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Gas-phase alkylations of delocalized ambident anions, Y= CH=X_ where X, Y-CH2, O, or S, have 
been investigated theoretically at the MP2/6-31 +G*〃MP2/6-31+G* and QCISD/6-31 +G*//MP2/6-31+G* lev
els. O- and S-alkylations (X=O and S) are more favored kinetically by - 4.6 and 9.8 kcal mob1 than the 
respective C-alkylations even though they are thermodynamically less favored by 22.4 and 6.0 kcal mol-1 re
spectively. It was found that the transition structures for the C-alkylations are imbalanced due to the endoergic 
rehybridi- zation of the carbon center from sp2 to sp3 which leads to premature bond contraction of the C-Y 
bond and delayed bond stretching of the C-X bond. In the O-, or S-alkylation, such endoergic process is not 
required since the o-lone pair on O or S is involved in the initial stage of alkylation. The imbalanced TSs for 
the C-alkylation are accompanied by higher intrinsic barriers and deformation energies.

Introduction

The alkylation of enolate anions in solution is an impor
tant class of reaction in organic syntheses.1 It provides one of 
the most common ways of forming carbon-carbon bonds 
(C-alkylation) and also it is used to protect ketones via their 
vinyl ethers (O-alkylation). Thermodynamically the C-alky- 
lation is expected to be favored since the formation of the 
C-alkylated product is much more exothermic, by ca. 17-18 
(±3) kcal mol1. For example, thermochemically estimated 
heats of reactions for the C- and O-alkylations of acetalde
hyde enolate anion by methyl fluoride are -12 and +6 kcal 
mol-1, respectively,2 and those of cyclohexanone enolate 
anion with methyl bromide are -44 and -27 (±3) kcal m이시 

respectively.3 These estimates show that the C-alkylation is 
favored over the O-alkylation by 17-18 (±3) kcal mol-1 ther
modynamically. A similar difference of 〜17 kcal mol1 in the 
heats of reaction between the gas-phase C- and O-alkyla
tions has also been obtained for the reaction of acetone eno
late with trifluoroethyl acetate.4 Kinetically, however, O- 
alkylation has been found to be preferred to C-alkylation in 
the gas-phase reaction of acetone enolate with methyl chlo
ride and bromide,5 and also in the alkylation of cyclohex
anone enolate by methyl bromide.3 In contrast, in the gas
phase reaction of acetone enolate anion with trifluoroethyl 
acetate, only the C-alkylation product was observed,4 which 
was believed to result from the reversible formation of a 
tetrahedral intermediate; in such case the formation of the 
thermodynamically preferred C-alkylation product is likely 
to be favored. On the other hand, O-alkylation is found to 
dominate in solution unless reactivity of the enolate oxygen 
is suppressed by coordination of metal cations or protic 
solvents.6 Theoretically, Houk et al., based on the results at 
the RHF/6-31GWHF/3-21G level, predicted O-alkylation 
rather than C-alkylation for the reaction of acetaldehyde 
enolate anion with methyl fluoride, even though the latter is 
favored thermodynamically.2 The theoretical as well as 

experimental results suggest that the alkylation of enolates 
proceeds by kinetic control in single-step reactions whereas 
they are thermodynamically controlled in two-step (or multi
ple-step) reactions involving a stable intermediate. However, 
there still remains to be solved the problem of detailed 
understanding of the causes or reasons for the kinetic control 
in the enolate alkylation. In view of the importance of alky
lation reactions in synthetic chemistry, we attempted to solve 
the problem by examining the transition structures for the 
alkylation reactions of delocalized ambident anions with me
thyl fluoride, eq 1, theoretically at the MP2/6-3l+G*//MP2/6- 
31+/ and QCISD/6-31+G*〃MP2/6-31+G*8 levels of theory.

YCHX- + CH3F t YCHXCH3 + F- (1) 
X = Y 二 CH2, OorS

Computational Methods

Calculations were carried out with GAUSSIAN-92 and 94 
pro양rams? Since anions are involved, we included a diffuse 
function and 6-31+G* basis set7 was used in all calculations. 
Geometries were fully optimized. Frequency calculations 
were performed for all structures, and zero-point vibrational 
energies (ZPE) and entropies were determined. Electron cor
relation effects were incorporated at the two levels, MP2 and 
QCISD.8 The latter method was introduced by Pople e? a/.,8 
by adding quadratic terms in the CISD formalism in order to 
correct errors arising from size-inconsistent CISD results. 
We report two types of results: MP2/6-31+C即/MP2/6- 
31+G* and QCISD/6-31+G*〃MP2/6-31+G*.

Free energy (AG) and enthalpy changes (AH) were deter
mined by eqs 2, where

AG = AE + △顼ZPE) + RT -TAS (2a)
AH = AG + TAS (2b)

△Hr is the thermal energies involved in the temperature 
increase from 0 K to 298 K.
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Scheme 1

Results and Discussion

Geometries. The gas-phase alkylation reactions of enolate 
anions with methyl fluoride proceed via a typical S^2 path

way, and as has been predicted theoretically as well as 
experimentally a double-well potential energy surface 
(PES),10 Scheme 1, was fo녀nd. The reactant (RC) and prod
uct encounter complexes (PC) corresponding to the two 
wells are ion-dipole types formed by weak electrostatic 
interactions. Geometries of the reactants and products, RCs 
and transition structures are summarized in Tables 1 〜3. Four 
examples of RCs are shown in Figure 1. We note that the 
RCs of anions with the same terminal groups ie, Y=X, the 
structure is not symmetrical with two different distances of 
di and d2 between terminal heavy atoms and the methyl car
bon, Scheme 2. This is because of two different electrostatic 
attractions for Xi (which is eclipsed with Hi) and X2 (which 
is staggered with two hydrogens on C2), Scheme 2; the lat
ter, X2, experiences a greater electrostatic attraction by the 
two hydrogen atoms, H2 and H3, than Xi which interacts 
with only one H (Hi). Since the ion-dipole complexes are 
formed at relatively long distances, the difference in the 
electrostatic attraction will be small so that the difference in 
the distance is not large. The distances, di and are much

Table 1. Calculated bond lengths (A) and bond angles (degree) for reactants (CH3F and anion nucleophiles) and products at the MP2 level
Y、 ，-X Y、 X—브一(加3

c'h c'h
(R) (P)

No. Y X
R P

dx dz ZYCiX d\ di ZYCiX ZC}XC2
1 ch2 CH2 1.3985 1.3985 131.4 1.3426 1.5001 1.5320 124.68 120.0
2 O ch2 1.2851 1.3874 129.8 1.2269 1.5110 1.5257 123.74 113.3
3 ch2 0 1.3874 1.2851 129.8 1.3391 1.3699 1.4302 121.85 114.4
4 s ch2 1.7341 1.3634 128.9 1.6231 1.5072 1.5270 125.45 113.2
5 ch2 s 1.3634 1.7341 128.9 1.3439 1.7594 1.8094 124.32 99.7
6 0 0 1.2681 1.2680 130.2 1.2127 1.3537 1.4431 122.76 115.5
7 s 0 1.7110 1.2538 129.1 1.6177 1.3462 1.4458 123.38 115.6
8 0 s 1.2538 1.7110 129.1 1.2207 1.7629 1.8141 123.72 100.1
9 s s 1.6822 1.6821 130.2 1.6288 1.7332 1.8138 125.07 100.9

10 CH3CH2- 1.5314 1.5269 1.5269 112.3
11 CH3O- 1.3630 1.4202 1.4202 111.4
12 ch3s- 1.8336 1.8064 1.8064 98.4

Table 2. Calculated bond lengths (A) and bond angles (degree) of reactant complexes (RCs) at the MP2 level 
色 一一…由 广쏘 fY、 ，- X-

、斗济

No. Y X dx dz 刁3 ZYClX zc»xc2 ZXC2F
1 CH2 ch2 1.3971 1.4002 3.2329 1.4385 130.8 86.3 164.9
2 O ch2 1.2889 1.3849 3.7211 1.4424 129.0 64.6 137.7
3 ch2 0 1.3849 1.2889 2.7777 1.4424 129.0 105.9 177.4
4 S ch2 1.7337 1.3640 3.7377 1.4361 128.7 76.2 171.5
5 ch2 s 1.3640 1.7337 3.3986 1.4361 128.7 84.3 171.7
6 O 0 1.2682 1.2699 2.9183 1.4420 129.4 104.1 177.7
7 s 0 1.7076 1.2569 2.8807 1.4361 128.6 114.2 175.3
8 0 s 1.2569 1.7076 3.8623 1.4361 128.6 67.8 139.4
9 s s 1.6814 1.6836 3.4536 1.4316 130.1 90.3 175.2

10 CH3CH2- 1.5320 3.1936 1.4525 85.6 166.4
11 CH3O- 1.3658 2.6922 1.4487 114.4 179.7
12 CH3S- 1.8310 3.3383 1.4392 85.6 169.6
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Table 3. Calculated bond lengths (A) and bond angles (degree) of transition structures at the MP2 level

No. Y X dx di d? （爲 ZYC]X ZCXC2 ZXC2F
1 ch2 CHi 13749 1.4253 2.2331 1.7346 128.6 103.2 176.8
2 O ch2 1.2623 1.4139 2.1468 1.8210 127.7 101.4 176.3
3 ch2 O 1.3643 1.3141 1.8633 1.8559 127.3 112.7 178.7
4 s ch2 1.6747 1.4029 2.0372 1.8926 127.5 102.9 175.2
5 ch2 s 1.3549 1.7388 2.2905 1.8898 128.2 96.2 179.3
6 0 0 1.2440 1.2977 1.8206 1.9180 127.1 117.9 178.3
7 s 0 1.6620 1.2882 1.7717 1.9643 126.6 117.1 178.9
8 0 s 1.2407 1.7264 2.2333 1.9605 128.4 102.1 177.2
9 s s 1.6569 1.7001 2.2126 1.9520 130.0 105.7 175.6

10 CH3CH2- 1.5249 2.4727 1.6302 98.5 174.6
11 CH。 1.3791 1.9835 1.7357 107.6 178.8
12 CH3S- 1.8179 2.3496 1.8411 92.8 178.2

Reactions 2 and 3

Reaction 6 Reactions 7 and 8

Table 4. Proton affinities (PA) and methyl cation affinities (MCA) 
at the MP2 level (kcal mol시 )

No. Y X PA MCA
1 ch2 ch2 -398.7 -299.4
2 O ch2 -372.3 -271.5
3 ch2 0 -356.6 -247.8
4 S ch2 -352.9 -252.1
5 CH2 s -344.3 -245.7
6 O 0 -342.2 -229.3
7 S 0 -330.1 -218.7
8 O s -331.9 -232.5
9 S s -326.3 -227.8

10 CH3CH2- -429.6 -330.2
11 ch3o- -384.4 (-379)“ -278.8
12 ch3s- -358.1 (-359) -260.7

^Experimental values, Ref. 7, p 314.

Figure 1. Optimized Structures of the Reactant Complexes at the 
MP2 level.

Scheme 2

large for X=S than for X=O since the former being a second- 
row element has a relatively large covalent radius. In con
trast, for X=CH? steric repulsions between hydrogens on X 
and on the substrate (CH3) are expected, which may be one 
of the factors for longer distances (di and d, for X二CH2 
than X=O in addition to a much stronger interactions

expected between O and CH3 due to a stronger electronega
tivity of O. The structures of PCs are of little interest and 
importance. The transition structures will be discussed later 
on separately.

Proton Affinities (PA) and Methyl Cation Affinities 
(MCA). For each reaction center, X and Y, on the ambident 
anions, proton affinities (PA), eq 3, and methyl cation affini
ties (MCA), eq 4, are determined as listed in Table 4.

PA = E(XCHYH or YCHXH) - {E(YCHX-) + E(H+)} (3)
MCA = E(XCHYCH3 or YCHXCH3) - {(E(YCHX-)

+ E(CH3+)} (4)

These two quantities represent a measure of nucleophilic
ity of each reaction center of the anion nucleophiles.10a c The 
PAs and MCAs of localized anion nucleophiles are consi
derably greater than those of the corresponding delocalized 
anion centers. The PAs and MCAs decrease in the order 
X = CH2 > O > S under the same structural changes, e.g., 
CH2CHCH2- > CH2CHO- > CH2CHS- etc.

Energetics. The energies and energy differences relative 
to the reactant complex (RC) and

Central barrier, NE房=E产-Erc (5a)
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Table 5. Calculated activation, complexation and reaction energies for the S^2 reactions in kcal mol-1

No. Y X E忒
NEW

RC
NGrc

心-
TS PS P

NEpc TASpc XGpc \E° -TAS。 △G°△Eb -TA字 △G#
RHF -255.46943 -6.9 6.9 1.3 24.2 17.3 10.0 28.0 -10.8 7.6 -2.4 -37.4 2.2 -32.1

1 ch2 ch2 RMP2 -256.18102 -9.2 9.4 1.8 12.4 3.2 11.6 15.7 -12.6 7.7 -4.0 -45.9 3.6 -39.0
QCISC -256.23067 -8.6 2.4 14.0 5.4 17.8 -14.2 -4.5 -44.1 -37.1
RHF -291.35588 -9.0 4.7 -3.0 33.6 24.7 9.8 34.7 -19.3 6.6 -10.8 -11.0 2.6 -7.5

2 0 ch2 RMP2 -292.11824 -10.8 7.7 -1.7 21.7 11.0 10.2 21.7 -20.1 6.8 -11.6 -18.1 2.7 -14.1
QCISC -292.15602 -10.6 -1.5 24.1 13.5 24.2 -20.3 -12.0 -17.4 -13.4
RHF -291.35588 -9.0 4.7 -3.0 29.0 20.1 9.2 30.0 -18.5 5.2 -11.7 11.7 2.6 -15.6

3 ch2 0 RMP2 -292.11824 -10.8 7.7 -1.7 19.0 8.2 9.3 18.1 -19.9 6.9 -11.4 5.6 2.7 9.4
QCISC -292.15602 -10.6 -1.5 19.5 8.9 18.8 -19.7 나 0.9 5.0 8.8
RHF -614.03454 -6.7 5.7 0.2 46.6 39.9 10.1 49.7 -22.7 6.8 -14.1 18.5 2.7 21.2

4 S CH2 RMP2 -614.72796 -9.1 7.4 -0.5 29.5 20.4 10.3 30.8 -22.0 6.9 -13.4 1.4 2.8 4.6
QCISC -614.77879 -8.6 0.0 33.1 24.5 34.9 -22.3 -13.7 3.4 6.7

RHF -614.03454 -6.3 5.8 0.7 34.7 28.4 8.6 36.8 -19.2 7.1 -10.5 22.5 2.2 24.2
5 ch2 s RMP2 -614.72796 -9.1 7.4 -0.5 22.2 13.1 9.1 21.9 -21.9 7.4 -12.9 7.7 2.2 9.5

QCISC -614.77879 -8.6 0.0 23.4 14.7 23.5 -21.3 -13.9 9.4 11.2

RHF -227.53397 -9.2 6.5 -1.4 34.7 25.5 9.0 34.9 -26.8 8.5 -17.0 29.8 1.2 32.2
6 0 0 RMP2 -228.03716 -10.8 6.8 -2.8 25.6 14.8 8.9 24.2 -28.2 9.1 -18.0 24.1 0.7 25.9

QCISC -228.04299 -10.8 -2.8 26.5 15.7 25.0 -28.4 -18.2 24.5 26.3
RHF -550.18661 -7.4 6.0 -0.2 42.3 34.9 9.5 44.6 -30.1 8.6 -20.2 48.7 1.4 50.9

7 s 0 RMP2 -550.62398 -9.5 6.9 4.4 30.0 20.6 8.3 29.0 -28.9 8.7 -19.0 34.8 1.2 36.7
QCISC -550.64217 -9.3 -1.2 31.2 22.0 30.5 -29.4 -19.5 36.2 38.1

RHF -550.18661 -7.5 5.9 -0.4 40.4 32.9 8.0 40.5 -27.8 8.5 -18.1 35.4 1.1 36.2
8 0 s RMP2 -550.62398 -9.5 6.9 -1.4 27.9 18.4 9.3 27.3 -29.2 9.2 -19.0 20.9 0.6 21.3

QCISC -550.64217 -9.3 -1.2 29.2 20.0 28.9 -28.7 니 8.5 22.5 22.8
RHF -872.83244 -6.3 5.3 0.1 44.2 37.9 9.4 46.8 -29.4 8.6 -19.7 43.3 1.4 44.2

9 s. s RMP2 -873.21094 -8.5 7.1 -0.2 29.8 21.3 9.1 29.8 -30.1 8.9 -19.4 25.6 1.0 26.1
QCISC -873.23997 -8.1 0.3 31.4 23.3 31.9 -19.7 -19.5 27.9 28.4

RHF -217.58888 -8.0 5.0 -1.9 12.7 4.7 10.6 15.0 -6.7 6.8 0.9 -67.7 2.7 -61.8
10 ch2 RMP2 -218.18255 -9.6 6.7 -2.0 3.2 -6.4 8.7 2.0 -9.0 7.1 -1.0 -76.7 2.7 -70.9

QCISC -218.22800 -9.5 니.9 2.6 -5.3 3.2 -8.9 -0.7 -74.2 -68.4
RHF -253.47448 -11.5 7.2 -4.3 18.6 7.1 8.8 16.9 -10.7 6.9 -2.8 -20.5 1.5 -16.2

11 0 RMP2 -254.12020 -13.1 6.1 -5.8 8.3 -4.8 9.1 5.1 -13.1 7.2 -4.9 -25.4 1.5 -21.3
QCISC -254.15546 -13.2 -5.9 9.3 -3.8 6.1 -13.1 -4.7 24.6 -20.5
RHF -576.18305 -7.1 7.0 -0.1 30.5 23.4 8.2 31.2 -14.4 7.4 -5.9 -10.0 1.2 11.2

12 s RMP2 -576.75370 -9.2 5.5 -2.6 16.4 7.2 8.3 15.2 -16.9 7.7 -8.1 -7.3 1.1 -6.0
QCISC -576.80118 -9.0 -2.3 18.0 9.0 17.1 -16.5 -7.9 -4.5 -3.2

"Reactant energy in hartree. ^Corrected for zero point energes (ZPE).

Activation energy, NE产 ~E^ -Er (5b)

Reaction energy, = Ep - Er (5c) 

separated reactants R, eqs 5, are summarized in Table 5. For 
comparison with experimental results, enthalpy changes, AH 
(eq (2b)), and Gibbs free energy changes, z\G구 and AG° (eq 
(2a)) are determined. We point out that the MO theoretical 
transition structures and the TS structures are not necessarily 
the same.12

Reference to Table 5 reveals that the heats of reactions, 
心，for reactions 2 (OCHCH2— + MeF) and 3 (CH2CHO- + 
MeF) are -16.8 and +6.7 kcal mol-1 by MP2 and -16.1 and 
+6.1 kcal mol-1 by QCISD, which compare well with the 
estimated values based on the experimental data, -12 and +6 

kcal mol-12 considering the 1 〜5 kcal mol1 errors in the esti
mates. The QCISD values are in better agreement, albeit the 
improvement is marginal. Our results are much better than 
those predicted based on the lower level computational 
results: the two values are +33.9 and +47.9 kcal mol-1 at the 
RHF/3-21G//RHF/3-21G level and +9.5 and +32.7 kcal mob1 
at the RHF/6-31 G*//RHF/3-21G level.2 These lower level 
results predicted even incorrect signs for the values of 
reaction 2. Interestingly, the gas-phase reactions of cyclo
hexanone enolate with CH3BQ and acetone enolate with 
CH3COC너2CFF both predicted ca. 17±3 kcal mol-1 differ
ence in AH(, between the C- and O-alkylation with a greater 
exothermicity for the C-alkylation. Our QCISD result of 
〜22 kcal mol시 for the reactions of acetaldehyde enolate 
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anion with CH3F is thus in good agreement.
Examination of Table 5 shows that both the activation 

(△E누 and △(严) and reaction energies (厶E。and AG°) increase 
in the order CH3CH厂vCIkO-vCHaS」for the localized anion 
nucleophiles, reactions 10〜12. Thus the greater the thermo
dynamic driving force (8AEo<0), the greater is the reactivity 
(8AE^<Q), indicating that the rates of alkylation are thermo
dynamically controlled. In contrast, however the alkylations 
of delocalized ambident anions OCHCH2- and SCHCH2 
with CH3F are predicted to proceed by the O- or S-alkyla- 
tions (reactions 3 and 5) with lower activation barriers than 
the corresponding C-alkylations (reactions 2 and 4) even 
though the C-alkylations are thermodynamically favored 
with greater thermodynamic driving force. This means that 
the 시kylation rates of delocalized anions OCHCH2- and 
SCHCH厂 with CH3F are kinetically controlled, which is in 
contrast to the thermodynamically controlled alkylations of 
the localized anions, reactions 10~12. Since the alkylations 
of delocalized anions OCHCH2* 지id SCHCH^ are kineti
cally controlled, there is no proportionality between the acti
vation barrier, △硏 and the exothermicity of reaction, AE。, 

as required for the reactions with the same reaction center, 
X, by the Leffler-Hammond rate- equilibrium relation or 
Bell-Evans-Polanyi (BEP) principle,14 eq 6. According to 
the Marcus equation,101115 eq (7), the activation barrier AE구 

is determined by the intrinsic (or kinetic) barrier, A£? , and

WE二虽NE。 ⑹

A£*=AEo +%£" + -쓰』 (7)
2 16AEO

thermodynamic driving force (AE°). The alkylations of delo
calized anions OCHCH厂 and SCHCH2- are therefore con
trolled by the intrinsic barriers, A&구, rather than by A£°. On 
the other hand, the relative reactivities depending on the 
heavy atoms are invariably in the order SvOvCH? under the 
same condition; for example, keeping the Y group to CH2, 
AE* decreases in the order X = S(14.7)그0(8.9)느CH2(5.4 
kcal mol-1) and similarly keeping the X to O, AE* decreases 
in the same order Y = S(22.0)>O(15.7»CH2(8.9 kcal mol1)- 
This reactivity order is the same as that found for the local
ized anions (reactions 10-12) and seems to reflect the 
increasing order of thermodynamic driving force (8AE°<Q).

Transition Structures. It is commonly accepted that the 
slopes of the plots of X序 vs PA, eq 8, and of △玲 vs MCA, 
eq 9, provide a measure of the degree of progress of reac- 
tion「이%,i6 which is the degree of bond making between the 
reaction center X and methyl carbon of MeF in the alkyla
tion reactions or in SN2 reactions. Another such measure is

8△玲나3 a PA (8)
8AE^ = p' 8MCA (9)

of course the a in eq 6. The slopes, a,。andare collected 
in Table 6. Based on the averages of these three parameters, 
the C-, O- and S-alkylations are predicted to be progressed 
ca. 34, 44, 45% respectively in the transition structures. The 
O- and S-alkylations are progressed to nearly the same

Table 6. The Values of a, p and p'

Reactions a p P' average For reaction 
centers, X=

1,2, 4, 10 0.369 0.335 0.328 0.344 ch2
3, 6, 7,H 0.423 0.480 0.425 0.443 0
5, 8, 9, 12 0.466 0.448 0.428 0.447 s

Table 7. Percentage changes of bond orders, % An*
No. Y X di di d4

1 ch2 ch2 40.6 (42.9)。 29.0 (25.7)" 31.1 (34.4)» 42.1
2 O ch2 37.4 (39.7) 25.4 (21.8) 35.5 (34.4) 49.8
3 CH2 0 45.9 (47.9) 37.3 (34.1) 48.6 (44.3) 52.7
4 S ch2 48.5 (53.2) 32.7 (27.8) 42.7 (34.4) 55.5
5 ch2 s 41.3 (42.1) 20.7 (20.0) 44.8(44.7) 55.3
6 O 0 41.4 (43.6) 38.2 (34.9) 53.3 (44.3) 57.3
7 S 0 48.8 (52.7) 40.6 (37.0) 58.1 (44.3) 60.5
8 O s 38.1 (39.4) 30.7 (28.9) 49.7 (44.7) 60.3
9 S s 45.0 (47.2) 37.3 (35.3) 51.4 (44.7) 59.7

10 CH3CH2- 150.5 (150.0)20.7 (34.4) 31.0
11 ch3o- 32.6 (30.5) 39.1 (44.3) 42.2
12 CH3S- 48.8 (50.0) 40.4 (44.7) 51.5

= (△次?00 where △(尹=^-dR and \d° = dp-dR.叮he values 
in parentheses are the averages of percentage bond length change in the 
TS taken from Table 6.

degree, in contrast to a significantly lesser (ca. 10% less) 
degree of bond making in the C-alkylation. Percentage bond 
length changes in the transition structures can be estimated 
by using bond lengths, = (A(#/A<y°)xl00, and bond 
orders % An*, eq 10,17 where 成，dp and dR represent bond 
length in the transition structure (毛)，product (P) and reactant 
(R), respectively, and △庶 = d고-d& and kd° - dp-dR. The 
parameter a can be either 0.3 for normal bonds or 0.6 for 
partial bonds.17 The results of percentage bond length 
changes in the transition structures, % Ad* and % An*, are 
summarized in Table 7. Examination of Table 7 reveals that 
in the transition structure of C-alkylation contraction of d\ is 
more advanced whereas stretching of 血 lags behind the 
progress of reaction represented by the degree of bond for
mation d-i between X and methyl carbon, eq 11. This type of

丰[exp(一』方&)—exp(一弗/&)]

%An =-一一三-------------- / , V X 100 (10)[exp(-tZF/€z)-exp(-^/tz)J
[Y^L CH^eCH2- -3- CH* 0- F]*

# Y=CH-CH2-CH3 + F© (11)

imbalanced transition structure is a manifestation of the prin
ciple of nonperfect synchronization (PNS)18 and leads to an 
increase in the intrinsic barrier, NEjL According to the PNS, 
a product stabilizing factor, such as resonance or solvation 
etc., that develops late akm망 the reaction coordinate, or a 
reactant stabili거ng factor that is lost early always lowers the 
intrinsic rate of reaction, k0, or alternatively elevates the 
intrinsic barrier, AE/.18 A typical system where there is a 
lack of synchronization is the deprotonation of carbon acids 
activated by ^-acceptors, CH3CHO or CH3NO2, where 
charge transfer into the 7C-acceptor lags behind the proton 
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transfer. A consequence of the lag in charge delocalization is 
that there is little development of resonance stabilization in 
the TS, which is the major reason why reactions that lead to 
resonance-stabilized products have high intrinsic barriers. 
The forward reaction of eq 11, i.e., C-alkylation of a delocal
ized enolate anion, corresponds to a reverse process of the 
deprotonation of a carbon acid, where resonance develops 
prematurely in advance, or early, along the reaction coordi
nate than the progress of reaction which is the degree of pro
tonation or the degree of bond formation in the C-alkylation. 
We note that in the C-alkylation contraction of d\ or double 
bond formation is ahead of bond making process of 
%△』产〉正.This imbalance should be the cause of an 
increase in the intrinsic barrier, AE0#, for the C-alkylation 
leading to slower rates than O-alkylation or S-alkylation for 
which no such TS imbalances are found. For example, in the 
C-alkylation (reaction 2) d\ has changed 37% in contrast to 
35% progress in the bond making of J3, whereas in the O- 
alkylation (reaction 3) d\ has changed 46% but has 
changed 49%. Similarly in the C-alkylation (reaction 4) d\ 
has progressed to 49% in contrast to the 43% bond making, 
whereas in the S-alkylation (reaction 5) it is 41% (di) vs 
45% 03). This is reasonable since in the C-alkylation bond 
contraction of dl involves a change of a single t double 
bond which is exothermic so that proceeds ahead of bond 
making, whereas stretching of involves rehybridization of 
carbon center (X二CH, from sp2 to sp3 which is an endother
mic process20 so that lags behind the bond making. In the 
O-alkylation, however, progress of bond contraction of d\ 
(46%) and bond stretching of dz (37%) are less than the bond 
making (49%). However, in the bond stretching no rehybrid
ization is required since the reaction center is an oxygen 
atom which utilizes a o lone- pair in the initial stage of bond 
making. Thus there is no TS imbalance (%△』产 > 

and there is no incipient energy costing rehybridization. Sit
uation is similar with the C-alkylation (reaction 4) versus S- 
alkylation (reaction 5); in the former the TS becomes imbal
anced and there is no incipient endoergic rehybridization in 
the latter.

It is therefore clear that the preference of O-alkylation (or 
S-alkylation) to the C-alkylation is due to the imbalanced TS 
in the latter in which there occurs an intrinsic- barrier eleva
tion incurred by the imbalanced TS and the endoergic rehy
bridization of reaction center carbon of the delocalized 
anion, in contrast to no such effects in the former, O- or S- 
alkylation.

A greater intrinsic barrier, A才，for the C-alkylation can 
be shown directly by estimating the NEE values for the two 
delocalized ambident anion centers using the well estab
lished relation, eq 12,11 where AE扌(X, Y) is the intrinsic 
barrier for the non-identity reactions, eq 13, and AE户(X, X)

AE*(X,Y)=扑矿(X,X) +"(Y,Y)) (12)

and AE扌(X Y) are the intrinsic barriers (in the thermoneu- 
tral, identity reactions).11 Using the AEj (F, F) value of 12.6 
kcal mol-1,19 which was determined at a theoretical level

Table 8. Calculated (eq 12) intrinsic barriers of delocalized anions 
in the methyl transfer reactions (based on △氏产(F, F)=12.6 kcal 
mol-1)

△滾(kcal mol-1) DE (kcal molT)』

F- 12.6" (26.2匕 11.79 -
CH3O- 6.0 (262，) -
ch3s- 23.4 (242，) -
ch2chch2- 15.4 1.5
OCHCH2- 35.6 2.0
CH2CHO- 26.4 0.9
SCHCH2- 53.6 4.5
CH2CHS- 34.8 0.1
OCHO- 40.4 -
SCHO- 49.8 -
OCHS- 45.8 -
SCHS- 50.2 -

"At the MP2/6-31++G더**//RHF?6-31++G** level.19 ^Gas-phase experi
mental value.10 cAt the RHf/4-31G level.lla Reformation energy = 
(Energy of the anion nucleophile at the transition-structure geometry)- 
(Energy of the anion nucleophile reactant) at the MP2 level.

Y- + CH3X # YCH3 + X- (13)

similar to that was used in the present work (MP2/6- 
31++G**〃RHF/6-31++G"), and △氏巷，心(X, Y) the 
A〉구 (Y, Y) values are estimated using eq 12 as shown in 
Table 8. We note in the Table that the C-alkylation is 
expected to lead to a higher intrinsic barrier than the O- or S- 
alkylation; the AE子 values for the C-alkylation, OCHCH2 , 
and O-alkylation, CH2CHO, are 35.6 and 26.4 kcal mol-1, 
the intrinsic barrier to the C-alkylation is higher by ca. 10 
kcal mob1. A similar comparision shows that the C-alkyla
tion has a higher intrinsic barrier by ca. 20 kcal mol-1 than 
the S-alkylation.

In the gas-phase identity reactions of X- + CH3X with 
X二CH3COCH2 the intrinsic barriers, AE/, were 〜29 and 15 
kcal mol서 for the C- and O-alkylations,10,22 respectively, 
with &구 = 14 kcal mol-1. Our estimate of the intrinsic bar
rier difference s 10 kcal mol1 therefore, seems to be 
reasonable, albeit in our reaction system X二HCOCH2.

The deformation energies (DE) representing the endoergic 
rehybridization show that the C-alkylations have invariably 
higher deformation energies than the corresponding O- or S- 
alkylation. There is a parallel change in △氏产 and DE.

We have shown the transition structures for the reactions 
1 ~5 in Figure 2. There is an apparent pyramidalization of the 
reaction center carbon in the C-alkylation corresponding to 
the endoergic rehybridization of sp2 —> sp3, which is absent 
in the O- or S-alkylation. In the C-alkylation the two m이e- 
cular planes, 7t-orbital plane of the delocalized anions and 
methyl plane, are approximately parallel indicating a 兀- 

attack, whereas in the O- or S-alkylation the molecular plane 
of the delocalized anion approaches CH3 plane bisecting an 
HCH angle in a(y-approach where one of the two o-lone 
pairs approach methyl carbon in the transition structure. 
Thus there is no need for an incipient endoergic rehybridiza-
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Reaction 1 Reaction 2 Reaction 3

Reaction 8 Reaction 9

Figure 2. Optimized Transition Structures at the MP2 level.
Reaction 1 0 reaction 1 2

tion of sp2 t sp3 at the reaction center of the delocalized 
anion.

We conclude that the activation barrier, AE", for the C- 
alkylation is higher than that for the O- or S-alkylation 
mainly due to the elevated intrinsic barrier, AE/, which is 
incurred by the imbalanced TS of the more advanced charge 
transfer to effect early bond contraction by an exoergic pro
cess of sp3 —> sp2 and of the lag in bond stretching by the 
endoergic sp2 —> sp3 rehybridization of the reaction center 
carbon atom which leads to the lag in bond stretching.
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