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We present an ab initio study of the acid-promoted hydrolysis reaction mechanism of N-
formylaziridine in comparison with formamide. Since the rate of amide hydrolysis reactions depends
on the formation of the tetrahedral intermediate, we focused our attention mainly on the reactant
complex, the tetrahedral intermediate, and the transition state connecting these two stationary
points. Geometries were optimized using the density functional theory, and the energetics were
refined using ab initio theory including electron correlation. Solvent effects were investigated by
using polarizable continuum method calculations. The proton-transfer reaction between the
O-protonated and N-protonated amides was investigated. In acidic media, despite that the
N-protonated species is more stable than the O-protonated one, it is predicted that both N-protonated
and O-protonated pathways compete in the hydrolysis reaction of N-formylaziridine.

Introduction

Amide hydrolysis is one of the most ubiquitous reaction
found in biological systems'? and has been intens-
ively investigated by both experimental and theoretical
methods.3™® The hydrolysis reactions of amides are often
used as a model for studying the cleavage of peptide
bonds. Many studies about the hydrolysis reactions of
formamide and similar amides in neutral, acidic, and
basic media have been reported.6~8 In acidic media, there
are two plausible protonation sites for amides, i.e.,
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O-protonation and N-protonation; the amide hydrolysis
reaction may proceed by either an O-protonated or
N-protonated pathway. Kinetic studies on amide hy-
drolysis®1? suggest that the acid-catalyzed hydrolysis of
amides proceed through a tetrahedral intermediate,

(4) (a) Robinson, B. A.; Tester, J. W. Int. J. Chem. Kinet. 1990, 22,
431. (b) Barber, S. E.; Dean, K. E. S,; Kirby, A. J. Can. J. Chem. 1999,
77, 792. (c) Slebocka-Tilk, H.; Sauriol, F.; Martine, M.; Brown, R. S.
Can. J. Chem. 2002, 80, 1343. (d) Marlier, J. F.; Dopke, N. C.;
Johnstone, K. R.; Wirdzig, T. J. J. Am. Chem. Soc. 1999, 121, 4356.
(e) Slebocka-Tilk, H.; Neverov, A. A.; Brown, R. S. J. Am. Chem. Soc.
2003, 125, 1851. (f) Rest, G. v. d.; Mourgues, P.; Nedev, H.; Audier, H.
E. J. Am. Chem. Soc. 2002, 124, 5561.

(5) (a) Slebocka-Tilk, H.; Bennet, A. J.; Hogg, H. J.; Brown, R. S. .
Am. Chem. Soc. 1991, 113, 1288. (b) Stanton, R. V.; Perakyla, M.;
Bakowies, D.; Kollman, P. A. J. Am. Chem. Soc. 1998, 120, 3448.

(6) (a) Hine, J.; King, R. S.-M.; Midden, W. R.; Sinha, A. J. Org.
Chem. 1981, 46, 3186. (b) Williams, A. J. Am. Chem. Soc. 1976, 98,
5645. (c) Bennet, A. J.; Wang, Q.-P.; Slebocka-tilk, H.; Somayaji, V.;
Brown, R. S. J. Am. Chem. Soc. 1990, 112, 6383. (d) Bennet, A. J.;
Somayaji, V.; Brown, R. S.; Santarsiero, B. D. J. Am. Chem. Soc. 1991,
113, 7563.

(7) (a) Cascella, M.; Raugei, S.; Carloni, P. J. Phys. Chem. B 2004,
108, 369. (b) Zahn, D. J. Phys. Chem. B 2003, 107, 12303. (c) Zhan,
D.; Schmidt, K. F.; Kast, S. M.; Brickmann, J. J. Phys. Chem. A 2002,
106, 7807. (d) Zahn, D. Chem. Phys. Lett. 2004, 383, 134.

(8) Krug, J. P.; Popelier, P. L. A.; Bader, R. F. W. J. Phys. Chem.
1992, 96, 7604.

J. Org. Chem. 2005, 70, 2651-2659 2651



JOC Article

SCHEME 1
+ +
_l
R O R\ OH H O—|
\N——< T HOT  —— N—< or /\N
R/ H R/ H R F! H
O-protonation N-protonation
H,0
/ oo
H + RNH + - N——CH(OH),
\ of

OH

which is formed by nucleophilic attack of water molecules
on the protonated amide (Scheme 1). The rate-determin-
ing step for the hydrolysis is believed to be the addition
of water to the amides forming the tetrahedral interme-
diate.

Ordinary planar amides are expected to arise from HyO
attack on the O-protonated form (O-pathway).!! Rivail
and co-workers!? studied the water-assisted hydrolysis
of formamide for neutral and H3O*"-promoted processes.
They reported that assistance by water molecules lowers
the energy barriers in the neutral and acid-promoted
conditions. Calculations on protonated, neutral, and
deprotonated forms of N-(o-carboxybenzoyl)glycine reveal
that, in contrast to the mechanism for imide formation
in which the solvent has little influence on the reaction
barrier, the solvent effect plays a major role in the amide
hydrolysis.!® The solvent effect is also found to be
important in the neutral and alkaline hydrolysis of
p-lactum antibiotics.*

The general hydrolytic process of amides is presented
in Scheme 1. The first step is the specific acid protonation
of the amide to activate it in favor of attack by water
molecules. The next step is the water addition to the
carbonyl carbon of the protonated amide to form the
tetrahedral intermediate, followed by the formation of
caboxylic acid and ammonia by breaking the C—N bond
of the tetrahedral intermediate. The rate-determining
step is believed to be the formation of tetrahedral
intermediate.

Studies on the protonation sites of strained N-formyl-
aziridine indicated that N-protonation is favored over
O-protonation in both aqueous and gas phases.'>1® Ab
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initio study of the alkaline hydrolysis reaction of planar
and pyramidal amides showed that twisting of the amide
bond and nitrogen pyramidalization is found to be an
effective way of accelerating the reaction.'” The presence
of polar solvents stabilizes N-protonation more than
O-protonation. Our previous study revealed the thermo-
dynamic features of protonation sites of some amides,
but details about the mechanism of the hydrolysis
reaction of strained amides such as N-formylaziridine in
acidic medium is not well understood. Although N-
protonation is favored in highly strained N-formylaziri-
dine thermodynamically, it is still a challenging problem
whether the N-protonated form is more reactive than the
O-protonated form toward the nucleophilic attack.

Recently many theoretical studies have been reported
about the reactions of molecules bearing amide bonds.!81°
To gain more insight into the mechanism of the hydroly-
sis of strained amides, we studied the acid-promoted
water-assisted hydrolysis of N-formylaziridine in com-
parison with formamide, using computation. Both the
O-pathway and the N-pathway were considered in detail,
and the geometrical parameters and energies of the
stationary points and transition states on the potential
energy curves were investigated. We further studied the
proton-transfer reaction between O-protonated and N-
protonated formamide and that between O-protonated
and N-protonated N-formylaziridine.

Calculation Method

All structures were fully optimized by density functional
methods (Becke three parameters employing Lee—Yang—Parr
functionals, BSLYP), and the energies were refined at the
Moller—Plesset second-order perturbation method (MP2). For
all calculations, we used the 6-311++G** basis set. Calcula-
tions were carried out with the Gaussian-98 suite of programs,
and molecular structures were drawn using the POSMOL
package.?® Vibrational frequency analyses were performed to
confirm the minima or transition states. The solvent effects
were calculated using the polarizable continuum method
(PCM) (dielectric constant € = 80).
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FIGURE 1. Geometries of stationary points and transition
states (TS) in the proton-transfer reaction between N- and
O-protonated isomers of formamide and N-formylaziridine. N,
black; C, gray; O, white (big); H, white (small). The bond
distances are given in A.

Results and Discussion

A. Proton-Transfer Reactions. Before going into the
details of amide hydrolysis, we start with the proton-
transfer reactions for N- and O-protonated formamide
and N-formylaziridine. Structures of stationary points
and transition states of the proton-transfer reactions are
shown in Figure 1, the geometrical parameters and
relative energies are in Table 1; and the energy profiles
are shown in Figure 2. The O-protonated complex is
denoted as XPg, the N-protonated complex as XPy, and
the transition state for the proton-transfer reaction as
XPrs, where X stands for “Am” for formamide, and “Az”
for N-formylaziridine.

We start with the protonation mechanism of forma-
mide. Characterization of protonated formamide clusters
by vibrational predissociation spectroscopy as well as
theoretical predictions confirms that the O-protonation
is favored over the N-protonation in formamide.?! The
length of C—O bond is 1.17 A for AmPy and 1.28 A for
AmPo, respectively. For AmPo, the C—N bond is short-
ened by 0.23 A, and the C—0 bond is lengthened by 0.10
A relative to AmPy. Transition state AmPrs has a six-
membered ring structure, where the proton is bound to
the water molecule, one of the hydrogen atom of H;O*
interacts with the carbonyl oxygen atom (the distance is
1.83 A), and the other one with the amide nitrogen atom
(the distance is 1.70 A). The C—N and C—O distances of
the formamide in AmPrs are 1.20 and 1.42 A, respec-
tively. The energy barrier (in internal energy change AE
at 0 K) for the forward reaction (AmPy — AmPrs —
AmPy) is 12.9 kcal/mol (13.9 kcal/mol in free energy
change AG at room temperature) and that of the reverse
reaction (AmPo — AmPrs — AmPy) is 28.6 kcal/mol
(30.1 kcal/mol in AG) at the MP2//B3LYP level. The
corresponding energy barriers (in AE) at the MP2(PCM)//

(21) Kamitakahara, A.; Pranata, J. J. Mol. Struct. (THEOCHEM)
1998, 429, 61.

JOC Article

B3LYP level are 1.4 and 14.0 kcal/mol, respectively.
Therefore, it can be concluded that the activation energy
for converting the N-protonated formamide to the O-
protonated form in polar solvent is very low. Although
the energy barrier needs to be discussed in terms of AG
instead of AE, the solvent effects were calculated only in
AE, and so our discussion will be given in AE in solution,
whereas the solvent effect in the gas phase will be
discussed in terms of both AE and AG.

We studied the proton transfer between the N- and
O-protonated N-formylaziridine. The neutral N-formyl-
aziridine has a distorted structure that can be attributed
to the strain of the three-membered amine ring, but the
O-protonated form has a planar structure that can be
rationalized by the resonance effect. The length of the
C—O0 bond is 1.18 A for AzPy, 1.28 A for AzPo, and 1.22
A for AzPrs. For AzPo, the C—N bond is shortened by
0.19 A and the C—O0 bond is lengthened by 0.10 A relative
to AzPy as a result of the disappearance of resonance
effect caused by the protonation at the nitrogen atom.

The geometrical parameters of AzPo, AzPrs, and AzPy
optimized at BSLYP(PCM) in aqueous media are shown
in Table 1. In the gas phase and aqueous media, the
geometrical parameters of AzPo and AzPy are similar.
However, for AzPys the H30" in the aqueous phase is
more separated from the formamide moiety than that in
the gas phase. In the case of N-formylaziridine, the
relative stability between N- and O-protonated forms
varies with the level of theory. The energy difference
between the two forms is in the range of a few kcal/mol.
CCSD(T)/aug-cc-pVDZ energies of geometries optimized
at MP2/aug-cc-pVDZ favor N-protonated N-formylaziri-
dine over O-protonated form (~1.9 kcal/mol), similar to
the MP2 results. The energy barriers for the forward
reaction (AzPo — AzPts — AzPy) at the MP2 and MP2-
(PCM) levels are 16.7 and 12.1 kcal/mol, respectively. The
corresponding energy barriers at the gas and aqueous
phases for the reverse reaction (AzPy — AzPys — AzPo)
are 17.5 and 16.2 kcal/mol, respectively.

B. Hydrolysis of Amides in Acidic Media. The acid-
catalyzed hydrolysis of amides occurs via the formation
of a tetrahedral intermediate. The formation of this
intermediate by the attack of water molecules on proto-
nated amides could occur in two different ways: N-
pathway and O-pathway. We have inspected the potential
energy surface of the amide hydrolysis reaction between
protonated amides and water dimer, one of which is
acting as a nucleophile to attack the carbonyl carbon and
another as a general base as well as a proton donor. For
the N-protonated form, one extra water molecule was
added to keep the water dimer in an efficient position
for the hydrolysis. The reactant complexes hereafter will
be denoted as XYg, which is a direct precursor of T'S and
can be regarded as a hydrogen-bonded complex of the
protonated amide with the water dimer. The transition
states are denoted as XYrs, and the product-like inter-
mediates are represented as XYp. In all of these cases
we denote X = Am for formamide, X = Az for N-
formylaziridine, Y = O for the O-protonated form, and Y
= N for the N-protonated form. The geometries of the
optimized structures are in Figure 3, the important
geometrical parameters along with the energy barriers
are in Table 2, and the energy profiles for the hydrolysis
reaction are in Figure 4.
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TABLE 1. Bond Distances (A) and Relative Energies (kcal/mol) of Stationary Points and Transition States in Proton
Transfer Reactions between N- and O-Protonated Isomers of Formamide and N-Formylaziridine®

relative energy (kcal/mol)

system C—N C-0 N---H O---H B3LYP MP2 MP2 (AG) MP2-PCM
AmPy 1.540 1.173 1.070 0.00 0.00 0.00 0.00
AmPrs 1.423 1.208 1.698 1.828 11.53 12.91 13.90 1.38
AmPo 1.306 1.275 1.012 -19.1 —15.65 —16.17 —12.57
AzPo 1.290 (1.288) 1.284 (1.288) 1.012 (1.031) 0.00 (0.00) 0.00 0.00 (0.00)
AzPrs 1.406 (1.405) 1.220 (1.220) 1.792 (1.887) 1.462 (1.590) 20.84 (16.46) 16.70 21.09 (12.10)
AzPy 1.479 (1.458) 1.180 (1.190) 1.052 (1.060) 4.52 (0.41) —0.75 3.69 (—4.14)

@ Geometries and energies of systems optimized in the gas phase are shown in normal letters and those optimized in the aqueous
medium (PCM) are shown in parentheses in italics. All energies are interaction energies except for the values AG, which are the MP2

free energies.
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FIGURE 2. Energy profile of the proton-transfer reaction between N-protonated and O-protonated formamide (Am) and that

between O-protonated and N-protonated N-formylaziridine (Az).

First we start with the hydrolysis of formamide. In the
reactant complex AmOQOg, O-protonated formamide has
a planar structure. The lengths of C—O and C—N bonds
in AmOg are 1.28 and 1.31 A, gespectively, whereas those
in AmNg are 1.18 and 1.52 A, respectively. In AmOrg
the lengths of the C—0 and C—N bonds are 1.35 and 1.45
A, and the C—0, distance is about 1.51 A. The magnitude
of the C—0, distance in AmOrg implies that the forma-
tion of the C—O, bond proceeds significantly. In AmOrs
the distances of Op—Hj and Og—Hjy are 1.27 and 1.15 A
respectively (for labels of O and H atoms, refer to Figure
3). Compared to AmOR, in AmOrg the C—O0O bond is
lengthened by 0.07 A due to the formation of the C—Oy
bond, and the C—N bond is lengthened by 0.14 A. In
AmOrs the nitrogen is pyramidal and forms a hydrogen
bond with one of the hydrogen atom of the H30" ion. In
AmNrg the lengths of C—0, C—N, and C—Ox are 1.22,
1.67, and 1.66 A, respectively. The Ox—Oy distance in
AmNrg is about 2.45 A and the hydrogen atom which
connects Oy and Oy transfers significantly from Oy to Oy
(O,—H 1.39 A and O —H 1.08 A). Structural parameters
indicate that the proton transfer from the second water
molecule to the carbonyl oxygen or the nitrogen atom has
barely started for both AmOrs and AmNrs.

Recent molecular dynamics calculations on amide
hydrolysis in acidic media predict that during the process
of addition of water molecule to the carbonyl carbon, one
proton from the water molecule is transferred to the
water phase. The nitrogen is protonated at a later stage.™
Based on the transition state geometry, it can be seen
that although the C—O,, bond formation proceeds sig-
nificantly in the TS structure, the protonation of the
nitrogen atom barely started. Further calculations sug-
gest that the proton transfer to the pyramidal nitrogen
atom in formamide is almost barrierless. Therefore, the
present results also suggest that the proton transfer from
the hydronium ion to the nitrogen atom starts only at a
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later stage of addition of water to carbonyl carbon of the
formamide.

The energy barriers for the O-pathway of the amide
hydrolysis [AmMOgr — AmOrs — AmOp] at the B3LYP
and MP2 levels are 24.5 and 21.8 (29.1 in AG) kecal/mol,
respectively, and that at the MP2(PCM) level is 14.3 kcal/
mol. Experimental studies show that the energy barrier
for the acid-catalyzed hydrolysis of N-methylacetmide is
21.5 kcal/mol.?? The results shown in Table 1 as well as
earlier reports confirm that in acidic media formamide
mainly exists as the O-protonated form. Therefore, the
N-pathway for formamide hydrolysis would have two
steps: the first is the conversion of O-protonated forma-
mide to the N-protonated one [AmPo — AmPrg —
AmPy], with the gas-phase energy barrier 30.6(g) kcal/
mol at BSLYP and 28.6(g) (30.1 in AG) at MP2, and the
aqueous media energy barrier 14.0(aq) kcal/mol at MP2-
(PCM)], followed by hydrolysis [AmNg — AmNrs —
AmNp| with 19.9/21.9(g) kecal/mol at BSLYP, 24.0 kcal/
mol (AG) at MP2, and 17.2(aq) kcal/mol at MP2(PCM).
The bottleneck energy barrier for the N-pathway (in the
slow reaction process) is the larger one between the two
step barriers. Therefore, for the hydrolysis of formamide,
the O-pathway is energetically more preferable over the
N-pathway in both gas (by 5.1 at BSLYP and 6.8 and 1.0
(AG) kcal/mol at MP2) and aqueous phases (by 2.9 kcal/
mol). Our results agree with the results of Rivail and co-
workers; their calculations also predicted that formamide
hydrolysis mainly proceeds through O-protonation.!?

The selected geometrical parameters of the stationary
points in the hydrolysis reaction of the N-formylaziridine
in acidic media are in Table 2. The role of the water dimer
in N-formylaziridine is similar to that in the case of
formamide. The lengths of C—0 and C—N bond for AzOg

(22) (a) Bolton, P. D. Aust. J. Chem. 1996, 39, 1013. (b) Bolton, P.
D.; Jackson, G. L. Aust. J. Chem. 1971, 24, 969.
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FIGURE 3. Geometries of stationary points in the hydrolysis reactions of N- and O-protonated isomers of formamide and
N-formylaziridine. N, black; C, gray; O, white (big); H, white (small).

are 1.28 and 1.30 A, respectively, and the corresponding
values in AzNg are 1.19 and 1.47 A. In AzOrs the lengths
of C—0, C—N, and C—O; are 1.34, 1.45, and 1.53 A,
respectively. The magnitude of C—0; distance for AzOrg
implies that the formation of C—0O; bond proceeds
significantly. In AzNrg the lengths of C—O, C—N, and
C—O0, are 1.26, 1.60 ,and 1.52 A, respectively. Structural
parameters indicate that the proton transfer from the
second water molecule to the carbonyl oxygen or nitrogen
atom has barely started for both AzOrs and AzNrs as in
the case of formamide. In AzOrs, the O;—0; distance
(atoms labels are depicted in Figure 3) are computed to
be 2.37 A (O;—H and O,—H are in the range of 1.2 A).

The O3—0, distance in AzNrg is ~2.36 A; 0;—H is 1.18
A, and O,~H is 1.24 A.

The relative energies of N- and O-protonated N-
formylaziridine are in the range of only a few kcal/mol.
It is expected that both N-protonated and O-protonated
conformers compete. In the gas phase, O-protonated
conformers are more stable by 4.5 kcal/mol at BSLYP but
less stable by 0.7 kcal/mol (but more stable by 3.7 kcal/
mol in AG) at MP2. At the MP2 level, the N-protonated
form is only slightly more stable in AE but less stable in
AG, and so the temperature effect would make the
O-conformer more stable. On the other hand, in the
aqueous phase, O-protonated conformers are only slightly
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TABLE 2. Bond Distances (A) and Relative Energies (kcal/mol) for Stationary Points and Transition States in the
Hydrolysis of N- and O-Protonated Formamide and N-Formylaziridine?®

relative energy (kcal/mol)

system C-N Cc-0 C—0y N-H O—H B3LYP MP2 MP2(AG) MP2-PCM
AmOr 1.306 1.281 2.595 1.000 0.00 0.00 0.00 0.00
AmOrg 1.448 1.351 1.512 1.925 0.982 24.50 21.76 29.11 14.32
AmO, 1.525 1.364 1.390 1.048 0.975 3.28 —0.72 8.85 —10.75
AzOg 1.297 (1.296) 1.284 (1.285) 2.672(2.749) 1.005 (1.027) 0.00 (0.00) 0.00 0.00 (0.00)
AzOrs  1.449 (1.428) 1.363(1.358) 1.630(1.527) 1.887(3.220) 0.988(0.991) 21.53 (11.3) 17.35 25.20 (6.65)
AzOp 1.521(1.514) 1.359(1.370) 1.391(1.389) 1.037 (1.044) 0.956 (0.991) —4.84(—9.38) —9.88 —0.56 (—14.84)
AmNgr 1.524 1.176 2.891 0.00 0.00 0.00 0.00
AmN7ps 1.667 1.219 1.655 2.037 19.87 21.89 24.04 17.21
AmNp  1.547 1.344 1.399 0.99 —6.48 —6.84 —0.52 —14.01
AzNg 1.468 (1.463) 1.187(1.192) 3.000 (2.832) 1.057 (1.063) 0.00 (0.00) 0.00 0.00 (0.00)
AzNps  1.597 (1.591) 1.263(1.279) 1.523(1.481) 1.025(1.031) 1.067 (1.831) 20.88 (15.08)  23.25 23.05 (18.66)
AzNp 1.589 (1.556) 1.350(1.360) 1.362(1.372) 1.027 (1.036) 0.989 (0.0992) —2.79(—=5.00) —2.19 —0.34 (—5.62)
@ See the footnote of Table 1.
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FIGURE 4. Energy profiles of the hydrolysis reaction of O-protonated formamide (Am-0), O-protonated N-formylaziridine (Az-
0), N-protonated formamide (Am-N), and N-protonated N-formylaziridine (Az-N).

more stable by 0.4 kcal/mol at BSLYP but less stable by
4.1 kcal/mol at MP2. Coupled-cluster theory with singles,
doubles, and perturbative triplet excitations [CCSD(T)]
are consistent with the MP2 results. We expect that in
the gas phase the O-protonated form is more stable, while
in the aqueous phase, the N-protonated form is more
stable.

In the gas phase, the O-conformer is more stable, and
so the O-pathway is a single step process, while the
N-pathway would have two steps: isomerisation of
O-protonated N-formylaziridine to N-protonated form
(AzPo — AzP1s — AzPy) by proton-transfer reaction
followed by hydrolysis (AzZNg — AzNrs — AzNp). The
former and latter energy barriers are 20.8(g) and 20.9-
(g) keal/mol at BSLYP and 21.1(g) and 23.1(g) (AG) kcal/
mol at MP2. Thus, the effective energy barrier for the
N-pathway would be 20.9—25.4 at BSLYP and 23.1—-26.8
(AG) kcal/mol at MP2. The energy barrier for the single
step O-pathway (AzOgr — AzOr1s — AzOp) is 21.5(g) kcal/
mol at BSLYP and 17.4 (25.2 in AG) kcal/mol at MP2.
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Therefore, both N-pathway and O-pathway would com-
pete.

In the aqueous phase, at the B3LYP level, both
O-protonated and N-protonated forms are almost isoen-
ergertic (within 0.4 kcal/mol). Thus, the hydrolysis of
N-formylaziridine by both pathways can be considered
as one-step processes with the energy barriers 11.3 and
15.1 (or 15.5 including 0.4) kcal/mol, respectively. Thus,
the O-protonated pathway would be favored. At the MP2
level, the N-protonated form is more stable (by 4.1 kcal/
mol). Thus, the N-protonated pathway is a one-step
process with the energy barrier 18.7 kcal/mol, while the
O-protonated pathway is a two-step process with one
energy barrier 16.2 kcal/mol for (AzPx — AzP1s — AzPo)
by proton-transfer reaction and the other energy barrier
6.7 kcal/mol (or 10.8 kcal/mol with respect to AzPy) for
the hydrolysis (AzOr — AzOrs — AzOp). The effective
energy barrier of the O-protonated reaction requires the
effective activation barrier of 16.2 kcal/mol. Thus, the
O-protonated pathway would be slightly more favored,
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TABLE 3. Bond Distances (A) and Relative Energies (kcal/mol) of Stationary Points and Transition States in
Ring-Opening Reactions of N- and O-Protonated N-Formylaziridine®

relative energy (kcal/mol)

system C.—N Ce—C: N-C, Ce—Oy B3LYP MP2 MP2(PCM)
AzNRRr 1.516 (1.509) 1.465 (1.465) 1.468 (1.463) 3.500 (3.407) 0.0 0.0 (0.0)
AzNRrs 2.177 (2.147) 1.463 (1.461) 1.374 (1.372) 2.465 (1.525) 26.90 39.96 (38.41)
AzNRp 2.529 (2.530) 1.538 (1.537) 1.300 (1.296) 1.431 (1.428) —27.74 21.11 (—23.37)
AzORgr 1.441 (1.438) 1.514 (1.515) 1.293 (1.290) 5.322 (5.267) 0.0 0.0 (0.0)
AzORrts 2.152 (2.124) 1.469 (1.469) 1.294 (1.292) 2.314 (2.343) 43.86 49.06 (42.39)
AzORp 2.442 (2.489) 1.523 (1.519) 1.298 (1.300) 1.425 (1.425) —21.46 22.49 (—28.34)

@ Geometries and energies of systems optimized in the gas phase are shown in normal letters and those optimized in aqueous medium
(PCM) are shown in parentheses in italics. Refer to Figure 5 for the atom labeling.
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FIGURE 5. Geometries of stationary points and transition states in the ring-opening reaction between N- and O-protonated
N-formylaziridines. N, black; C, gray; O, white (big); H, white (small).

while competing with the N-protonated pathway. Given
the possible inaccuracy of the calculations with the range
of a few kcal/mol, the energy barrier difference between
the N-protonation and O-protonation is small, and so the
two pathways would compete. However, the entropy
effect in aqueous solution is not considered. It should be
noted that in the N-formylaziridine the O-protonation is
favored at 0 K, whereas the N-protonation is favored at
room temperature. Thus, the entropy effect could make
the N-pathway more favorable than the O-pathway, and
it is likely that both N-protonated and O-protonated
pathways would compete. More accurate prediction should
be made at the CCSD(T) level, which is still beyond the
current computational capacity.

Brown and co-workers showed that in acidic media
N-benzoylaziridine undergoes ring-opening reaction and
gives benzoyl amides of ethanolamines.?> Hori et al.
addressed the isomerization of 1-acylaziridine in acidic
media.?* Here we discuss about the water-assisted ring-
opening reaction of N- and O-protonated N-formylaziri-
dine. In this case we also optimized the geometries at
the B3LYP level and the energies were refined at the

(23) Slebocka-Tilk, H.; Brown, R. S. JJ. Org. Chem. 1987, 52, 805.

(24) (a) Hori, K.; Nishiguchi, T.; Nabeya, A. JJ. Org. Chem. 1997,
62, 3081. (b) Nabeya, A.; Endo, T.; Nishiguchi, T.; Hori, K. J. Org.
Chem. 1999, 64, 5686.

MP2 level. Frequency calculations were performed to
confirm whether the geometries are minima or transition
states. All geometries were further optimized at the
B3LYP(PCM) level (¢ = 80), and the energies were
refined at the MP2(PCM) level. The results are sum-
marized in Table 3 and Figures 5 and 6.

First, we discuss the ring-opening reaction of N-
protonated N-formylaziridine. One water molecule acts
as a nucleophile. The ring opening of the three-membered
ring as well as the formation of a bond between the C
atom of the ring and the oxygen atom of the water
molecule (C,—Oy bond) occurs almost simultaneously
(Table 3, Figure 5); In the reactant C.—0Oy and C.—N
distances are 3.50 A and 1.52 A, respectively. The C.—
O,, distance shortened lg)y ~1.46 A, whereas that of C.—N
is increased by 0.67 A in the transition state, which
indicates partial breaking of the C.—N bond and partial
formation of a C.—O,, bond in the transiton state. The
activation energy for the ring opening of N-protonated
formylaziridine assisted by water molecules is 40.0 kcal/
mol in the gas phase and 38.4 kcal/mol in the aqueous
medium (Figure 6). The activation energy for the ring-
opening reaction of O-protonated form is 49.1 kcal/mol
in gas phase and 42.4 kcal/mol in the solvent media. The
ring opening (elongation of Ce—N) as well as the forma-
tion of the C.—O bond occurs almost simultaneously,
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FIGURE 6. Energy profiles of the ring-opening reaction
formylaziridine (AzOR).

which can be rationalized from the bond distances. The
Ce—OryV and Ce—l\l distances in the transition states are
2.31 A and 2.15 A, respectively, which indicates partial
formation of C,—O,, and partial bond breaking of C.—N
in the transition states. The geometries of the reactants,
transition states, and products are shown in Figure 5;
the corresponding energy profiles are shown in Figure
6. Thus, it is interesting to note that the ring-opening
process occurs via N-protonation. Since these energy
barriers are much higher than those of the hydrolysis,
chances of ring-opening reaction are much less compared
with the hydrolysis. However, our study is based on
N-formylaziridine. Since the charge of N in the aziridine
moiety of N-benzoylaziridine is very different from that
of N-formylaziridine due to the large difference in charge
between H and C bonded to the carbonyl carbon, the
present calculation does not correspond to the N-benzoyl-
aziridine case. Thus, although the ring-opening process
is not favored in the N-formylaziridine case, we do not
exclude the possibility that the ring-opening process
would occur in the N-benzoylaziridine case, since a
significant change in charge of N in the aziridine moiety
could significantly lower the energy barrier for the ring-
opening process.

Our calculations indicate that in all transition states
(for both formamide and N-formylaziridine) the distance
between oxygen atoms of the water dimer is in the range
of 2.4 A. This indicates that these hydrogen bonds are
short strong hydrogen bonds (SSHB),?* which are stron-
ger than strong hydrogen bonds,? which in turn stronger
than normal hydrogen bonds.?” Recent calculations by
Boyd and co-workers found that this type of low barrier
hydrogen bonds exists in the case of reaction mechanisms
of the imide formation in N-(o-carboxybenzoyl)-L-amino
acid.™ To explore the effect of the short strong hydrogen
bond, we performed calculations with a single water
monomer reacting with the O-protonated formamide,
thereby eliminating the chances of forming short strong

(25) (a) Frey, P. A.; Whitt, S. A.; Tobin, J. B. Science 1994, 264, 1927.
(b) Clelan, W.; Kreevoy, M. M. Science 1994, 264, 1887. (c) Neidhart,
D.; Wei, Y.; Cassidy, C.; Lin, J.; Cleland, W. W.; Frey, P. A.
Biochemistry 2001, 40, 2439. (d) Green, M. E. J. Phys. Chem. A 2002,
106, 11221. (e) Znamenskiy, V. S.; Green, M. E. J. Phys. Chem. A 2004,
108, 6543. (f) Oh, K. S.; Cha, S.-S.; Kim, D.-H.; Cho, H.-S.; Ha, N. C,;
Choi, G.; Lee, J. Y.; Tarakeshwar, P.; Son, H. S.; Choi, K. Y.; Oh, B.-
H.; Kim, K. S. Biochemistry 2000, 39, 13891. (g) Kim, K. S.; Oh, K. S.;
Lee, J. Y. Proc. Natl. Acad. Sci. U.S.A. 2000, 97, 6373. (h) Kim, K. S.;
Kim, D.; Lee, J. Y.; Tarakeshwar, P.; Oh, K. S. Biochemistry 2002, 41,
5300. (i) Gerlt, J. A.; Kreevoy, M. M.; Cleland, W.; Frey, P. A. Chem.
Biol. 1997, 4, 259.

(26) Suh, S. B.; Kim, J. C.; Choi, Y. C.; Kim, K. S. J. Am. Chem.
Soc. 2004, 126, 2186.
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of N-protonated formylaziridine (AzNR) and O-protonated IN-

hydrogen bonds (SSHB) in the transition state. By using
the water monomer!? instead of the water dimer in
AmOpg, the activation energy increased by 15 kcal/mol,
which can be partially attributed to the lack of SSHB
between two water molecule in the transition state for
the case of water monomer.

The calculations predict that in all reactants and to
some extent in the transition state the charged H-bond?®
exists between the catalyst proton and water molecule.
For O-protonated species, the distance between the
carbonyl oxygen and the oxygen atom of complexing
water molecule is in the range of 2.55—2.60 A, and for
N-protonated species the distance between N and O atom
complexing the water molecule is in the range of 2.60—
2.65 A. The charged H-bonds stabilize the reactant over
the product and transition state, which implies that the
formation of a charged H-bond will increase the energy
barrier for the reaction. Experimental evidence shows
that the dipolar aprotic and non-hydrogen bond donor
solvents have a rate-enhancing effect on formamide
hydrolysis, while protic solvents that can act as both
hydrogen bond donor and acceptor exert a rate-decreasing
effect.?? To estimate the effect of the charged hydrogen
bond, we performed a calculation on O-protonated for-
mamide without water molecule interaction with the
catalyst proton. The activation energy barrier of the
reaction is lowered by 5.8 kcal/mol.

Conclusion

We studied the acid-promoted and water-assisted
hydrolysis mechanism of N-formylaziridine in comparison
with formamide. Both the O-pathway and the N-pathway
were considered in detail. The electron correlation effect
seems to stabilize N-protonated N-formylaziridine more
than the O-protonated one. In acidic media, the hydroly-
sis reaction of formamide would proceed mainly by the
O-pathway because the transition state of the O-pathway
is much more stable than that of the N-pathway. In acidic
media N-formylaziridine exists mainly in the N-proto-
nated form, and the studies on the transition state
structure and energies indicate that the hydrolysis
reaction of the N-formylaziridine would proceed by two

(27) (a) Kim, K. S.; Tarakeshwar, P.; Lee, J. Y. Chem. Rev. 2000,
100, 4145. (b) Lee, H. M.; Suh, S. B.; Lee, J. Y.; Tarakeshwar, P.; Kim,
K. S. J. Chem. Phys. 2000, 112, 9759. (c) Kim, K. S.; Mhin, B. J.; Choi,
H. S.; Lee, K. J. Chem. Phys. 1992, 97, 6649.

(28) Oh, K. S.; Lee, C.-W.; Choi, H. S.; Lee, S. J.; Kim, K. S. Org.
Lett. 2000, 2, 2679.

(29) Mittal, S.; Gupta, K. S.; Gupta, Y. K. Ind. J. Chem. 1982, 21A,
3517.
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competing processes of both the N- and O-pathways. In
all transition states of the hydrolysis reaction for both
formamide and N-formylaziridine, short strong hydrogen
bonds were identified.
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