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Theoretical Study of Mechanism of 2,3-Dihydro-1,5-benzodiazepin-2-ones Hydrazinolysis
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Density functional theory approach was used for the 4-methyl-2,3-dihydro-1,5-benzodiazepin-2-one compound
to determine the mechanism of hydrazinolysis of 4-substituted 2,3-dihydro-1,5-benzodiazepin-2-ones. Single
point computations at the MP2/6-3114+G(d,p)//B3LYP/6-31G(d) level were performed for the more precise
energy prediction. The solvent effect was taken into account by carrying out single point calculations using
the PCM methodology. The obtained results show that in the investigating mechanism the first step consists
of the hydrazine molecule addition to the azomethine bond of the 4-methyl-2,3-dihydro-1,5-benzodiazepin-
2-one. Further cyclization occurs with pyrazole ring formation, and then the diazepine ring opening is revealed.
Finally, removal of o-phenylendiamine leads to 3-methylpyrazolone-5 as a main product that is in agreement
with the experimental observation. The final step is a rate-determining step of this reaction.

Introduction

The increasing interest in the chemistry of 1,5-benzodiazepin-
2-ones (1) is caused by their well-established biological
activity.'”> Among the representatives of this class, there are
compounds with anticonvulsant, tranquilizer, and antihypoxic
actions. During investigations of the 1,5-benzodiazepin-2-ones
transformations, many interesting aspects of their reactivity
related to different rearrangements and isomerizations were
revealed.”® The clarification of mechanism of these reactions
is important for theoretical studies and also for possible
applications of these species.

It is known that interaction of 2,3-dihydro-1,5-benzodiazepin-
2-ones with bifunctional nucleophilic reagents (hydrazine
hydrate, phenylhydrazine, hydroxylamine, benzoyl hydrazine)
leads to rearrangement with opening of the seven-membered
diazepinone ring.®~® An application of these reactions facilitates
synthesis of new heterocyclic systems. Mechanisms of these
rearrangements have been proposed in some articles on the basis
of experimental studies,’™® but theoretical investigation for
suggested mechanisms has not been carried out yet.

As we have shown previously, hydrazinolysis of 2,3-dihydro-
1,5-benzodiazepin-2-ones (1) results in recyclization of the
seven-membered ring with formation of 3-R-substituted pyra-
zolones-5 (2) and 4-R;-substituted o-phenylendiamines (3) (see
Scheme 1).'%!" It was proposed!! that the hydrazinolysis of 2,3-
dihydro-1,5-benzodiazepin-2-ones would take place through the
addition of hydrazine to C4=~N;s bond, cyclization (by attack of
the amine group to the carbonyl), and cleavage of the amide
bond with formation of pyrazolone ring and the removal of
o-phenylendiamine (see Scheme 2).

The formation of 1-phenyl-3-R-pyrazolones-5 (4) (instead of
2-phenyl-3-R-pyrazolones-5 (5)) by interaction of 2,3-dihydro-
1,5-benzodiazepin-2-ones with phenylhydrazine, and 3-R-isox-
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azol-5-ones (6) (instead of the compounds 7) by interaction with
hydroxylamine leads the authors®!'' to suppose that the initial
nucleophile attack should be on the C, atom of the diazepinone
ring. Thus, the recyclization of 2,3-dihydro-1,5-benzodiazepin-
2-ones in reactions with phenylhydrazine and hydroxylamine
may process by a mechanism similar to that of hydrazinolysis.
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Because the literature provides no data concerning quantum
chemical evaluation of 2,3-dihydro-1,5-benzodiazepin-2-ones
reactivity in the present study, the recyclization mechanism of
4-methyl-2,3-dihydro-1,5-benzodiazepin-2-one during hydrazi-
nolysis was theoretically investigated using DFT and MP2 levels
of theory. Some experimental studies of hydrazinolysis indicate
a catalytic role of ethanol molecule.'>!® Moreover, many
examples exist on reducing the activation energy of reaction
by assistance of solvent molecule in proton-transfer process.'* 1
Therefore, the ethanol-assisted mechanism modeled by explicit
consideration of one ethanol molecule in the reaction is
discussed in this study. Activation barriers for reaction pathways
were used for comparative purposes and to identify the most
probable hydrazinolysis mechanism.
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Computational Methodology

Molecular geometries of the minima and transition state
structures along the reaction pathways were optimized using
Density Functional Theory with Becke’s three-parameter hybrid
functional'” and Lee, Yang, and Parr’s (LYP)'® correlation
functional. The structures of the most favorable reactive channel
were reoptimized using MP2 method. The 6-31G(d) and
6-311+G(d,p)" basis sets were used in this study. All geom-
etries were optimized without any symmetry restrictions and

Figure 1. LUMO orbital for the 4-methyl-2,3-dihydro-1,5-benzodi-
azepin-2-one calculated at the B3LYP/6-31G(d) level.

TABLE 1: PCM/MP2/6-311+G(d,p)//B3LYP/6-31G(d)
Relative Gibbs Free Energies (at 298 K) for Transition
States, Intermediates, and Products for Ethanol-Assisted
Hydrazinolysis of 2,3-Dihydro-1,5-benzodiazepin-2-one
(kcal/mol) (Relative to Corresponding Prereactive
Complexes)

structure AGq structure AGiq
TS(R—1)-et 16.75 INT7*-et —11.02
INT1-et —7.85 TS(8—11)-et 36.65
TS(R—2)-et 15.09 (INT11+H,0)-et 18.05
INT2-et —=5.93 TS(8—12)-et 34.17
TS(R—3)-et 21.90 (INT12+H,0)-et 3.88
INT3-et 8.43 TS(8—13)-et 53.76
TS(R—4)-et 21.46  (INT13+H,0)-et 36.14
INT4-et 10.36  TS(8—14)-et 34.57
TS(R—5)-et 2796 INT14-et —9.28
INT5-et 1.55 TS(8—15)-et 43.29
TS(R—6)-et 2598 INT15-et 8.06
INT6-et —5.45 TS(8—16)-et 30.36
TS(1—7)-et 34.59 INT16-et —4.64
INT7-et 3.32  TS(8—17)-et 42.09
TS(1—8) et 20.55 INT17-et 10.47
INTS-et 14.45  TS(7*—Pr)-et 26.99
TS(1—9)-et 30.17  (Pr+o-phenylendiamine)- et —8.13
INT9-et —2.29  TS(7*—Pr?)-et 38.51
TS(1—10)-et 33.65 (Pr*to-phenylendiamine)-et —4.47
INT10-et 30.84 TS(Pr—Pr?)-et 34.20
TS(2—9)-et 35.07 Pr*-et 4.64
TS(2—10)-et 3291 TS(Pr—Pr?-et, 19.82
TS(8—7*) et 2047 Pr*-et, 3.61

characterized as minima (no imaginary frequencies) or first-
order saddle points (one imaginary frequency) by calculations
of harmonic vibrational frequencies. Gibbs free energies of
activation (AG¥) were calculated as the difference of free
energies between transition states and prereactive complexes.
Single point computations at the MP2/6-3114+G(d,p)//B3LYP/
6-31G(d) and MP2/6-311+G(d,p)//MP2/6-31G(d) levels were
performed for the more precise energy prediction. The zero-
point energies were scaled by factors of 0.9806 and 0.9670%
for B3LYP/6-31G(d) and MP2/6-31G(d) levels, respectively.
Long-range effects of ethanol medium solvent were taken into
account by means of a polarized continuum model (PCM).?!
Single point PCM/MP2/6-311+G(d,p)//B3LYP/6-31G(d) and
PCM/MP2/6-311+G(d,p)//MP2/6-31G(d) computations for gas-
phase optimized geometries were performed for estimation of
the change in energy profile of the reaction in the presence of
ethanol. All calculations have been carried out using the
Gaussian 03 program package.??

Results and Discussion

Evaluation of Reactivity of Carbon Atoms of 4-Methyl-
2,3-dihydro-1,5-benzodiazepin-2-one. There are two potential
reaction centers in 4-methyl-2,3-dihydro-1,5-benzodiazepin-2-
one where the added hydrazine molecule could attack: the C,
carbonyl carbon atom and C4 azomethine carbon of the
benzodiazepine system. To elucidate the most reactive electro-
philic site of 4-methyl-2,3-dihydro-1,5-benzodiazepin-2-one, we
first analyzed the LUMO isodensity surface (examining the
nodal structure of the wave function). Figure 1 shows the LUMO
nodal structure. The carbon atom at position 4 of the diazepine
ring contributes stronger to the LUMO than does the carbon
atom at position 2. This can be readily rationalized by inspecting
the corresponding LUMO orbital densities, which reveal a large
coefficient on C4 but a small coefficient (node) on C,. As a
consequence, the C, carbon atom of the benzodiazepine system
is the most favorable position for nucleophilic attack of
hydrazine.

As the local reactivity index we also used the Fukui function
(funoc) 0N the basis of the reactive hybrid orbital method.?* The
B3LYP/6-31G(d) level calculated magnitudes of the f;,c values
are equal to 0.0157 and 0.2978 for C, and C4 atoms, respec-
tively. The fino value for the C,4 position is larger than that for
the C, position, predicting the initial attack of hydrazine
molecule to azomethine bond of 4-methyl-2,3-dihydro-1,5-
benzodiazepin-2-one.

Mechanism of 4-Methyl-2,3-dihydro-1,5-benzodiazepin-
2-one Hydrazinolysis. Scheme 3 displays the reaction mech-
anism considered for the hydrazinolysis of 4-methyl-2,3-
dihydro-1,5-benzodiazepin-2-one. For simplicity, the ethanol
molecules are not shown in Scheme 3. The numbering of
systems used throughout the discussion is also shown in Scheme
3. Figure 2 displays the B3LYP/6-31G(d) level-optimized
geometries of the transition states located along the reaction
coordinate. The prereactive complexes and transition states are
denoted as PRC(n;—n,) and TS(n;—n,), respectively, where
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SCHEME 3: Calculated Reaction Pathways for the Hydrazinolysis Mechanism of

4-Methyl-2,3-dihydro-1,5-benzodiazepin-2-one
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n, is the reactant and n, is the product of the considered step.
The letters “et” in bold after structure numbers refer to the
presence of one molecule of ethanol. The relative Gibbs energies
for transition states, intermediates, and products in ethanol
solution are presented in the Table 1. The relative PCM/MP2/
6-311+G(d,p)//B3LYP/6-31G(d) single point energies of all
structures are discussed through the text. The B3LYP/6-31G(d)
and MP2/6-31G(d) calculated total energies and Gibbs free
energies are listed in Tables S1 and S2, and the relative Gibbs
energies for transition states, intermediates, and products in the
gas phase are presented in Table S3 as Supporting Information.

Hydrazine molecule may approach the electrophilic centers
of ketone from the same side (bottom attack) or from the
opposite side (top attack) of the methylene group (see Figure
3). Therefore, for the first step of the reaction, we examined
six pathways: the addition of hydrazine molecule to C,=O0,
C4=Ns, and N;—C,; bonds from both sides of the diazepinone
ring. These addition reactions are concerted, so the formation
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of C—N bond and proton transfer between benzodiazepinone
and hydrazine occurs in one step. As could be seen from the
Figure 2, the formed and broken C—N and C—O bonds are
predicted earlier than the proton transfers between heteroatoms.

The addition of the hydrazine to C4~N;s bond can yield two
possible intermediates, INT1-et (top attack) and INT2-et
(bottom attack). The activation barriers for these pathways are
16.75 and 15.09 kcal/mol, respectively. The hydrazine addition
to C,=0 bond following the formation of intermediates INT3-et
(top attack) or INT4-et (bottom attack) requires activation
energies of 21.90 and 21.46 kcal/mol, respectively. The highest
activation barriers for the first step are observed for hydrazine
addition to N;—C, bond with cleavage of diazepine ring and
formation of intermediates INTS-et and INT6-et. The values
of the barriers are equal to 27.96 and 25.98 kcal/mol for the
top and bottom attacks, respectively. The most favorable
pathway for the first step of hydrazinolysis is the addition of
the hydrazine to C,=Ns bond. This result confirmed the
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Figure 2. Structures and selected geometrical parameters (A) of transition states for ethanol-assisted 4-methyl-2,3-dihydro-1,5-benzodiazepin-2-
one hydrazinolysis calculated at the B3LYP/6-31G(d) level.
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Figure 3. Structure of the 4-methyl-2,3-dihydro-1,5-benzodiazepin-
2-one.

preliminary evaluation of reactivity of carbon atoms using MO
analysis and Fukui index, which indicates that C4 atom is the
most reactive electrophilic site of 4-methyl-2,3-dihydro-1,5-
benzodiazepin-2-one. It has been noticed that the activation
barriers for addition of the hydrazine to C4~Ns bond from the
both sides of methylene bridge differ insignificantly (1.66 kcal/
mol) and the relatively free energies of INT1-et and INT2-et
are also closed; thus the following transformations of INT1-et
and INT2-et intermediates are discussed.

The reaction continues from INT1-et intermediate either by
cyclization, or by opening of the seven-membered ring, or these
processes occur simultaneously. The nucleophilic attack of N3
to C, carbon causes cyclization with formation of five-membered
ring and is accompanied by proton transfer from N3 either to
N; (or O) atom, leading to intermediate INT7 - et or intermediate
INTS8-et, respectively. These cyclizations require activation
energies of 34.59 and 20.55 kcal/mol. The opening of the seven-
membered ring at the C4;—Ns bond is accompanied by proton
transfer from Ny, (or Cs) to Ns forming intermediates INT9-et
and INT10-et, respectively. The activation barriers for these
pathways are high (30.17 and 33.65 kcal/mol). The transforma-
tion of intermediate INT2-et into intermediates INT9-et or
INT10-et requires activation energies of 35.07 and 32.91 kcal/
mol, respectively. The nucleophilic attack of N3 to C, carbon
in intermediate INT2-et is not possible because of steric
hindrance of methylene bridge. Comparing activation energies
of different transformations pathways of intermediates INT1-et
and INT2-et, one may conclude that the transformation
INT1-et—INT8-et is the most energy favorable for the second
step of hydrazinolysis.

TS(R>1)et TS(1=8)et

PRC(R->1)el

0.00 PRC(1=8)et

Relative energy, kcal/mol
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The elimination of HO molecule or the opening of the seven-
membered ring is possible as further transformations of the
INTS8-et intermediate. A proton transfer in intermediate
INTS-et from the Ny, N3, or C; to OH group causes consecutive
departure of the water molecule, and, in addition, as proton is
abstracted, a double N;=C,, C,=N3, or C,=C; bond is formed
on the ring leading to INT11-et, INT12-et, or INT13-et
intermediates. The obtained results show that these pathways
have high activation energies: 36.65, 34.17, and 53.76 kcal/
mol, respectively (see Table 1). The cleavage of the seven-
membered ring in intermediate INT8 et may occur by breaking
the N;—C, or C4;—N;5 bonds accompanied by proton transfer.
The breaking of C4—Ns bond is followed by proton transfer
from Ny, (or C;) to Ns and requires the activation energy of
34.57 or 43.29 kcal/mol, respectively, leading to the INT14-et
or INT15-et intermediates. The proton transfer from O, N3,
or C; to Ny leads to the rupture of N;—C, bond and forma-
tion of the INT7%-et, INT16-et, or INT17-et intermediates,
respectively. It has been noticed that intermediate INT7?%-et
differs from INT7-et by ethanol molecule position toward
pyrazole ring. As could be seen from Table 1, the transformation
INTS8-et—INT7%-et has the lowest activation energy among
the considered pathways. Comparing pathways with the breaking
of C—N and C—O bonds, one may notice that the C—N bond
breaks easier than the C—O bond, and the leaving NH,Ar group
is more stable than the water molecule.

The breaking of the C4;—Ns bond in the INT7?et intermediate
is accompanied by proton transfer from N, (or Cs) to Ns. It
causes elimination of o-phenylendiamine with formation of
Pr-et or Pr*-et. As could be seen from Table 1, the first
pathway is energetically favored by approximately 11 kcal/mol
with an activation barrier that amounts to 26.99 kcal/mol.

Structures Pr and Pr? represent two tautomers. The tautomer-
ization of Pr-et into Pr?-et requires the high activation energy
(34.20 kcal/mol), which is reduced to 19.82 kcal/mol in the case
of explicit consideration of two ethanol molecules in the process.
It should be noticed that the intermediate Pr-et is slightly more
stable than Pr?-et in ethanol solution, and thus we assume that
this tautomerization can also take place in other solvents, as
was shown in the study on tautomerism of substituted pyrazo-
lones.?*

On the basis of the obtained results, one may conclude that
the most energetically favorable reactive channel for the
hydrazinolysis of 4-methyl-2,3-dihydro-1,5-benzodiazepin-2-one
is R=INT1—INT8—INT7*—Pr. The final step is a rate-
determining step for this reaction.

TS(8>7a)et

TS(72= Priet

INT72et

PRC(72> Prlet

(Pr+o-phenylendiamine)et

-12.56

Reaction coordinate
Figure 4. Relative energy profiles (kcal/mol) for ethanol-assisted hydrazinolysis of 4-methyl-2,3-dihydro-1,5-benzodiazepin-2-one calculated at

the PCM/MP2/6-3114G(d,p)//MP2/6-31G(d) level.
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We reexamine the reactive channel at the PCM/MP2/6-
311+G(d,p)//MP2/6-31G(d) level for the more accurate energy
evaluation. The obtained results (Figure 4) confirmed the final
step as a rate-limiting step of this reaction with activation barrier
of 28.71 kcal/mol.

Conclusions

This work presents the results of the first quantum chemical
investigation of interaction mechanism between 1,5-diazepin-
2-one systems and bifunctional nucleophiles. In the present
Article, we describe a theoretical study on the mechanism
of 4-methyl-2,3-dihydro-1,5-benzodiazepin-2-one hydrazi-
nolysis in ethanol solution. The investigated reaction path-
ways indicate that the 3-methylpyrazol-5-one is the main
product for the above-mentioned reaction, which is in
agreement with the experimental results for hydrazinolysis
of 4-substituted 2,3-dihydro-1,5-benzodiazepin-2-ones.'®!!

The most favorable pathway for the first step of hydrazinolysis
of 4-methyl-2,3-dihydro-1,5-benzodiazepin-2-one is the hydra-
zine addition to the C4=N5 bond with formation of the INT1.
The attack of amine group on C, atom in INT1 leads to pyrazole
ring formation that yields INT8. The opening of the seven-
membered ring in INT8 follows through proton transfer from
O to N, and leads to INT7?. The cleavage of the C4;,—Ns bond
in INT7? is accompanied by the elimination of o-phenylendi-
amine and formation of Pr, which then can isomerize to the
Pr® by proton transfer from C, to N;. The elimination of
o-phenylendiamine from INT7? is a rate-determining step for
hydrazinolysis.

We believe that our study reveals a general mechanism that
characterizes interactions of 1,5-diazepin-2-one systems with
other bifunctional nucleophiles, such as phenylhydrazine and
hydroxylamine.
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