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cording to the temperature decrease support the aqueous 

phase theory of anesthesia. Also the fact that the presence 

of a fully active acidic hydrogen in anesthetizing molecule in

creases anesthetic potency21 supports the aqueous phase 

theory.
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MNDO calculations were carried out to determine reactant complexes and transition states of the Sn2 reactions of CH3X + 

Y- -* CH3Y + X- where X = F, Cl, CN and Y = CN, OH, F, Cl. The leaving group ability was found to vary inversely with 

the activation barrier, which in turn was mainly ascribable to the deformation energies accompanied with bond stretching 

of C-X bond and inversion of CHa group. The nucleophilicity was shown to be in the order C1~>F->OH->CN' but the effect 

on the activation barrier was relatively small compared with that of the leaving group. The bond breaking and bond formation 

indices and energy decomposition analysis showed that the TS for the reaction of CH3C1 occurs in the early stage of the reac

tion coordinate relative to that of CH3F. It has been shown that the potential energy surface (PES) diagrams approach can 

only accommodate thermodynamic effects but fails to correlate intrinsic kinetic effects on the TS structure.

Introduction

Experimental studies of gas-phase SN2 reactions have been 

suggested that the potential energy profile will have the 

double-well form shown in Figure 1; two minima correspond 

to reactant (RC) and product complexes (PC), while the cen

tral barrier is the highest energy point on the minimum energy 

reaction path from RC to PC and can be identified as the 

classical Sn2 transition state (TS). The activation barrier is 

therefore given by the energy difference between the TS and 

RC, which can be estimated1 from the intrinsic barriers for

Determination of Reactivity by MO Theory (Part 47). 

the identity reaction using Marcus equation.2

As Sn2 reaction, Y +CH3X YCH3 + X~ proceeds via 

the concerted bond-breaking and bond-formation with a con

comitant inversion of the reaction center carbon. Thus at the 

TS a number of changes in molecular geometry occur; the 

C-X bond stretches, the C-Y bond shortens and the H-C-H 

angles deform. These distortions in geometry are accompanied 

by changes in the total energy of the system. Mitchel et al.3, 

has shown that in the identity SN2 reaction, the distortion 

energies are dominated by the C-X stretching deformations 

which are linearly conflated with the intrinsic barriers.

In the work, we investigated the relationships between 

geometries and energies of the SN2 (non-identity) reactions, 
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(1), by carrying out MNDO calculations서 on the reactant com

plex (RC) and TS involved in the reactions (1).

YfCRX-YCH/X- (1)

where X=F, Cl, CN

Y-CN, OH, F, Cl

Calculations

The MNDO program4 was used throughout in this work. 

For the reactions of CHjF^ and CH3C1\ the results reported 

in the literature are used. For the reaction of CH3CN the TS 

was obtained by using reaction coordinate method6 and it was 

subsequently confirmed that the structure had only one 

negative eigenvalue in the Hessian metrix.7

In the ordinary force constant calculations, th은 C-X bond 

stretching force constant (fR) appears as a mixture in the nor

mal mode with the bond-bending component, so that in this 

work it was numerically calculated as a quotient of gradient 

changes to bond length changes with an increment of 0.01 A.

Deformation energies were calcul가ed only for the substrate 

part in the RC and TS.

reac t j on cck)i <1 1 nace

Figure 1, Potential energy profile for the gas-phase displacement 

reaction Y~ + CH3X -* YCH3 + X~.

Results and Discussion

The Sn2 activation energy, AE*, can be expressed as a sum 

of deformation energy, AE%”，accompanied with the structural 

distortion from the RC to TS, and the orbital interaction 

energy, AE嘉,between the two distorted (to the TS geometries) 

reactants.8

厶 損 t (2)

The latter component AE嘉 is in general further decomposed 

into four parts, electrostatic, E加,exchange repulsion, E„, 

polarization, %, and change transfer, Ece, terms.

厶跖=瓦 s+EL+E이 +Ect (3)

The deformation energy, AE力力 on the other hand, can be par

titioned into the energy required to stretch C-X bond, the 

stretching deformation energy (AE«), that required to bend H- 

C-H angles, the bending deformation energy (AEfl) and that 

of the coupling term (AEfl8) of the two effects.

厶=£/=厶耳+厶&+厶E麗 (4)

These component terms can be approximated using ex

perimental dissociation energies and force constants:3

Z1E 广=£>〔1一旳(一8弘)〕2；3=(侖龙刀) (5a)

△E笋」壹静△伊)2 饷)

△Er& =fr® (△R) (△&) (5c)

where approximate component energies are denoted by the 

superscript 아app", D is the experimental dissociation energy 

of C-X bond,9 AR and A6 are variations in bond length of C- 

X and in bond angle of H-C-H accompanied with the change 

from RC to TS and fR, fe and fK(t are the force constants for

Table 1. Calculated C-X bond force constant (fK) and experimental 
dissociation energy (D) of CH3X

X Dh c

F 0.740 108

Cl 0.321 84

CN 0.506 114

aIn hartree bohr-2. 6In kcal/mol. eFrom reference 9.

Table 2. Activation Barrier, C-X and C-Y Bond Length Chan다es, and Approximate Stretching Deformation Energies (AE常for the Reactions
Y + CH3X - CH3Y + X °

X

Y

Property

F Cl CN

CN OH F Cl CN OH F CI CN OH F Cl

40.1 42.4 44.9 77.7 1.4 3.2 5.1 10.5 26.9 30.9 34.4 68.5

1.358 1.361 1.360 1.357 1.833 1.839 1.837 1.830 1.458 1.459 1.458 1.458

1.750 1.644 1.644 2.176 1.905 1.949 1.964 2.149 1.657 1.657 1.665 2.384

3.397 3.329 3.345 3.615 3.064 3.080 3.048 3.345 3.371 3.364 3.301 3.590

1.665 1.685 1.644 1.964 2.384 2.289 2.176 2.149 1.709 1.800 1.750 1.905

ARr 47.4 32.0 32.1 86.9 1.6 3.5 4.5 19.6 14.6 14.5 15.5 87.0

-All energies in kcal/mol and all bond lengths in A. bC-X bond length in CH3X at the geometry of RC. cC-X bond length in CH3X at the geometry 

of TS. dC-Y bond length at the geometry of RC. rC-Y bond length at the geometry of TS.
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each deformation.

Calculated force constants for CH3X are summarized in 

Table 1 together with the experimental dissociation energies. 

The force constants obtained in this work are somewhat 

overestimated relative to the values calculated by ab initio 

method;3 however, the relative order of the values is seen to 

be consistent.

In Table 2, we have collected the activation barriers, the 

bond lengths of C-X and C-Y bonds in the RC and TS, and 

AE賈'estimated using eq (5a) for each reaction.

The linear correlation coefficient between AE* and AEH in 

Table 2 was 0.921. The deformation energies in Table 2 are 

those approximated using force constants and experimental 

dissociation energies for CH3X; we can however obtain the 

deformation energies directly from the optimized energy dif

ferences between two structures shown in Figure 2. Here the 

structure 1 and 2 have the optimized geometries of CH3X in 

the RC and TS respectively, and the structures 3 and 4 cor

respond to the geometries of the RC with the C-X bond stret

ched to the length in the TS and geometries of the RC with 

the CH3 deformed to that of the TS respectively. The total 

deformation energy, AEJe/ is given by the difference in energy

4

Figure 2. Geometrical representations used to calculate the defor

mation energy and its components. All quantities and structures are 

defined in the text.

between the structure 2 and 1; the stretching deformation 

energy, AEr and the bending deformation energy, AE», are the 

energy differences between 3 and 1, and between 4 and 1, 
respectively. According to eq (2), interaction energies, AE翕, 

may be obtained by AE壽=AE* - AE詬.The results of these 

calculations are summzrized in Table 3. Good linearities10 were 

obtained (r = 0.9) between deformation energies and AE* for 

all three types shown in Table 3.

This is in contrast to the ab initio results3 of little correlation 

between AE* and AES for identity reactions. The different 

behavior appears to stem from the fact that in the identity 

reaction TS is symmetric so that effects of nucleophile and 

leaving group almost cancel out in AEfl values whereas in the 

non-identity reactions the effects on AE9 become relatively 

large since the TS is not symmetric. The two contributions, 

AEr and AES to the total deformation energy are almost com

parable so that bending of the H-C-H bonds also has large 

impact on the activation barriers in the non-identity SQ reac

tions studied in this work.

Reference to Table 3 also reveals that values of AE*e/ are 

positive while those of AE*,, are negative, so that the former 

contributes to raise whereas the latter to lower the activation 

barrier. A striking feature to note, however, is that the 

magnitudes of the two values are nearly proportional; a greater 

degree of distortion requires a larger amount of energy on the 

one hand, but leads to a greater degree of orbital overlap caus

ing stabilization of the system on the other hand. The two op

posing effects on the energetics of AE* have parallel changes 

but the effect of is grossly dominant so that overall 

changes in AE* is determined by the values of AE為，i.e., 

|AE詬I 찌AE嘉I but |AE詬I 이 AE如.

In order to assess the ''earliness'' or "lateness'' of the TS 

along the reaction coordinate, we defined the following two 

indices,

33=100 邳/R】 (6a)

BF=1OO4K'/K； (6b)

Table 3. Calculated Deformation Energy, the Components, AEfi and AEfl, of These Deformation Energy, and the Difference between Ac
tivation and Total Defonnation Energy for the Reactions Y~ 우 CH3X — C비】 + X~a

X

Y

Property

F Cl CN

CN OH F Cl CN OH F Cl CN OH F Cl

AEr 62.3 40.6 40.6 131.7 2.8 5.5 6.7 25.3 25.5 17.4 18.6 133.8

AEa 55.6 44.1 43.8 92.4 2.6 4.8 6.2 24.5 36.1 27.5 28.1 86.5

AErfe/ 74.8 56.4 56.0 129.8 4.3 7.7 9.4 31.9 44.8 33.5 34.7 138.2

AE詩 -34.7 -14.0 -11.1 -52.2 -2.8 -4.5 -4.3 -21.4 -17.9 -2.7 -0.4 - 69.7

"All energies are in kcal/mol. fcAE,M( = 쇼E# - AE*.

Table 4. Bond Breaking (BB) and Bond Formation (BF) Indices for the S^2 Reactions Y~ + CH3X -* C버3Y + X-a

X

Y

Property

F Cl CN

CN OH F Cl CN OH F Cl CN OH F Cl

BB 28.9 20.8 20.9 60.4 4.0 6.0 6.9 17.4 13.6 13.5 14.1 63.5

BF 51.0 49.4 50.9 45.7 22.2 25.7 28.6 35.8 43.9 46.5 47.0 46.9

气All quantities are defined in eq (6).
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where AR(그 R? - RJ and AR'( = R/ - RQ are the changes 

in the C-X and C-Y bond lengths from the RC to 산le TS as 

shown in Table 2 respectively. These indices represent the 

percentage of C-X lengthening and of C-Y shrinkage at the 

TS; large values of the indices will indicate large progress in 

the bond-breaking and -formation at the TS so that the TS 

is a "late" type, while small values will mean that the TS is 

at an uearly*' stage. The indices estimated are summarized 

in Table 4 for the reactions studied in this work.

Inspection of Tables 2 and 4 reveals a close correlation be

tween the activation energies and the indices as the 

nucleophile and leaving groups are varied. Thus in the reac

tions of CH3C1, both indices are relatively small, predicting 

involvement of early type of TSs, which in turn have resulted 

in lower activation barriers11 in accordance with the Hammond 

postulate.12 In contrast, the Sw2 reactions of CH3F are shown 

greater values of the indices and AE* giving relatively Tate" 

TSs. This is also in agreement with the poor leaving group 

ability of F- compared to Cl-. The Sv2 behaviors of CH3CN 

are intermediate of those of the two compounds.

We have noted a proportionality between the magnitude 

of AE；e/ and that of AE私 above. Four components in eq (3) 

obtained from the energy decomposition analysis'3"스 are sum

marized in Table 5. For the reactions of CHQ, the values 

of AE*w (Table 3) are shown to decrease in the order 

Y = Cr>F'>OH~>CN~, which is clos이y followed by the two 

long range interaction components of E« and Epl. This is 

another evidence in support of the early TS for the Sv2 reac

tion of CH3C1. Moreover inspection of energy components in 

Table 5 reveals that the short range interaction terms, E„ and 

are greater for the reactions of CH3F than for the reac

tions of CH3CI in support of the relatively "late" TS involved 

in the SN2 reactions of CH3F. These results of energy decom

position analysis are in full accord with the conclusions reached 

from the indices BB and BF. The foregoing analysis of the 

trends in transition state geometries can be shown to be con

sistent with the predictions of potential energy surface (PES) 

diagrams.15 In the PES diagram shown in Figure 3, if a change 

in X decreases the energies of the right hand side comers, 

as for X = Cl compared to X = F16, the transition state o (e.g., 

for CH3F) will 아!迁t to point c in accordance with the 

Hammond'2 (shifts to point a) and the anti-Hammond17 (shifts 

to point b) vector sum rules. Irrespective of the relative 

stabilities of the two right side comers, CH3C1 should have 

an earlier TS than CH3F since the points a and c are all at 

the same distance on the reaction coordinate which is nearer 

towards reactants corner (R). Thus the TS for the SN2 reac-

Table 5. Energy Decomposition Analysis of AEf„r (hartree) for the 
Reaction of CH3X + Y~ - CH3Y + X °

X Cl F

Y Cl F OH CN F

E„ -0.0654 -0.0318 -0.0292 -0.0287 -0.0720

E„ 0.1115 0.0241 0.0221 0.0415 0.1894

%, -0.0107 -0.0103 -0.0087 -0.0059 -0.0176

E “ -0.0589 -0.0822 -0.0412 -0.0187 -0.1753

°Morokuma STO-3G program13 was used. In this calculation, two 

reactants with the TS geometries were brought to the bond distance 

at the TS and the energy change of interaction was obtained.

(h) (i>)

Figure 3. Potential energy surface diagram for the SN2 reaction of 

Y~ + CH3X f CHjY + X~. R, P and D denote reactants, products 

and dissociated corners, respectively-

tion of CH3CI will occur at relatively early stage on the reac

tion coordinate compared to that of CH3F. This result is in 

contrast to the failure of the PES diagrams approach to cor- 

r이ate the TS structure with the intrinsic barriers for the iden

tity Sn2 reactions? It is therfore clear why we have two distinct 

behaviors of the PES diagrams approach in correlating the 

TS structure with the barrier heights of the SN2 reactions: the 

approach is essentially of the thermodynamic nature. Thus 

any principle group, are equally important. A good leaving 

group X = C1 is characterized by an early TS r이atively to a 

poor leaving group X = F. Finally the PES diagrams approach 

can only accommodate thermodynamic effects on the TS 

structure, but fails to correlate the intrinsic kinetic effects on 

the TS structure.
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MNDO Studies on Intramolecular Proton Transfer Equilibria of Acetamide and 
Methyl Carbamate
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Intramolecular proton transfer equilibria of acetamide and methyl carbamate have been studied theoretically by MNDO MO 

method. For both substrates, carbonyl-0 protonated tautomer was found to be the most stable form, the next most stable 

one being N-protonated form. Gas phase proton transfers take place by the 1,3-proton rearrangement process and in all cases 

have prohibitively high activation barriers. When however one solvate water molecule participates in the process, the barriers 

are lowered substantially and the process proceeds in an intermolecular manner through the intermediacy of the water molecule 

via a triple-well type potential energy surface; three wells correspond to reactant(RC), intermediate(IC) and product complexs(PC) 

of proton donor-acceptor pairs whereas two transition states(TS) have proton-bridge structure. General scheme of the pro

cess can be represented for a substrate with two basic centers(heteroatoms) of A and B as,

+ + + +
ABH + H20 + + AB •••!!•• "0H2 f .AB* • ,H0H2

표 C 끄 S 1 IC
ir

+ + +
BAH + H20 3AH* • "0H2 ■*" 3A, • ' "0H2

?C TS 2

Involvement of a second solvate water had negligible effect on the relative stabilities of the tautomers but lowered barrier 

heights by 5~6 Kcal/mol. It was calculated that the abundance of the methoxy-0 protonated tautomer of the methyl car

bamate will be negligible, since the tautomer is unfavorable thermodynamically as well 저，kinetically. Fully optimized sta

tionary points are reported.

Introduction

Intermolecular proton transfers2 and proton exchanges3 in 

amides and related compounds have been of considerable in

terest because of their widespread importance in a large 

number of chemical and biological processes. On the other 

hand, information concerning intramolecular proton transfers 

between functional groups within a substrate forming various 

protonated tautomers is essential in elucidating mechanism 

of the hydroiysis of amides and carbamates in acid solution.4

The mechanims of A2 reaction of amides and carbamates4 

in strong acidic media should depend on which protonated 

form(carbonyl O-, N-, or alkoxy O-protonated form) is in

volved in the rate-determining attack of water on the pro

tonated substrate. Currently the addition of water to the 

N-protonated tautomer(II) in the rate-determining step is 

favored for the mechanism of hydrolysis of protonated car

bamates.4 Hence it is believed to involve two step응, the

0 OH 0
|l _- U 一 U

CH /C '一 아＜, 一 如, /C、 U)
0 NH, NH, 、d NH.

H

(』) (I) (E)

pre-equilibrium between the dominant carbonyl O-protonated 

tautomer(I) and the minor N-protonated form(II), and the 

rate-determining nucleophilic attack of water on (II).

In this work we investigated the proton transfer equilibria


