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Abstract: Reaction mechanisms of the imide formation in an N-(o-carboxybenzoyl)-L-amino acid have been
studied using density functional theory. Our results suggest that the reaction route initiated by protonation
at the oxygen of the carboxyl group of the amino acid is favored, while those initiated by deprotonation at
the oxygen of the carboxyl group of phthalic acid and at the amidic nitrogen are minor pathways. During
the dehydration process, water functions as a catalyst. These conclusions are in good agreement with the
experimental facts that at highly acidic conditions (hydrogen ion concentration Hy < —1), imide formation
is the most favorable pathway, whereas in the pH range 0—5, cyclization to the imide is not the dominant
reaction. Our calculations also show that the carboxyl group of the amino acid is involved in the catalytic
reaction in both the favored and minor pathways and that solvent effects have little influence on the reaction
barriers.

Introduction cleavage) by an enzyme can be mimicked by intramolecular

. . . ) catalysis utilizing the carboxyl groups of the model systems.
The mechanisms by which enzymatic catalysis proceeds arey, aqgition to amide hydrolysis reactions, cyclization to the

important and very perplexing Carboxyl (acid) proteinases,  mige (formation of a &N bond) has also been obsened: 17
conventionally described as aspartic proteinddemve a very Thus, cyclization to the imide517 and amide hydrolysfs16
long history in enzymology. The distinct characteristic of 56 the two main types of reactions of interest that occur in the

aspartic proteinases is their pH-dependent catalytic action with 1, je| systems. In particular, molecules containing two carboxyl
an optimal pH range 1:94.0. The hydrolysis of a peptide bond groups, such asl-(o-carboxybenzoyl)-phenylalanineN-(o-

is catalyzed by two carboxyl groups of t_he aspartic residue. In carboxybenzoyl)-leucine, and N-(o-carboxybenzoyl)-

fact, as models for hydrolytic enzymes, intramolecular systems | 5jine 15,16 have been used to probe the catalytic activity of the
containing carboxyl groups haye been extenswely investigated neighboring carboxyl group of an amino acid that is involved
for mery decades and continue to be a subject of greatj, onymatic reactions. Possible reaction mechanisms for
interest?2° Previous studies have gexamlmdz-ammophenyl)_- cyclization to the imide and amide hydrolysisf(o-carboxy-
phthalamic acid,phthalamic acié l\l_-_metr_\ylophthalamlc acid  penzoyl):-leucine have also been presented experimentally by
andN-acetyIphthfllamlg ac@pk;tqilamllc acid?alkyl hydrogen  Nome ‘and co-worker® In this report, we focus on the imide
d|alkylmaleat.e§, maleic acic, andN-(o-cqrboxybenzoyI)- formation. The reaction mechanism for amide hydrolysis will
L-phenylalanlne,N-(ojcarlgti?ybe.nzoyll—Ieucme, andN-(o- be presented in a separate contribufibRor cyclization to the
carboxybenzoyl)-valine:>* Amide hydrolysis (G-N bond imide, the three proposed routes (A, B, and C in Scheme 1)
correspond to different pH rang&s.Cyclization depends
strongly on the acidity of the solution. In route A with highly
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Scheme 1. Summary of the Experimentally Proposed Schematic Routes for Imide Formation
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1—2—3—5—6. The intermediates are cationic for mechanism
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1—2—3—6 and a mixture of cationic and neutral species for oH H
mechanisml—2—3—5—6. In the pH range 65, cyclization N —_— N/K”/OH + HO
is not the dominant reaction. In route B (pH range2), the OH O
[e] o
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two possible mechanisms ate>4—5—6 and1—5—6, and the

intermediates are zwitterionic or neutral. In route C (pH range . . o
2-5), the mechanism i&—7—8—9—6 and the intermediates correlation functionals has paved the way to study equilibrium

are anionic. In addition to the pathways presented by Nome structures and reaction pathways for intramolecular catalysis
and co-workera® a previous study oN-methylphthalamic acfd in fairly large molecules. These DFT methods have been tested

proposed pathways for the cyclization to the imide which have extensively against other accurate correlation methods for the
been adapted fdK-(o-carboxybenzoyl)-leucine as shown in prediction of reliable geometrigsand reaction barriet$ and

Scheme 1. The relationships between pH ranges and pathway&'2ve been applied to large biological systefs.On the other
are not clearly assigned. These two additional pathways hand, since experiment alone is usually not enough to deduce
(1—+10—8—9—6 and1—10—8—5—6) of route D are initiated reaction mechanisn¥3,theoretical work is necessary to gain
by deprotonation at the amidic nitrogen 8. Possible routes further insight into reaction mechanisms. In this work, we report
proposed on the basis of experim@ior cyclization to the the first theoretical study of the reaction mechanism of the imide
imide are summarized in Scheme 1. The species in routes cformation shown in Scheme 1 using the model system shown
and D are all anionic but with different deprotonation sites. N Scheme 2. Our model system with two carboxyl groups is
Due to the size of the molecule and the complexity of the based on previous experimental stuéfié8and is designed to

reaction pathways, only a few theoretical computaff®ighave investigate intramolecular catalytic effects. The final product
been reported for reaction mechanisms of intramolecular systemdS Produced by eliminating a water molecule through various
containing carboxyl groups. Most of the theoretical studies have tetrahgdral intermediates. The smallest amino acid, glycme, IS
concentrated on the pathway of amide hydroly&ig® The used in our model systemN{(o-carboxybenzoyl)glycine).
previous theoretical studies have been carried out mainly at thePensity functional theory is employed for the study of reaction
Hartree-Fock (HF) level, with single-point energies calculated mechanlsm_s of the imide formation. Solvent effects _have als_o
using second-order MalleiPlesset perturbation theory (Mp2). Peen considered because they often play a crucial role in
Examples include PM3 and HF/6-31G(dy studies of 1,8-  Piological processes.
naphthalic acid, a HF/6-31G study Nfmethimaleamic acid®, Computational Methods
HF/6-31G and HF/6-3tG studies ofN-methyl acetamide,
acetanilide, andN-acetyl imidazole! HF/3-21G?2 BLYP/6-
31G(d,p)®® and combined quantum chemical and statistical
mechanical studies of formamidéand a MP2/6-33+G(d,p) (28) C#rtiss, L. A;; Redfern, P. C.; Raghavachari, K.; Pople, JJ.AChem.
- i i iti icon- Phys.2001, 114, 108.
study Qf N.substltuted formamid@3in add!tlon, a multicon (29) Ly%ch, B. J.- Truhlar, D. GJ. Phys. Chem. 2001, 105 2936.
figuration time-dependent Hartree dynamics study on phthalic (30) Ban, F.; Gauld, J. W.; Boyd, R. J. Am. Chem. So@001, 123 7320.
acid monomethylester has been publisffe@ihe development (313 Himo, F-; Siegbahn, P. E. M. Phys. Chem. £200Q 104 7502.

. g - (32) Fersht, A. R.Enzyme Structure and Mechaniswi. H. Freeman and Co:
of density functional theory (DFT) with modern exchange- New York, 1985.

All geometry optimizations were performed with the B3LYP hybrid
density functional in conjunction with the 6-31G(d,p) basis set using
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Scheme 3. Optimized Geometries of the Initial Reactant 1a and
1b
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the Gaussian 98 suite of prografisThe B3LYP functional is a
combination of Becke's three-parameter hybrid exchange functibffal,
as implemented in Gaussian ¥&nd the LeeYang—Parr correlation
functional®” Harmonic vibrational frequencies and zero-point vibrational

energies (ZPVEs) were obtained at the same level of theory. Relative B

energies were obtained by performing single-point calculations at the
B3LYP level with the 6-311G(2df,p) basis set using the above optimized
geometries and by including the zero-point vibrational energy i.e.,
B3LYP/6-311G(2df,p)//B3LYP/6-31G(d,p)ZPVE. The entropy con-
tributions to the free energies at 298.15 K were derived from B3LYP/
6-31G(d,p) frequency calculations.

The solvent effect on the potential energy surface was investigated
by single-point calculations at the B3LYP/6-311G(2df,p) level using
the conductor-like polarized continuum solvent model (CP&M)
(denoted CPCM-B3LYP/6-311G(2df,p)) on the geometries obtained by
using the Onsager mod& with a dielectric constant of 78.39 at the
B3LYP/6-31G(d,p) level (denoted Onsager-B3LYP/6-31G(d,p)). The
zero-point energy corrections obtained from the Onsager-B3LYP/6-
31G(d,p) frequency calculations are included in the calculations of the
relative energies in the solvation of water, i.e., CPCM-B3LYP/6-311G-
(2df,p)//Onsager-B3LYP/6-31G(d,;pPnsager-ZPVE. Entropy contri-
butions to the free energies of solvation at 298.15 K were derived from
Onsager-B3LYP/6-31G(d,p) frequency calculations. All energies are
in kJ molL, and bond distances are in angstroms (A).

Since the crystal structures are not availableNe(o-carboxyben-
zoyl)-L-leucine or the model compounds, the first challenge is to obtain
a reasonable structure for reactanThe structure of reactaitis very
flexible and contains numerous conformers. Rather than carrying out
a computationally expensive search of the conformational space of
reactantl, we began with the final producé(n Scheme 1) since it
has fewer conformers. We then went backward step-by-step to reac
the reactant. An intrinsic reaction coordinate (IRC) calculation was used

to locate the reactant and product from the transition state. Thus, reactan

1 from route A (Lain Scheme 3) and from routes C, Dk(in Scheme

3) is obtained. Reactarit from route B was not found (see Results
and Discussion in next section for details). To reduce the computational
effort, the semiempirical PM3 method was used for a preliminary
conformational search, but only conformers from the B3LYP/6-31G-
(d,p) calculations are reported in this work.

(33) Frisch, M. J.; Trucks, G. W.; Schlegel. H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T. A.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P.
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Pittsburgh, PA, 1998.
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Figure 1. Schematic energy profile of the routa—3—3p—3a + H.0.
Solid line represents the gas phase, the dashed line, the solution. Only the
ZPVE correction is included.
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Figure 2. Schematic energy profile of the route—5—5b—6+H,0. Solid
line represents the gas phase, the dashed line, the solution. Only the ZPVE

hcorrection is included.

Besults and Discussion

The computed energy profiles for the reaction routes are
shown in Figures +10. Figures 5 include only the ZPVE
correction, while the entropy contribution at 298.15 K is
included in Figures 610. For each of the routes studied, two
transition states have been fouridS1 denotes the transition
state of C-N bond formation,TS2 the transition state of the
direct dehydration step, an@iS3 the transition state of the
dehydration through a water molecule. Our discussion will focus
on the results of only the ZPVE corrected case since the entropy
contribution at 298.15 K shows a similar energy profile.

Route A (1a—2—3—6 and 1a—2—3—5—6). In this route,
there exist two pathways fro@1(Scheme 1), depending on the
sequence of deprotonation and dehydration. If dehydration is
followed by deprotonation, the routeis—2—3—6, otherwise,
it is la—2—3—5—6. The dehydration process can proceed
either directly or assisted by a water molecule. However, for
the water-assisted dehydration, we only located the dehydration
transition statéf'S3-b (in Figure 3) from5 to form 6, whereas
for the charged species, the transition state of the water-assisted
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Figure 4. - Schematic energy profile of the roufe-8c—~8cp—9 + H.0. and 2 in solution. It is known that if the interatomic distance

§8'{§’E"Sﬁrﬁgi’tﬁﬁiei’;t?nﬂﬁdge? phase, the dashed line, the solution. Only thebetween oxygens is within 2:5 0.1 A0 a low-barrier hydrogen
bond (LBHB) will be formed. Therefore, the hydrogen moves

dehydration fron8 + H,O to form3p + H,O (see3 and3pin easily between the two oxygens. Our calculated barriers and

Figure 1) was not located at the present level of theory. geometrical data suggest that ap—®1—03 LBHB is formed

In the conformational search of this route, we noted an in 2aand2, which are in equilibrium (that slightly favoiza).
interesting phenomenon in the IRC calculation to locate structure The carboxyl group of the amino acid is involved in the imide
2: the hydrogen at @(see Scheme 3 for labels of atoms) of formation via2aand3 (Figure 1) under highly acidic conditions.
the carboxyl group of phthalic acid is transferred to @ the In addition, the above calculation also suggests that since the
carboxyl group of the amino acid. This gives struct@a intramolecular reactions are very much dependent on the relative
(Scheme 4), not structug(Scheme 1) as proposed in the work positions of the reacting groups, the conformational analysis
of Nome and co-worker¥. The energy difference betweén must be done carefully.
and2a, and the transition state for the hydrogen transfer between  Conformerla (Scheme 3) is easily protonated at the oxygen
O and Q3 is given in Table 1. It can be seen that there is no (Os) of the amino acid due to its high proton affinity (897.0 kJ
energy barrier to forn2afrom 2. The largest energy difference  mol~1). From Figure 1, one can see that in the gas phase the
between2 and 2a occurs in solution at 298.15 K with a first transition stateTS1-a between2a and3, is higher than
magnitude of 19.5 kJ mot. The calculated proton affinities at  2a by 76.7 kJ mot?, while 3 is only marginally lower than
O3 of 2aand G of 2 are very close to each other (897.0 and TS1-aby 3.2 kJ mott. This means thafS1-aand intermediate
895.7 kJ mot?, respectively). On the other hand, there are 3 are nearly isoenergetic. In the dehydration process, however,
significant differences in the geometriesd&nd2a. In the gas
phase, the @-H bond distance irRa is 1.046 A, while the (40) Cleland, W. WArch. Biochem. Biophy£00Q 382, 1.
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Figure 8. Schematic energy profile of the routa + H,O—1h—5h—6
+ H20. Solid line represents the gas phase, the dashed line, the solution
The entropy contribution at 298.15 K and the ZPVE correction is included.

. . Scheme 4. Optimized Geometries of 2 and 2a
a very high transition statf§2-a,182.4 kJ mot* from 3 and

255.9 kJ mot! from 2a) is obtained. This indicates that
dehydration fronB to form cationic intermediat8p would be
unfavorable. The comple&p and the separated syste8a +
H,0 have a relative energy of 31.7 kJ mband 107.8 kJ moft
compared with2a, respectively. The final produd can be
derived by deprotonation 8a at an energy cost of 802.9 kJ
mol 1. 2a 2

Similar trends are observed in solution as in the gas phase
(Figure 1). The solvent lowefES1-aby 0.2 kJ mot! andTS2-a For route A, the decrease of the-8l bond distance (0.033 A)
by 6.0 kJ mot®. We also note that in solutiorg is slightly from the gas phase to solution is around 10 times larger than
higher in energy thaiS1-aby 6.2 kJ mot! (after considering  that in route C TS1-g 0.002 A) and D TS1-d, 0.004 A). For
entropy contributions, the difference drops to 1.6 kJ Thol 3, the G-N bond distance is elongated by 0.012 A in solution
Figure 5). This phenomenon may be explained by the geo- compared with the gas phase in route A. In route D (conformer
metrical changes @& andTS1-a From our calculations, itcan  8d), however, the opposite situation is found, i.e., the bond
be seen that afS1the C-N bond distance in the gas phase is distance in the gas phase is longer than that in solution.
longer than that in solution for all the routes studied (Table 2). Therefore, the overall effects of shortening the-IC bond

3646 J. AM. CHEM. SOC. = VOL. 125, NO. 12, 2003
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Table 1. Relative Energies (in kJ mol~1) of 2, Transition State of
Hydrogen Transfer between O, and O3 (TS) Compared with 2a in
the Gas Phase and Solution at 0 and 298.15 K, Respectively

0K 298.15K
2 TS 2a 2 TS 2a
gas 0.0 2.1 0.1 0.0 -0.7 —-1.4
solution 0.0 -5.9 —-13.2 0.0 —-13.4 -19.5

Table 2. Cs—Ns Bond Distances (A) at the TS1 Transition State
and Its Product in Both the Gas Phase and in Solution

TS product
route structure gas solution structure gas solution
A TS1l-a 1.981 1.948 3 1.653 1.665
C TS1-c 2.031 2.029 8c 1.567 NA?
D TS1d 1.993 1.989 8d 1.544 1.533

a2 Not available.

distance inTS1-a and elongating €N in 3 in solution

possibility in this route is the direct formation & from 1
through C-N bond formation and simultaneous proton transfer
from nitrogen to the carboxyl group of phthalic acid5—6).
A transition state for this route was located at the PM3 and
B3LYP/3-21G* levels but does not exist at the B3LYP/6-31G-
(d,p) level. The above results suggest that route B is not a
possible mechanism for the cyclization to the imide. Further
study both theoretically and experimentally is needed to
elucidate the reaction mechanisms for the pH rang@ @ith
the lowest observed rate constants.

Route C (1b—7—8c—9—6). Since routes C and D ha&
in common (Scheme 1), we uSe to represent the conformer
in route C,8d in route D. The deprotonation at oxygen;JO
from 1b (Scheme 3) costs 1336.8 kJ milmuch higher (by
472.0 kJ mot?) than that needed froi®to form 5 in route A.
This suggests that route A-(2—3—5—6) is more likely to
occur than route C.

Transition statel S1-c between7 and8cin Figure 4 shows

compared with the gas phase may explain the higher energy ofthat the formation of the €N bond and proton transfer from

3 than TS1-a although they can be regarded as being iso-

energetic.

As mentioned above, frorg, the reaction can also proceed
through another route. Firs8,is deprotonated to give neutral
intermediateb (Scheme 1). The calculated energy for deproto-
nation from 3 to form 5 is 864.8kJ mot!. For the direct
dehydration process, the dehydration5odvill lead to neutral
complex5b with an energy cost of only 131.8 kJ mé|(TS2-

b, Figure 2) in the gas phase and 142.6 kJ thah solution
compared withb. Relative to the initial reactarita, TS2-b is
163.0 kJ mot?! higher in the gas phase and 188.3 kJ mhol
higher in solution. The transition state betwekmand5 was

N to the carboxylate anion occur simultaneously, in agreement
with Nome and co-workers’ expectatiéfln the gas phase,
the first barrier ofTS1-cis 117.1 kJ motl. After cyclization,

8c is 101.5 kJ mot! higher than7. In the dehydration, the
energy ofTS2-clies lower than that of its reacta@t by 5.2 kJ
mol~1, and the reaction proceeds to give monoanionic complex
8cp with a relative energy of 34.2 kJ mdl The separated
system9 + H,O has an energy 93.1 kJ mélhigher than that

of 7. The proton affinity at oxygen (§) of the carboxyl group

of the amino acid i@ is 1425.0 kJ molt. The above calculation
suggests that, due to the participation of the carboxyl group of
the amino acid, the energy @iS2-cis lower than that of its

not located in this study (for details see the discussion on route reactant8c, and the reaction proceeds easily to give the final

B below). Complexcb and the separated systént H,0 lie
lower by —50.8 kJ mot! and —25.8 kJ mot?! than 5,

product6. This is in agreement with the experimental fa&t
that in the pH range 25 the second carboxyl group takes part

respectively. However, if dehydration proceeds through a water in the formation of the imide. Theoretically, there exists another
molecule, i.e., water reacts as a catalyst, the reaction barrierroute, that is1—7—8—5—6 (Scheme 1); however, since it will

drops significantly (Figure 3). The dehydration barrieT&3-b

is only 74.8 kJ moti! in the gas phase and 76.2 kJ mibin
solution. Compared withhh, TS3-bis 96.4 kJ mot? higher in
the gas phase and 109.8 kJ midiigher in solution. In solution,
5bh was not located in our calculations (indicated by the thin

need 74.8 kJ motl to give 5bh from 5h (Figure 3) or 131.8 kJ
mol~! to give 5b from 5 in the gas phase (Figure 2), this is
certainly a minor pathway. Therefore, the rolite 7—8—9—6
(Scheme 1) is more favorable than>7—8—5—6.

A similar trend is observed in solution as in the gas phase.

dashed line in Figures 3 and 8). The optimization process showsHowever, the monoanionic intermediac and transition

that the water molecules are completely separated and §ives
+ 2H,0.

structureT S2-cof dehydration cannot be located in the present
study (shown by the thin dashed line in Figure 4). The

The entropy corrected energy profile at 298.15 K (Figures 6 calculation shows that the intermediate strucBogoes directly
and 7) shows almost the same pattern. The energy barriers oto product8cp in the optimization. This suggests that dehydra-

TS1-a and TS2-a (Figure 6) are from 5.0 to 13.0 kJ mdl

tion is facile in solution. With inclusion of the entropy

higher than the ZPVE-only corrected case in both phases.contribution at 298.15 K (Figure 9), the energy profiles rise

Relative to5, TS2-b andTS3-b (Figures 7 and 8) at 298.15 K
are only about 5.0 kJ mot! higher than the ZPVE-only corrected
results.

In brief, the reaction rout&—5b (Figures 2 and 3), in

slightly except for the separated systenBoef H,O compared
with the ZPVE-only corrected case.

Route D (1b—10—8d—9—6). The deprotonation from
amidic nitrogen (N) in 1b (Scheme 3) needs 1416.1 kJ mipl

particular assisted by a water molecule (Figure 3), can proceedeven higher (by 79.3 kJ mol) than that needed from On

more easily than the routeé—3a (Figure 1). Therefore, this
suggests that routt—2—3—5—6 with a mixture of cationic

route C. Afterlb is deprotonated from nitrogen, however, it
can be seen that the energy barrieg{-d) (Figure 5) between

and neutral intermediates (Scheme 1) is more favorable than10and8d is the lowest among all the reaction routes considered

1—2—3—6 with only cationic intermediates.

Route B (1—4—5—6 and 1—5—6). We were unable to
locate zwitterionic intermediaté (Scheme 1) in both the gas
phase and solution because ne T bond is formed. Another

in this study. In the gas phase, it costs only 20.5 kJthto
form 8d from 10. 8d dehydrates to form monoanionic complex
8dp. The energy offS2-d lies lower thanl0 by 2.7 kJ mot?,
and lower than its reacta®d by 3.2 kJ mof?. The product
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complex8dp has an energy-53.2 kJ mot? lower than10. Table 3. C¢—O, Bond Distances (A) at the TS2 Transition State

The separated systeth+ H,O is 10.0 kJ mot® higher than and Its Product in Both the Gas Phase and in Solution

10. As in route C, another routeb—10—8—5—6 may also be reactant TS

possible, but it is less favorable. route structure gas solution structure gas solution
In solution (Figure 5), the energy profile shows a pattern  aa 3 1.357 1.355 TS2-a  1.612 1.603

similar to that predicted in the gas pha3&l-d and TS2-d AZ 5 1393 1391 TS2-b  1.693 1.683

are 9.6 and 7.9 kJ mot higher than those in the gas phase A 5h 1419 1.393 TS3-b 1653  1.636

. ) . C 8c 1580  NA TS2-c  1.847 NA

compared with10, while the energies o8d, 8dp, and the Da 8d 1559  1.600 TS2-d 1.892  1.718

separated syste®+ H,O are significantly lower. It can also

be seen that in the solutiolS2-d lies higher thar8d by 17.4 aDirect dehydration proces8Water assisted dehydration procesisot

kJ mof2, while in the gas phas&S2-dlies slightly lower than ~ available:

8d by 3.2 kJ mot™.

With inclusion of the entropy contribution (Figure 10), the
energy barriers rise fofS1-d and TS2-d from 6.0 to 12.0 kJ
mol~1 for both phases, while the energy drops significantly again
for 9 + H,O. In this route, it can be seen that the carboxyl
group of the amino acid is also involved in the reaction. Routes
C and D are the two competitive routes.

In brief, the above calculations suggest that solvent effects
do not have much influence on the reaction barriers.

mental result® that at highly acidic conditions (hydrogen ion
concentration bl < —1), imide formation is the most favorable
pathway (route Al—2—3—5—6), while in the pH range 25
(route C), cyclization is not the dominant reaction. Our
calculations also show that the carboxyl group of the amino
acid is involved in the reaction in both the highly acidic region
(hydrogen ion concentrationgH< —1) and the pH range-25.

The C-N bond distance in the transition statd$s() of all
routes is shorter in solution than in the gas phase. The shortening
Conclusions is especially large for route A (Table 2). This trend is also

_ _ o o observed for the €0 bond distance at the transition stal&gp)

Reaction mechanisms of the imide formation in the model of dehydration (Table 3).
systemN-(o-carboxybenzoyl)—am'lno aC|d_ have been Invest- The energy profiles at 298.15 K show a pattern similar to
gated by use of the B3LYP density functional method. Studies yhqse 50 K for both phases. Solvent effects have little influence
on the amide hydrolysis will be presented in a separate paper.,, the reaction barriers for the imide formation.

Our calculations reveal that the route>2—3—5—6 (route
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