Bulgarian Chemical Communications, Volume 40, Number 4 (pp. 401—408) 2008

Mechanism of the aminolysis of phenyl acetate: a computational study
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Density functional methods were applied in examining the possible mechanistic pathways for the reaction of phenyl
acetate with ammonia. Transition state structures and energies were determined for concerted and neutral stepwise
mechanisms. The general base catalysis of the process was also examined. The theoretical predictions reveal that the
most favourable pathway of the reaction is through general base-catalysed neutral stepwise mechanism with the
nucleophilic attack being the rate-determining stage. Comparisons are made with the energetics of the aminolysis for
methyl formate and methyl benzoate. In the latter two esters, the energies of the first and second transition states,
associated with the stepwise mechanism, are quite similar in magnitude. In contrast, in the case of phenyl acetate the
transition state, associated with the nucleophilic attack (TS1), has distinctly higher energy than the elimination stage
(TS2), and is the rate-determining stage of the reaction. The much lower energy of TS2 in phenyl acetate is attributed to

the higher stability of the leaving group.
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INTRODUCTION

The ester aminolysis is an important reaction for
both biochemistry and organic chemistry. It is the
usual process in the generation of amide functional
groups in proteins and peptides [1-9]. The kinetics
and mechanism of the reaction has been the subject
of numerous experimental [10-19] and theoretical
studies [20-33]. These studies have focused on the
influence of various factors on the rate and mecha-
nism of the reaction. The detailed understanding of
the chemistry of the process — mechanism, reacti-
vity, and catalysis — is, therefore, of importance for
both chemistry and biology. The theoretical and
experimental results obtained so far indicate that the
reaction can proceed via two probable paths: con-
certed and step-wise neutral mechanisms. The parti-
cular mechanistic pathway for a pair of ester and
amine would depend on the structure of reactants,
the presence of excess amine, and the nature of
solvent. The aim of the present study is to apply
methods of computational quantum chemistry in
studying the mechanism of ester aminolysis in the
case of phenyl acetate. Ammonia was used as a
model reactant.

Phenyl acetate and several ring-substituted deri-
vatives have been popular models for a number of
experimental studies on the aminolysis process [10e,
34-40]. Jencks and Carriuolo [34] investigated the
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reaction of phenyl acetate with several amines in
aqueous solution and found out that the process
proceeds under general base catalysis. Oleinik et al.
[37] studied the kinetics of the aminolysis of
p-nitrophenyl acetate and 2,4-dinitrophenyl acetate
by a number of aliphatic amines in various solvents.
The kinetic results indicated that the transition state
associated with the rate-determining stage of the
reaction varies from reactant-like to similar in
structure to a tetrahedral intermediate depending on
the nature of the participating ester or amine. Lee
and co-workers [38] investigated the kinetics of the
aminolysis of substituted in the aromatic ring phenyl
acetates by benzyl amine in dimethyl sulfoxide
solution. Rajarathnam et al. [39, 40] examined the
kinetics of the aminolysis of meta and para ring-
substituted phenyl acetates by imidazole in aqueous
medium.

It was of interest to compare the energy profiles
of the aminolysis of phenyl acetate with previously
reported results for methyl formate [29a] and methyl
benzoate [29d]. In this way it would be possible to
assess the influence of aromatic substitution at both
sides of the ester grouping on the energy character-
istics of the aminolysis reaction.

COMPUTATIONAL METHODS

The computations were carried out with the
Gaussian 98 [41] program package. Stable struc-
tures and transition states along the reaction
pathway were fully optimised by applying B3LYP
401
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method [42, 43] in conjunction with the 6-31G+(d,p)
[44, 45] basis set. The critical points were further
characterized by analytic computations of harmonic
vibrational frequencies at the same level/basis set.
Transition state structures were located by the
traditional transition state optimisation using the
Berny algorithm [46] and then checked by intrinsic
reaction coordinate (IRC) computations [47] at the
same level of theory. Single point computations at
the MP2/6-31+G(d,p) [48] and MP2/cc-pVTZ [49]
level were performed for more precise energy
predictions.

The effects of solvent were predicted by using
the Polarized Continuum Model (PCM) [50]
incorporated in the Gaussian package. Single point
PCM//B3LYP/6-31+G(d,p) computations were per-
formed for estimating the change in energy profile
of the reaction in presence of water and the aprotic
solvent acetonitrile. The standard dielectric constants
for water and acetonitrile implemented in the Gaus-
sian program were employed.

RESULTS AND DISCUSSION

As already emphasized in the introductory
section, the experimental and theoretical results
accumulated so far showed two most likely path-
ways for the ester aminolysis reaction: concerted
and neutral stepwise mechanisms. Theoretical com-
putations have revealed that a step-wise mechanism
involving the formation of zwiterionic intermediates
is unlikely [29b]. These two possibilities are
explored here in studying the reaction of phenyl
acetate with ammonia. The manner of attack by the
nucleophile differs in the two mechanisms. For the
concerted pathway, the initial nucleophilic attack is
along the C—O ester bond, while for the stepwise
route the reaction begins with an orientation of an
N-H bond from NHj along the carbonyl C=0 bond.

Concerted mechanism

In the case of the concerted pathway the reaction
consists of one step, in which all bond-forming and
breaking processes occur in concert. The nucleo-
philic ammonia molecule attaches to the eletrophilic
carbonyl carbon atom from the ester, accompanied
by a proton transfer from the ammonia molecule to
the oxygen atom of the ester C—O single bond.
Thus, the transition state for the concerted
mechanism (designated CTS) involves simultaneous
creation of a C—N bond, cleavage of the C—O bond
and a proton transfer from ammonia to the oxygen
atom. The transition structure involved in the
concerted pathway of the aminolysis of phenyl
acetate is presented in Fig. 1. The main vectors of
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the imaginary vibrational frequency of the transition
state CTS are also shown in Fig. 1 and correspond
to a proton transfer between the nitrogen and the
oxygen atoms and to the cleavage of the C-O ester
bond, and the formation of the C-N bond. The
distance between the carbonyl carbon and the ester
oxygen in the transition state structure is
significantly longer, 2.044 A, than in the reactant
phenyl acetate, 1.378 A. The nitrogen-carbon bond
is close to formation with a distance of 1.605 A in
CTS compared with 1.369A in the product
acetamide.

1.601

Fig. 1. B3LYP/6-31+G(d,p) optimised structure for the
concerted transition state structure CTS for the
uncatalysed aminolysis of phenyl acetate. The arrows in
the transition state structure CTS indicate the normal
coordinate with an imaginary frequency.

Stepwise mechanism

The stepwise pathway for the aminolysis of
phenyl acetate is an addition-elimination process
accompanied by proton transfer processes that
maintain the neutrality of the structures. The

transition state structures along the stepwise
pathway of phenyl acetate aminolysis are presented
in Fig. 2.

The first step of the reaction is the addition of an
N-H bond from the ammonia molecule to the
carbonyl double bond in phenyl acetate and
formation of a tetrahedral imtermediate (Fig. 2).
This addition takes place through a transition state
TS1. The main vectors of the imaginary vibrational
frequency for TS1 are shown in Fig. 2 and
correspond mainly to a proton transfer from the
nucleophile NH; to the carbonyl oxygen. The
hybridisation of the electrophilic carbonyl carbon
atom converts from sp’ to sp’ during the process.
The C=0 double bond becomes longer (1.335 A for
TS1) and an alcohol-amine is obtained as an
intermediate. A new C—N bond is created with a
length of 1.560 A in the transition state TS1.
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A0

TS1

1.452

0.970

TS2

1.437
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Fig. 2. B3LYP/6-31+G(d,p) optimised structures of the intermediate and transition states for the stepwise pathway of
the uncatalysed aminolysis of phenyl acetate. The arrows associated with the transition state structures TS1 and TS2
indicate the respective normal coordinates with imaginary frequency.

The second step of the reaction is the conversion
of the tetrahedral intermediate into aminolysis
products. The intermediate converts to the products
acetamide and phenol through the transition state
TS2. This stage of the process involves the breaking
of the C—O ester single bond and simultaneous
restoration of the C=0O bond following a proton
transfer between the two oxygen atoms. The main
components of the transition vector for the second
transition state (TS2) correspond to the proton
transfer process and cleavage of the ester C—O ester
single bond (Fig. 2).

The relative energies of the structures along the
concerted and stepwise pathways computed at
different levels of theory are summarized in Table 1.
It can be seen that the DFT computations predict the

concerted mechanism to be more favourable than
the stepwise pathway. The higher-level MP2 quan-
tum mechanical computations show the same trend.
The presence of a solvent, simulated here by
PCM//B3LYP/6-31+G(d,p) computations (Table 1),
does not significantly affect the energetics of the
process. The theoretical predictions for the effect of
CH;CN and H,O reveal that the overall trends in the
energy profile of the aminolysis of phenyl acetate
are not affected significantly by these solvents.
These theoretical findings are in qualitative agree-
ment with earlier results for the aminolysis of
methylthioacetate [25] and methyl formate [29a].
The latter studies showed that the energies of the
transition states for the stepwise and concerted
pathways are quite close.
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Table 1. Relative to reactants energies in kcal/mol for the stationary point structures along the concerted and stepwise
mechanisms for the uncatalysed and catalysed aminolysis of phenyl acetate

Struc- B3LYP/ MP2/ MP2/ MP2/ PCM// B3LYP/ MP2/ MP2/
ture*  6-31+G(d,p) 6-31+G(d,p)/ cc-pVTZ// cc-pVTZ/ B3LYP/ 6-31+G(d,p) 6-31+G(d,p)// cc-pVTZ//
B3LYP/ B3LYP/ B3LYP/ 6-31+G(d,p) B3LYP/ B3LYP/
6-31+G(d,p) 6-31+G(d,p) 6-31+G(d,p) 6-31+G(d,p) 6-31+G(d,p)
Uncatalysed in gas phase Uncatalysed in solvent Catalysed in gas phase
CH;CN H,O
CTS 32.33 30.61 30.56 29.71 27.40 22.31 18.83 18.83
TS1 42.19 38.44 36.88 43.11 40.12 18.43 12.47 11.18
TS2 25.18 27.33 26.98 25.30 20.67 6.53 4.78 4.43
P -5.49 -0.93 —2.08 -7.30 -13.88 -5.49 -0.93 —2.08

a - See text for symbols.

General base catalysis

The catalytic effects of a second ammonia
molecule on the concerted and stepwise mechanisms
of the aminolysis of phenyl acetate were next
examined. The potential energy surfaces for the two
reaction pathways were searched by applying the
B3LYP/6-31+G(d,p) method. The theoretically
estimated energies of the transition states for the
concerted and stepwise pathways for the catalysed
aminolysis of phenyl acetate are given in the last
column of Table 1. In the case of ester aminolysis,
the activation barriers were earlier found to result
mainly from unfavourable proton transfer geo-
metries [21]. This deduction is also supported by the
present computational results for the directions of
the transition vectors, characterizing the CTScatal,
TS1catal and TS2catal structures. These structures
are shown in Fig. 3 and reveal that all steps along
the concerted and stepwise pathways involve proton
transfers. The role of the catalyst in the process is to
facilitate the proton transfer, thus lowering the
energy barrier. In the case of the general base-
catalysed aminolysis the stepwise mechanism has
lower activation barrier (18.43 kcal/mol) than the
concerted pathway (22.31 kcal/mol). The higher
level calculations confirm that conclusion.

The energies of principal critical structures along
the reaction pathways for the uncatalysed and
catalysed aminolysis of methyl benzoate are illust-
rated in Fig. 4.

Comparison of the aminolysis process for methyl
formate, methyl benzoate and phenyl acetate

As mentioned earlier, one of the aims of this
study is to analyse the factors that determine the
different energetics of the aminolysis reactions of
aliphatic and aromatic esters. In the latter, the
phenyl ring can be directly bonded to the carbonyl
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functionality, as in the case of methyl benzoate, or at
the site of the ester oxygen atom in the phenyl
acetate. In a previous study [29d] we showed that, in
general terms, the ester aminolysis follows similar
energy profiles for methyl esters of aliphatic (methyl
formate) and aromatic (methyl benzoate) acids. In
these esters the energy differences between the
concerted and stepwise mechanisms are relatively
small, approximately 2 kcal/mol in the case of
methyl formate and 3 kcal/mol for the methyl
benzoate aminolysis in the gas phase. The present
theoretical computations for the aminolysis of
phenyl acetate predict an energy profile with a
pronounced difference between concerted and
stepwise pathways. In all three cases the catalytic
role of a second ammonia molecule makes the
stepwise mechanism energetically more preferable.
In the two previously studied systems (methyl
formate and methyl benzoate), the two transition
states TS1 and TS2 for both uncatalysed and
catalysed processes have very similar energies at
different level of computations. As can be seen from
Fig. 4 the nucleophilic attack is definitely the rate-
determining stage for both uncatalysed and
catalysed aminolysis of phenyl acetate. This feature
can be associated with the higher stability of PhO™
compared to CH;0™ as leaving groups.

In the cases of methyl esters of aliphatic and
aromatic acids, the concerted mechanism is energe-
tically slightly more favourable for the uncatalysed
process, but the stepwise pathway is preferred when
general base catalysis is available. The small energy
differences between concerted and stepwise pro-
cesses are, very possibly, behind the experimentally
established shifts upon substitution between the two
mechanistic pathways in certain ester systems [16].
In contrast, in the case of phenyl acetate the energy
differences between the two mechanisms are well
pronounced as can be seen from Fig. 4.
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CTScatal

TS1catal TS2catal

Fig. 3. B3LYP/6-31+G(d,p) optimised structures of the transition states for the catalysed aminolysis of methyl benzoate.
The arrows in the transition state structures CTScatal, TS1catal and TS2catal indicate the respective normal
coordinates with one imaginary vibrational frequency.
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Fig. 4. Energy diagram for the uncatalysed and catalysed aminolysis of phenyl acetate from
B3LYP/6-31+G(d,p) computations.
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CONCLUSIONS

Density functional methods were applied in
examining the possible mechanistic pathways for
the reaction of phenyl acetate with ammonia.
Transition state structures and energies were
determined for concerted and neutral stepwise
mechanisms. The general base catalysis of the
process was also examined. The theoretical
predictions reveal that the catalytic process results in
considerable energy savings and the most
favourable pathway of the reaction is through
general base-catalysed neutral stepwise mechanism
with the nucleophilic attack being the rate-
determining stage. The structure and transition
vectors of the transition states indicate that the
catalytic role of ammonia is realized by facilitating
the proton transfer processes. Comparisons are
made with the energetics of the aminolysis for
methyl formate and methyl benzoate. In the latter
two esters, the energies of the first and the second
transition states, associated with the stepwise
mechanism, are quite similar in magnitude. In
contrast, in the case of phenyl acetate the transition
state, associated with the nucleophilic attack (TS1),
has distinctly higher energy than the elimination
stage (TS2), and is the rate-determining stage of the
reaction. The much lower energy of TS2 in phenyl
acetate is attributed to the higher stability of the
leaving group.

Acknowledgement.: This research was supported by
the National Science Fund (Bulgaria), Grant VU-X
04/05.

REFERENCES

1. N. Ban, P. Nissen, J. Hanssen, P. B. Moore, T. Steitz,
Science, 289, 905 (2000).

2. P. Nissen, J. Hanssen, N. Ban, P. B. Moore, T. Steitz,
Science, 289, 920 (2000).

3. G. W. Muth, L. Ortoleva-Donnely, S. A. Strobel,
Science, 289, 947 (2000).

4. S. Nakano, D. M. Chadalavada, P. C. Bavilacqua,
Science, 287, 1493 (2000).

5. A. Barta, S. Dorner, N. Polacek, Science, 291, 203
(2001).

6. A. Fersht, Structure and Mechanism in Protein
Science, W. H. Freeman and Company, New York,
1999.

7. (a) 1. Alfonso, V. Gotor, Chem. Soc. Rev., 33, 201
(2004); (b) V. Fernandes-Gotor, V. Gotor, Curr. Org.
Chem., 10, 1125 (2006).

8. D. Suarez, K. M. Merz, J. Am. Chem. Soc., 123, 7687
(2001).

9. (a) M. A. Rangelov, G. N. Vayssilov, D. D. Petkov,
Org. Biomol. Chem., 3, 737 (2005); (b) M. A.
Rangelov, G. N. Vayssilov, V. M. Yomtova, D. D.

406

10.

11.

12.

13.

14.

15.

Petkov, J. Am. Chem. Soc., 128, 4964 (2006); (c) S.
G. Bayryamov, M. A. Rangelov, A. P. Mladjova, G.
N. Vayssilov, V. Yomtova, D. D. Petkov, J. Am.
Chem. Soc., 129, 5790 (2007).

(a) J. F. Bunnett, G. T. Davis, J. Am. Chem. Soc., 82,
665 (1960); (b) W. P. Jencks, J. Carriuolo, J. Am.
Chem. Soc., 82, 675 (1960); (c) T. C. Bruice, M. F.
Mayabhi, J. Am. Chem. Soc., 82, 3067 (1960); (d) W.
P. Jencks, M. Gilchrist, J. Am. Chem. Soc., 88, 104
(1966); (e) T. C. Bruice, A. Donzel, R. W. Huffman,
A. R. Butler, J. Am. Chem. Soc., 89, 2106 (1967); (f)
G. M. Blackburn, W. P. Jencks, J. Am. Chem. Soc.,
90, 2638 (1968); (g) G. A. Rogers, T. C. Bruice, J.
Am. Chem. Soc., 95, 4452 (1973); (h) G. A. Rogers,
T. C. Bruice, J. Am. Chem. Soc., 96, 2473 (1974); (i)
A. Williams, Acc. Chem. Res., 22, 387 (1989).

A. Arcelli, C. Concilio, J. Org. Chem., 61, 1682
(1996).

(a) E. A. Castro, Chem. Rev., 99, 3505 (1999); (b) E.
A. Castro, L. Leandro, N. Quesieh, J. G. Santos, J.
Org. Chem., 66, 6130 (2001); (c) E. A. Castro, A.
Galvez, L. Leandro, J. G. Santos, J. Org. Chem., 67,
4309 (2002); (d) E. A. Castro, M. Andujar, P.
Campodonico, J. G. Santos, Int. J. Chem. Kinet., 34,
309 (2002); (e) E. A. Castro, P. Campodonico, A.
Toro, J. G. Santos, J. Org. Chem., 68, 5930 (2003);
() E. A. Castro, M. Andujar, A. Toro, J. G. Santos, J.
Org. Chem., 68, 3608 (2003); (g) D. D. Sung, I. S.
Koo, K. Yang, 1. Lee, Chem. Phys. Lett., 426, 280
(2006).

(a) H. K. Oh, S. K. Kim, I. H. Cho, H. W. Lee, I.
Lee, J. Chem. Soc. Perkin Trans. 2, 2306 (2000); (b)
H. K. Oh, M. H. Ku, H. W. Lee, L. Lee, J. Org.
Chem., 67, 8995 (2002); (¢) H. K. Oh, M. H. Ku, H.
W. Lee, L. Lee, J. Org. Chem., 67, 3874 (2002); (d)
H. W. Lee, A. K. Guha, C. K. Kim, I. Lee, J. Org.
Chem., 67, 2215 (2002); (e) H. K. Oh, J. Y. Lee, H.
W. Lee, 1. Lee, New J. Chem., 26, 473 (2002); (f) H.
J. Koh, S. J. Kang, C. J. Kim, H. W. Lee, 1. Lee, Bull.
Korean Chem. Soc., 24, 925 (2003); (g) H. B. Song,
M. H. Choi, I. S. Koo, H. K. Oh, 1. Lee, Bull. Korean
Chem. Soc., 24, 91 (2003); (h) D. D. Sung, I. S. Koo,
K. Yang, I. Lee, Chem. Phys. Lett., 426, 280 (2006).
(a) . H. Um, J. S. Min, J. A. Ahn, H. J. Hahn, J. Org.
Chem., 65, 5659 (2000); (b) I. H. Um, S. E. Lee, H. J.
Kwon, J. Org. Chem., 67, 8999 (2002); (c) I. H. Um,
E. J. Lee, J. P. Lee, Bull. Korean Chem. Soc., 23, 381
(2002); (d) I. H. Um, J. A. Seok, H. T. Kim, S. K.
Bae, J. Org. Chem., 68, 7742 (2003); (e) I. H. Um, J.
Y. Hong, J. J. Kim, O. M. Chae, S. K. Bae, J. Org.
Chem., 68, 5180 (2003); (f) I. H. Um, H. R. Park, E.
Y. Kim, Bull. Korean Chem. Soc., 24, 1251 (2003);
(g) I. H. Um, J. Y. Hong, J. A. Seok, J. Org. Chem.,
70, 1438 (2005); (h) I. H. Um, J. Y. Lee, M. Fujio, Y.
Tsuno, Org. Biomol. Chem., 4, 2979 (2006); (i) I. H.
Um, S. J. Hwang, M. H. Baek, E. J. Park, J. Org.
Chem., 71,9191 (2006).

(a) E. A. Castro, C. L. Santander, J. Org. Chem., 50,
3595 (1985); (b) E. A. Castro, J. L. Valdivia, J. Org.
Chem., 51, 1668 (1986); (c) E. A. Castro, G. B.



16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

S. llieva et al.: Mechanism of the aminolysis of phenyl acetate

Steinfort, J. Chem. Soc. Perkin Trans. 2, 453 (1983);
(d) E. A. Castro, J. Bessolo, R. Aguayo, J. G. Santos,
J. Org. Chem., 68, 8157 (2003).

I. H. Um, K. H. Kim, H. R. Park, M. Fujio, Y. Tsuno,
J. Org. Chem., 69,3937 (2004).

T. C. Bruice, S. J. Benkovic, Bioorganic
Mechanisms, Vol. 1, W.A. Benjamin Inc., New
York, 1966.

W. P. Jencks, Catalysis in Chemistry
Enzymology, McGraw Hill, New York, 1969.
M. Page, A. Williams, Organic and Bioorganic
Mechanisms, Longman, Harlow, 1997.

T. Oie, G. H. Loew, S. K. Burt, J. S. Binkley, R. D.
McElroy, J. Am. Chem. Soc., 104, 6169 (1982).

L. Wang, H. Zipse, Liebigs Ann., 1501 (1996).

H. Zipse, L. Wang, K.N. Houk, Liebigs Ann., 1511
(1996).

J. F. Marlier, B. A. Haptonsall, A. J. Johnson, K. A.
Sacksteder, J. Am. Chem. Soc., 119, 8838 (1997).

H. Adalstensson, T. C. Bruice, J. Am. Chem. Soc.,
120, 3440 (1998).

W. Yang, D. G. Drueckhammer, Org. Lett., 2, 4133
(2000).

R. A. J. O’Hair, N. K. Androutsopoulos, Org.
Letters, 2, 2567 (2000).

C. K. Kim, H. G. Li, H. W. Lee, C. K. Sohn, Y. I.
Chun, I. Lee, J. Phys. Chem. A, 104, 104 (2000).

D. A. Singleton, S.R. Merrigan, J. Am. Chem. Soc.,
122, 11035 (2000).

(a) S. Ilieva, B. Galabov, D. G. Musaev, K.
Morokuma, H. F. Schaefer, J. Org. Chem., 68, 1496
(2003); (b) S. Ilieva, B. Galabov, D. G. Musaev, K.
Morokuma, J. Org. Chem., 68, 3406 (2003); (c) S.
Ilieva, Y. Atanasov, V. Kalcheva, B. Galabov, J.
Mol. Struct. (Theochem), 633, 49 (2003); (d) B.
Galabov, Y. Atanasov, S. Ilieva, H. F. Schaefer, J.
Phys. Chem. A, 109, 11470 (2005).

Y. H. Wang, J. W. Zou, B. Zhang, Z. Min, G. X. Hu,
K. W. Zheng, Chin. Chem. Lett., 16, 705 (2005).

H. E. Maoxia, D. Feng, J. U. Xie, Z. Cai, J. Theor.
Comp. Chem., 4,383 (2005).

R. Z. Liao, W. J. Ding, J. G. Yu, W. H. Fang, R. Z.
Liu, J. Phys. Chem. 4, 111, 3184 (2007).

L.Jin, Y. Wu, Y. Xue, Y. Guo, D. Q. Xie, G. S. Yan,
Acta Chim. Sinica, 64, 873 (2006).

W. P. Jencks, J. Carriuolo, J. Am. Chem. Soc., 82,
675 (1960).

L. R. Fedor, T. C. Bruice, K. L. Kirk, J. Meinwald, J.
Am. Chem. Soc., 88, 108 (1966).

and

36

37

38

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

T. C. Bruice, A. Donzel, R. W. Huffman, A. R.
Butler, J. Am. Chem. Soc., 89, 2106 (1967).

N. M. Oleinik, L. M. Livinenko, L. P. Kurchenko, S.
E. Terekhova, Zh. P. Gelbina, J. Org. Chem. USSR
(English Transl.), 43,2304 (1975).

H. J. Koh, S. I. Kim, B. C. Lee, 1. Lee, J. Chem. Soc.
Perkin Trans. 2, 1353 (1996).

D. Rajarathnam, T. Jeyakumar, P. A. Nadar, Int. J.
Chem. Kin., 34, 366 (2002).

D. Rajarathnam, T. Jeyakumar, P. A. Nadar, Int. J.
Chem. Kin., 37, 211 (2005).

M. J. Frisch, G.W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, V. G.
Zakrzewski, J. A. Montgomery, R. E. Stratmann, J.
C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels,
K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V.
Barone, M. Cossi, R. Cammi, B. Mennucci, C.
Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A.
Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K.
Malick, A. D. Rabuck, K. Raghavachari, J. B.
Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov,
G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.
Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A.
Al-Laham, C. Y. Peng, A. Nanayakkara, C.
Gonzalez, M. Challacombe, P. M. W. Gill, B. G.
Johnson, W. Chen, M. W. Wong, J. L. Andres, M.
Head-Gordon, E. S. Replogle, J. A. Pople, Gaussian
98 (Revision A.7), Gaussian Inc., Pittsburgh, PA,
1998.

(a) A. D. Becke, J. Chem. Phys., 98, 5648 (1993); (b)
C. Lee, W. Yang, R. G. Parr, Physical Review B, 37,
785 (1988).

G. A. Petersson, T. G. Tensfeldt, J. A. Montgomery
Jr.,J. Chem. Phys., 94,6091 (1991).

P. C. Hariharan, J. A. Pople, Theo. Chim. Acta, 28,
213 (1973).

T. Clark, J. Chandrasekhar, G. W. Spitznagel, P. v.
R. Schleyer, J. Comp. Chem., 4,294 (1983).

C. Peng, P. Y. Ayala, H. B. Schlegel, M. J. Frisch, J.
Comp. Chem., 17,49 (1996).

C. Gonzalez, H. B. Schlegel, J. Chem. Phys., 90,
2154 (1989).

M. J. Frisch, M. Head-Gordon, J. A. Pople, Chem.
Phys. Lett., 166, 281 (1990).

R. A. Kendall, T. H. Dunning Jr., R. J. Harrison, J.
Chem. Phys., 96, 6796 (1992).

(a) S. Miertus, E. Scrocco, J. Tomasi, Chem. Phys.,
55, 117 (1981); (b) V. Barone, M. Cossi, J. Tomasi,
J. Comput. Chem., 19,404 (1998).

407



TEOPETUYHO U3CJIEJIBAHE HA MEXAHU3MA HA AMUHOJIN3ATA HA ®EHUWJIIALIETAT

C. Unuesa*, 5. Aranacos, b. 'e1p00B*

Xumuuecku gaxyimem, Coguiicku ynugepcumem ,, Ce. Knumenm Oxpudcku “,
oyn. ,,/iceiimc bayuep “ Ne 1, Cogus 1164

IHoceemena na axao. Hean FOxnoscku no nosood na 70-ma my 200UHUHA

IMoctemmna va 30 HoemBpu 2007 r.; Ilpepabotena Ha 13 nexemBpu 2007 r.
(Pestome)

[TpoBeneHo e TeOpeTHYHO H3CJeBaHE HAa MEXaHW3Ma Ha peaklusiTa Ha amMmHHONM3a Ha (enunauerar. CraOuiHUTE
CTPYKTYPH W TIPEXOAHUTE CHCTOSHMSA B XOJa HAa peakuusra ca ontuMmusupanu Ha HuBOo B3LYP/6-31G+(d,p) 3a
CHHXPOHEH M CTBIIKOB MEXaHH3bM, CJEJ KOETO Ca OXapaKTepU3MpaHU 4Ype3 M3YHMCIIIBaHE Ha XapMOHHYHHTE BHOpa-
LIMOHHM YECTOTH Ha ChOTBETHOTO HMBO/0aznceH Habop. IIpexonuuTe cherostHus ca npoBepeHu upe3 IRC nzuncneHus.
3a mo-TOYHO OmpeAelsiHe Ha €Heprusrta Ha ChCTOsHHsATAa ca mposeneHn MP2/6-31+G(d,p)//B3LYP/6-31+G(d,p) u
MP2/cc-pVTZ//B3LYP/6-31+G(d,p) wmzumcnenus. EdekrsT Ha pasrtBopuTens e wusciensaH upe3 meroga PCM
(Polarized Continuum Model). IIpoBemenn ca PCM//B3LYP/6-31+G(d,p) m3umcneHus BBB BOXHA cpela U B
MIPUCHCTBHE HA allPOTOHEH Pa3TBOPUTEN allETOHUTPHIL.

[omy4enure pe3ynraT NOKa3BaT, 4Ye€ €HEPreTUYHO HAal-U3TOJIEH € MPOLECHT Ha 0A3UYHO KaTaIu3UpaHa aMHHOJIN3a,
nporuyant B 2 cragus (CTBIIKOB MEXaHH3bM), KaTO CKOPOCT-ONpPEAEIIAIl € II'bPBUAT eTall Ha HyKJIeo(pHIHA aTaka M
(dopMupaHe Ha TeTpaelpuueH HHTepMenuar. HampaBeHo e cpaBHEHHE B €HepreTHkKarta Ha aMHHOJIM3aTa Ha
METWJIOCH30aT ¥ MeTHiIGopMuar. 3a aABaTa METHJIOBH €CTEPH HAa MpaBueHaTa M OCH30€HATa KHUCEJIMHU CHEPrHUTe Ha
I'BPBOTO M BTOPOTO NPEXOHH ChCTOSHUSI, CBBP3aHU ChC CTHIIKOBHS MEXaHU3bM, ca Onu3ku. [Ipu denunsoBu ectepu Ha
OLIETHATa KHCEJIMHa IBbPBOTO npexonHo cberosiHue (TS1), cBpp3aHo ¢ HykieoduiIHaTa araka, € JOCTa MO-BHCOKO
eneprernyHo oT BToporo (TS2), Koero e cBbp3aHO ¢ erama Ha enuMuHHMpaHe. [lo-Huckara eneprus Ha TS2 npu
aMHMHOJIM3a Ha (PeHMIIAIETaT MOXKE /1a ce OOSCHHM C MMO-TOJIIMAaTa CTaOMITHOCT Ha HAITyCKaIaTa Ipyma B TO3H CIIydai.
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