewis acidity), indicating that nucleophilic additions
to ketones proceed over much lower Marcus intrinsic barriers
due to less electronic and geometrical reorganization than in
Michael additions.
Crossover experiments showed that the initial attack of the p-

cyanophenyl sulfonium ylide at aldehydes is reversible (in
contrast to previous extrapolations), with the consequence that
the previously reported E parameters for aldehydes correspond
to the gross rate constants for these epoxidations and do not
reflect the rates of initial attack of nucleophiles at the carbonyl
group. By using the carbanions 2 as reference nucleophiles,
estimates for the rate of nucleophilic attack at aldehydes have
been obtained, showing that the electrophilicity parameter E of
benzaldehyde (1m) is approximately 7 units greater than that of
cyclohexanone (1c).
As illustrated in Figure 12, the electrophilicities of saturated

aliphatic ketones are comparable to the CC bond reactivities
of β-phenyl-substituted α,β-unsaturated ketones and much
lower than the CC bond reactivities of terminally
unsaturated vinyl ketones. Benzaldehyde, on the other hand,
is more electrophilic than the α,β-unsaturated carbonyl
compounds depicted in Figure 12, in line with the observation
that α,β-unsaturated aldehydes usually undergo 1,2-additions
under kinetically controlled conditions. In earlier applications
of eq 1, we have shown that in reactions of nucleophiles with
carbenium ions and a variety of Michael acceptors the
electrophilicity parameters E can be treated as solvent-
independent quantities, with the consequence that all solvent
effects are shifted into the nucleophile-specific parameters N
and sN. Because of the high basicity of alkoxide ions in aprotic
media, this approximation probably does not hold for the
electrophilicities of carbonyl compounds, and systematic
investigations of solvent effects are now needed to arrive at
reliable predictions of carbonyl reactivities in different solvents.
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(30) Domingo, L. R.; Peŕez, P.; Contreras, R. Tetrahedron 2004, 60,
6585−6591.
(31) (a) Contreras, R. R.; Fuentealba, P.; Galvań, M.; Peŕez, P. Chem.
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