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DFT calculations were performed to study the tautomeric re-
arrangements in the isolated, monoethanol- and diethanol-
solvated, and dimeric forms of 4-methyl-1,3-dihydro-2H-1,5-
benzodiazepin-2-one and 4-methyl-1,3-dihydro-2H-1,5-
benzodiazepine-2-thione. Molecular geometries of the tauto-
mers and transition state structures were optimized at the
B3LYP/6-31G(d) and B3LYP/6-311++G(d,p) levels of theory.
The long-range solvent effects on the geometrical and en-
ergy parameters of tautomerization were also analyzed by
use of the PCM model. The calculated relative Gibbs free
energies were used to estimate the equilibrium constants. It

Introduction

The recent considerable progress in the development of
the chemistry of 1,5-benzodiazepin-2-ones and 1,5-benzodi-
azepine-2-thiones (Scheme 1) is due to the discovery of their
valuable pharmacological properties. Among the members
of this class there are compounds that display analgesic,
anticonvulsive, antiagressive, psychotropic, and antiprolif-
erative activities.[1–3] Molecules containing the 1,5-benzodi-
azepin-2-one scaffold are privileged substructures exhibit-
ing a range of biological activities, including as interleukin-
1β converting enzyme (ICE) inhibitors and as delayed recti-
fier potassium current blockers.[4] Substituted dihydro-1,5-
benzodiazepin-2-ones and dihydro-1,5-benzodiazepine-2-
thiones are used as starting materials in the synthesis of
several heterocyclic compounds studied for potential bio-
logical activities.[5]
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was shown that the keto forms are more stable than the enol
tautomers both in the gas phase and in solution. The acti-
vation energies of tautomerization increase in the following
order: lactim–lactam, keto–enol, and imine–enamine trans-
formations. Proton transfer in the solvated complexes and di-
mers is virtually effortless in relation to that in the isolated
tautomers. The bulk of solvent does not substantially affect
either the activation energies or the equilibrium constants.
The differences between the tautomerism in 4-methyl-1,3-
dihydro-2H-1,5-benzodiazepin-2-one and in 4-methyl-1,3-
dihydro-2H-1,5-benzodiazepine-2-thione are discussed.

There are three kinds of tautomerization for dihydro-1,5-
benzodiazepin-2-ones [C(3)–H keto form 1o] resulting from
the presence of two nitrogen atoms and a carbonyl group
in a seven-membered ring (see Scheme 1): lactim–lactam
[leads to C(3)–H enol form 2o], keto–enol [leads to N(1)–H
enol form 3o], and imine–enamine [leads to N(5)–H keto
form 4o]. As is known, processes involving proton transfer
between interconversion tautomers are of fundamental im-
portance in chemistry, in particular in many biochemical
reactions. The tautomerization of a reactant is in some
cases the necessary condition for exhibition of biological
activity.[6] Only a few experimental studies on the tauto-
merization of substituted dihydro-1,5-benzodiazepin-2-ones
and dihydro-1,5-benzodiazepine-2-thiones have been per-
formed.[7–11] The IR spectra of 1,3-dihydro-1,5-benzodiaz-
epin-2-ones reveal that the bands associated with free and
associated NH groups appear in the 3400–3160 cm–1 region,
whereas intensive carbonyl absorption bands (amide I) are
observed at 1695–1668 cm–1, together with stretching vi-
bration bands of C=N bonds at 1650–1635 cm–1.[11b] UV
spectra of 1,3-dihydro-1,5-benzodiazepin-2-ones exhibited
bands associated with the carbonyl group, the NH–Ph an-
iline group, and the C=N group adjacent to the benzene
ring (for 4-methyl-1,3-dihydro-1,5-benzodiazepin-2-one the
bands are about 214, 271, and 297 nm).[12] No enol form
was observed in solution in a 1H NMR spectrum of 4-
phenyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one.[7] It could
be concluded from the IR, UV, and 1H NMR spectra that
1,3-dihydro-2H-1,5-benzodiazepin-2-ones might exist in
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Scheme 1. Tautomers of 1,3-dihydro-2H-1,5-benzodiazepin-2-ones and 1,3-dihydro-2H-1,5-benzodiazepine-2-thiones.

their C(3)–H keto forms in the solid state and in solution.
Kurasawa et al.[8] isolated two stable 3-quinoxalinyl-1,5-
benzodiazepin-2-one tautomers, the spectral evidences of
which were measured independently. Interestingly, the
N(5)–H keto tautomer exhibits reactivity significantly dif-
ferent from that of the C(3)–H keto tautomer. Furthermore,
the N(5)–H tautomer was sufficiently stable in the solid
state and solution to allow its spectroscopic data to be re-
corded, and it did not easily isomerize into the C(3)–H tau-
tomer without being heated in acetic acid at reflux. It was
demonstrated by one of us on the basis of IR, UV, and 1H
NMR spectra that 1,3-dihydro-1,5-benzodiazepine-2-
thiones exist primarily in their thione forms in solutions of
different polarities.[11c] Nardi et al.[11a] observed the pres-
ence of peaks suggesting the presence of N(5)–H thione
tautomers together with the C(3)–H thione forms in NMR
spectra of some 4-aryl-1,3-dihydro-2H-1,5-benzodiazepine-
2-thiones. The presence of tautomers and the ratios of these
tautomeric forms depend on the solvent used and on the
time during which the sample has been in solution. The
greater the length of time the sample has been in solution,
the more abundant is the N(5)–H tautomer. There are many
reported examples of tautomerism in 1,5-aryldiazepin-2-
one ring systems in which most of the compounds exist pre-
dominately as their C(3)–H keto forms rather than as their
N(5)–H keto forms.[13]

To the best of our knowledge, there are no theoretical
studies relating to the relative stabilities of tautomers of di-
hydro-1,5-benzodiazepin-2-ones or their thio analogues,
nor of their intramolecular proton-transfer processes. For
this study we have therefore investigated tautomeric re-
arrangements of 4-methyl-1,3-dihydro-2H-1,5-benzodia-
zepin-2-one and 4-methyl-1,3-dihydro-2H-1,5-benzodiazep-
ine-2-thione by use of the B3LYP functional in the DFT
approach. A few studies of tautomerism of heterocyclic
compounds by different quantum chemical methods have
been carried out recently.[14,15] The authors[14] have shown
that the commonly used B3LYP method provides the cor-
rect molecular geometries, activation energies, and energy
differences between pairs of tautomers, similarly to MP2-
level predictions. They concluded that the small absolute
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errors and the cost-effectiveness of the computations make
the B3LYP method a good choice for these systems.

Many reactions involving benzodiazepinones and benzo-
diazepinethiones have been carried out both in alcohol and
in aprotic solutions.[5,16] As is known, reductions in acti-
vation energies of tautomerization caused by multiple hy-
drogen bond formation are common in many sys-
tems.[15,17–19] Proton-transfer in an ethanol solution is
mainly governed by the assistance of solvent molecules, so
in this study ethanol-assisted proton transfer reactions
modeled by explicit consideration of one or two ethanol
molecules were compared with intramolecular proton mi-
gration. In an aprotic solution self-mediated proton transfer
may take place, so self-assisted tautomerization is also ex-
amined.

On the basis of the results of these calculations, the rela-
tive stability orders of the isolated, solvated, and dimeric
tautomeric forms of 4-methyl-1,3-dihydro-2H-1,5-benzodi-
azepin-2-one and 4-methyl-1,3-dihydro-2H-1,5-benzodiaz-
epine-2-thione, their proton-transfer reactions, and the ef-
fect of polar solvents on the above phenomena are dis-
cussed.

Results and Discussion

The geometries of the tautomers and transition states for
the tautomerization of isolated and monosolvated com-
plexes of the 4-methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-
one and the 4-methyl-1,3-dihydro-2H-1,5-benzodiazepine-
2-thione were optimized at the B3LYP/6-311++G(d,p)
level.[20] All geometries of local minima and transition
states were optimized without any symmetry restrictions.
Stationary points were further characterized as minima
(with all real frequencies) or as transition states (with only
one imaginary frequency) by computations of analytic har-
monic vibrational frequencies at the same theory level as
geometry optimization. Long-range solvent effects were
taken into account by use of the PCM[21] method to deter-
mine the solvent effects on the geometric and energetic pa-
rameters of the studied species and the tautomerization re-
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action processes. For disolvated and dimeric complexes the
geometry optimization and frequency analysis were per-
formed at the B3LYP/6-31G(d) level, whereas single-point
energies were calculated at the B3LYP/6-311++G(d,p)//
B3LYP/6-31G(d) and PCM/B3LYP/6-311++G(d,p)//
B3LYP/6-31G(d) levels. Transition state structures for all
studied catalytic tautomerization processes in 4-methyl-1,3-
dihydro-2H-1,5-benzodiazepin-2-one were checked by in-
trinsic reaction coordinate (IRC) computations[22] at the
same level of theory. The total energies were corrected for
the zero-point energies and for thermal and entropic contri-
butions at 298.15 K calculated at the same levels of theory
as were used for optimization. The zero-point energies were
scaled by a factors of 0.9806[23] at the B3LYP/6-31G(d)
level. All calculations were carried out with the Gaussian 03
program package.[24]

The following notations for the tautomers of 4-methyl-
1,3-dihydro-2H-1,5-benzodiazepin-2-one and its sulfur ana-
logue are employed throughout this work (Scheme 2).
Benzodiazepin-2-ones and benzodiazepine-2-thiones are
denoted by “o” (one) or “t” (thione) subscripts. The 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one (1o) mole-
cule is characterized by the presence of three labial protons
and two distinct sites to which they can be attached. Struc-
tures 2o and 3o are formed by transfer of the amino or the

Scheme 2. Tautomers and transition state structures for intramolec-
ular proton transfer of 4-methyl-1,3-dihydro-2H-1,5-benzodia-
zepin-2-one and 4-methyl-1,3-dihydro-2H-1,5-benzodiazepine-2-
thione.
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methylene group’s proton to the O(12) site. Structure 4o is
obtained through proton transfer from the methylene group
to the N(5) site.

The manuscript is arranged in the following order: pro-
ton transfer through an intramolecular mechanism, a
mechanism involving one ethanol molecule as a bifunc-
tional catalyst in an intermediate cyclic structure, a mecha-
nism involving two bridged ethanol molecules, tautomeric
interconversion within a self-associated dimer, and, finally,
comparison of the tautomerism of 4-methyl-1,3-dihydro-
2H-1,5-benzodiazepin-2-one with that of 4-methyl-1,3-dihy-
dro-2H-1,5-benzodiazepine-2-thione. The bulk solvent ef-
fects on the kinetics and the thermodynamics of the tauto-
merization reactions are discussed with comparison with
the gas-phase results through the text.

Schemes 2, 4, 5, and 6 show schematic representations of
the reactants, transition states, and products involved in the
direct, monoethanol-assisted, diethanol-assisted, and self-
assisted proton-transfer reactions for 4-methyl-1,3-dihydro-
2H-1,5-benzodiazepin-2-one and 4-methyl-1,3-dihydro-2H-
1,5-benzodiazepine-2-thione. The energy parameters of the
tautomerizations are listed in Tables 1, 2, 3, 4, 5, 6, 7, and
8 in the text and in Tables S1–S4 in the Supporting Infor-
mation. The molecular geometries calculated for all struc-
tures in the gas phase are listed in Tables S5–S14 in the
Supporting Information. Figures S1–S10 (Supporting In-
formation) demonstrate an evaluation of bond lengths and
energy changes by IRC calculations for the tautomerization
of the 4-methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one.

Intramolecular Proton Transfer

A schematic representation of the tautomers and transi-
tion state structures for intramolecular proton transfers is
shown in Scheme 2 and the calculated geometric data are
listed in Tables S5 and S7 (see the Supporting Information).
The calculated relative Gibbs free energies and the dipole
moments of the tautomers of 4-methyl-1,3-dihydro-2H-1,5-
benzodiazepin-2-one are listed in Table 1. From the pre-
sented data, it is clear that the keto form 1o is the most
stable one in the gas phase whereas the keto form 4o

emerges as the next most stable form. The most stable struc-
tures each possess an intramolecular hydrogen bond that
appears to be stronger in the keto forms. The energy differ-
ence between the two most stable tautomers 1o and 4o in
the gas phase is 3.49 kcalmol–1. The 3o and 2o forms are
located at 22.32 and 11.59 kcal mol–1, respectively, above
the 1o tautomer on the potential energy surface. Therefore,
the following relative stability order of the tautomeric struc-
tures of 4-methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one
is predicted: 1o �4o �2o � 3o. In view of the high relative
energies of the 2o and 3o tautomers one can conclude that
they should not be observed in the gas phase. The energy/
reaction path plot for tautomeric transformations of 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one in the gas
phase is shown in Scheme 3.
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Table 1. Calculated [B3LYP/6-311++G(d,p) and PCM/B3LYP/6-
311++G(d,p) levels] relative Gibbs free energies (∆G, kcalmol–1,
298.15 K) for 4-methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one
tautomers and free energy barriers[a] [kcalmol–1] for intramolecular
tautomerization.

Structure D ∆Ggas ∆Get

1o 2.32 0.00 0.00
4o 5.21 3.49 0.14
2o 1.81 11.59 12.27
3o 3.09 22.32 18.41
TS(1o�2o) 1.96 41.99 47.10
TS(1o�3o) 1.81 60.39 61.10
TS(1o�4o) 4.24 73.77 74.22

[a] Because the relative energies of the transition states are listed
relative to structure 1o these values correspond to the free energy
barrier for its tautomerization.

Scheme 3. Plot of energy/reaction path for tautomeric transforma-
tions of 4-methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one in the
gas phase.

As can be seen from Table 1, the calculated dipole mo-
ments for tautomers 1o, 4o, 2o, and 3o are 2.32, 5.21, 1.81,
and 3.09 D, respectively. Accordingly, the 3o and 4o tauto-
mers would be predicted to be the most solvated species.
Their relative energies are lower than the corresponding
gas-phase values by 3.91 and 3.35 kcalmol–1, respectively,
whereas the relative energy for 2o is higher by
0.68 kcalmol–1. This means that in solution the populations
of the 3o and 4o tautomers should be higher, while the pop-
ulations of 2o and 1o tautomers should be lower than under
gas-phase conditions.

We concluded that the 1o and 4o tautomers have virtually
the same stability. This confirms the existence of both keto
tautomers observed in experimental studies of substituted
1,5-benzodiazepin-2-ones.[8]

From the values of the Gibbs free energies for intramo-
lecular tautomerizations (see Table 1) one can see that intra-
molecular proton transfers are characterized by high free
energies. The proton transfer for 1o �2o tautomerization is
the most favorable, with a free energy barrier of
41.99 kcalmol–1, and differs significantly from the other
transformations because the N–H bond dissociation energy
has a smaller value than that for the C–H bond. This is
in good agreement with results computed at the MP2/6-
31+G(d,p) level for 5-fluorouracil,[25] but the values for pyr-
idone,[15] cytosine,[18] and hypoxanthine[19] obtained at the
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MP2 level with use of different basis sets are relatively low
(34–35 kcalmol–1). The C=O group has better polarity and
proton acceptor ability than the C=N group, so the free
energy barrier for 1o � 3o proton transfer (60.39 kcalmol–1)
is lower than that for the 1o �4o transformation
(73.77 kcalmol–1). The high value of free energy for the
1o � 4o tautomerization is consistent with those for imine–
enamine tautomerization in α-substituted acetaldimines.[26]

The effect of a dielectric solvent on the free energies of
TS(1o�4o) and TS(1o�3o) transition states is negligible
(changes are smaller than 1 kcalmol–1). However, the free
energy barrier for 1o �2o transformation in solution is
higher than in the gas phase, by 5.11 kcalmol–1.

A proton is much lighter than other atoms, and delocal-
ization paths (by quantum tunneling) that involve motion
of the solute while the solvent structure is kept frozen may
exist. We calculated tunneling corrections as a way to re-
duce high classical energy barriers with the aid of the sim-
plest Wigner transformation coefficient,[27] given by K(T) =
1 + (R|ω|/kT)2/24. The tunneling correction coefficients for
intramolecular tautomerizations examined here are small
and vary between 1.00 and 1.10 at a temperature of
298.15 K. This clearly shows that tunneling has virtually
no influence on the rate constant of intramolecular proton
transfer for 4-methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-
one.

As is known, proton transfer processes that take place
between two species stabilized by intermolecular hydrogen
bonds generally exhibit much lower free energy barriers to
tautomerization,[15,17–19] so the formation either of com-
plexes with ethanol molecules or of dimers might provide
energetically accessible pathways for tautomerizations. This
is discussed in the next parts of this manuscript.

Ethanol-Assisted Mechanism

A schematic representation of the tautomers and transi-
tion state structures for ethanol-assisted proton transfers is
shown in Scheme 4 and the calculated geometric data are
listed in Table S9 (see the Supporting Information). The cal-
culated relative free energies of the tautomers and free en-
ergy barriers for ethanol-assisted tautomerizations are listed
in Table 2 together with the dipole moments of the solvated
tautomeric complexes and transition state structures. The
interaction between an ethanol molecule and isolated tauto-
mers of 4-methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one
slightly stabilizes the 2o·et and 3o·et forms (by approxi-
mately 1 kcalmol–1), but destabilizes the 4o·et form (by
2.21 kcal mol–1) relative to 1o·eta, as can be seen in Tables 1
and 2. The relative stability sequence for the ethanol-sol-
vated tautomeric complexes of 4-methyl-1,3-dihydro-2H-
1,5-benzodiazepin-2-one is as follows: 1o·et �4o·et�
2o·et �3o·et. The inclusion of the bulk electrostatic interac-
tion with a solvent slightly changes the relative stabilities of
the tautomeric forms. Because of the larger dipole moments
of 4o·et and 3o·et, both of these forms are more stable in
ethanol solution (relative ∆G values lower by 8.82 and
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Scheme 4. Solvated complexes of tautomers and transition state structures for monoethanol-assisted proton transfer of 4-methyl-1,3-
dihydro-2H-1,5-benzodiazepin-2-one and 4-methyl-1,3-dihydro-2H-1,5-benzodiazepine-2-thione.

7.65 kcal mol–1, respectively) than in the gas phase. As a
result, the 1o·et and 4o·et tautomers have virtually the same
stability.

Table 2. Calculated [B3LYP/6-311++G(d,p) and PCM/B3LYP/6-
311++G(d,p) levels] relative Gibbs free energies (∆G, kcalmol–1,
298.15 K) of ethanol-solvated complexes of 4-methyl-1,3-dihydro-
2H-1,5-benzodiazepin-2-one tautomers and transition states, to-
gether with free energy barriers [kcalmol–1] for ethanol-assisted
tautomerization.

Structure D ∆Ggas
[a] ∆Get

[a]

1o·eta 0.83 0.00 0.00
TS(1o�2o)·et 2.25 18.91 (18.91) 19.79 (19.79)
2o·et 1.99 10.61 11.73
1o·etb 2.46 1.03 –3.30
TS(1o�3o)·et 2.94 42.62 (41.59) 39.50 (42.80)
3o·et 6.77 21.42 13.77
1o·etc 2.65 2.04 –1.23
TS(1o�4o)·et 6.47 56.32 (54.28) 48.55 (49.78)
4o·et 7.64 5.70 –3.12

[a] Relative Gibbs free energies of all structures are given relative
to the 1o·eta complex. Free energy barriers of reactions are given
in parentheses.

As would be expected, the assistance of an ethanol mole-
cule in the proton transfer process greatly reduces the free
energy barrier (by approximately 20 kcal mol–1). The free
energies for tautomerizations of 1o·eta �2o·et,
1o·etb �3o·et, and 1o·etc � 4o·et are 18.91, 41.59, and
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54.28 kcal mol–1, respectively. The ethanol-assisted proton
transfer process is characterized by smaller free energy bar-
rier because it is carried out through a six-membered-ring
transition state, which has a lower ring strain than the four-
membered-ring transition state in the case of the intramo-
lecular process. From Table 2 one can see that inclusion of
the bulk electrostatic interactions slightly increases the free
energy barriers (about 1 kcalmol–1) for the 1o·eta � 2o·et
and 1o·etb �3o·et tautomerizations but reduces the free en-
ergy (about 4.5 kcalmol–1) for the 1o·etc � 4o·et transforma-
tion. The calculated value of free energy for the
1o·eta � 2o·et tautomerization is close to the values found
recently for water-assisted keto–enol tautomerization for
pyridone[15] and 5-fluorouracil.[25]

Diethanol-Assisted Mechanism

A schematic representation of the tautomers and transi-
tion state structures for diethanol-assisted proton transfers
is shown in Scheme 5 and the calculated geometric data are
listed in Table S11 (see the Supporting Information). The
energy parameters and dipole moments of all the forms of
diethanol-solvated complexes involved in diethanol-assisted
tautomerization are listed in Table 3. The relative free ener-
gies for the disolvated complexes 2o·et2, 3o·et2, and 4o·et2

are higher than those of the corresponding monosolvated
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Scheme 5. Solvated complexes of tautomers and transition state structures for diethanol-assisted proton transfer of 4-methyl-1,3-dihydro-
2H-1,5-benzodiazepin-2-one and 4-methyl-1,3-dihydro-2H-1,5-benzodiazepine-2-thione.

complexes by 0.78, 2.03 and 3.93 kcalmol–1, respectively.
These changes may be explained in terms of the formation
of stronger hydrogen bonds in the 1o·et2

a and 2o·et2 com-
plexes than in the 3o·et2 and 4o·et2 complexes (see Table S11
in the Supporting Information). Therefore, disolvation
shifts the tautomeric equilibrium towards the 1o·et2

a keto
form, which substantially dominates for such species. The
relative stability order of these four diethanol-solvated com-
plexes is similar to those for isolated and monosolvated spe-
cies. The bulk of the ethanol stabilizes the 4o·et2 and 3o·et2

complexes more significantly, which is consistent with their
larger dipole moments (see Table 3). The equilibrium con-
centrations of the tautomers therefore change, but the sta-
bility order in solution remains the same as in the gas
phase.

The available literature data for keto–enol tautomeri-
zation assisted by two bridged water molecules indicate that
the second water molecule in the bridging site has no sig-
nificant effect on the reduction of the activation energy, rel-
ative to the monohydration process.[15,19] As can be seen
from Tables 2 and 3, further inclusion of one more ethanol
molecule located as a bridge between the N(1)–H(1) and
C(2)=O(12) sites yields, as would be expected, a free energy
barrier of 17.27 kcalmol–1 for 1o·et2

a �2o·et2 tautomeri-
zation, slightly different from the barrier of the correspond-
ing monoethanol-assisted tautomerization (18.91 kcal
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Table 3. Calculated [B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) and
PCM/B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) levels] relative
Gibbs free energies (∆G, kcalmol–1, 298.15 K) of diethanol-sol-
vated complexes of 4-methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-
one tautomers and transition states, together with free energy barri-
ers [kcalmol–1] for diethanol-assisted tautomerization.

Structure D ∆Ggas
[a] ∆Get

[a]

1o·et2
a 1.26 0.00 0.00

TS(1o�2o)·et2 2.05 17.27 (17.27) 17.17 (17.17)
2o·et2 0.92 11.39 12.04
1o·et2

b 1.55 4.93 0.70
TS(1o�3)·et2 5.98 35.82 (30.89) 30.08 (29.38)
3o·et2 3.87 23.45 19.91
1o·et2

c 3.24 5.80 0.30
TS(1o�4o)·et2 7.31 41.95 (36.15) 34.06 (33.76)
4o·et2 4.80 9.63 4.69

[a] Gibbs free energies of all structures are relative to the 1o·et2
a

complex. Free energy barriers of reactions are given in parentheses.

mol–1). Although the effect of the second ethanol molecule
in the bridging site on the kinetics of the 1o·et2

a � 2o·et2

tautomerization is not significant, disolvation substantially
reduces the free energies for 1o·et2

c �4o·et2 (by
18.13 kcalmol–1) and for 1o·et2

b �3o·et2 (by 10.70 kcal
mol–1) tautomerizations. When long-range effects of
ethanol solvent are additionally taken into account all three
free energy barriers are slightly decreased, relative to the
gas phase.
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In conclusion, these results suggest that proton transfer

for the three types of tautomerization discussed in this
study should be facilitated by the presence of one or two
ethanol molecules.

Self-Assisted Mechanism

The 1o monomer could form several dimers. We have
chosen four of them characterized by high stability [(1o)2

a –

Scheme 6. Dimers and transition state structures for self-assisted proton transfer of 4-methyl-l,3-dihydro-2H-1,5-benzodiazepin-2-one and
4-methyl-l,3-dihydro-2H-1,5-benzodiazepine-2-thione.
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(1o)2
d]. Double proton transfer in these dimers leads to the

formation of new dimers, which may dissociate to form 3o,
2o, or 4o monomers or mixtures (see Scheme 6). The relative
energies of the dimers and the activation energies for in-
terconversion of dimers are listed in Table 4. The most
stable dimer in the gas phase (1o)2

a features two intermo-
lecular N–H···O=C hydrogen bonds. This is consistent with
data for tetrahydro-1,5-benzodiazepin-2-ones and dihydro-
1,4-benzodiazepin-2-ones, which are stabilized in their crys-



Tautomerism in Dihydro-2H-1,5-benzodiazepin-2-ones and -thiones

tal packing by N–H···O=C hydrogen bonds.[28] The exis-
tence in the IR spectra of bands corresponding to associ-
ated NH group stretching vibrations suggests that 2,3-dihy-
dro-1,5-benzodiazepin-2-ones and their thio analogues may
exist in nonpolar solvents in dimeric forms through the for-
mation of intermolecular hydrogen bonds involving their
N–H groups.[11,12]

Table 4. Calculated [B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) and
PCM/B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) levels] relative
Gibbs free energies (∆G, kcalmol–1, 298.15 K) of dimers of 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one and transition
states, together with free energy barriers [kcal mol–1] for self-as-
sisted tautomerization.

Structure D ∆Ggas
[a] ∆Gac

[a]

(1o)2
a 2.13 0.00 0.00

[TS(1o�2o)]2 1.74 16.09 17.16
(2o)2 1.72 18.11 19.38
(1o)2

b 1.80 8.20 –0.08
[TS(1o�3o)]2 3.35 61.09 (52.88) 52.49 (52.57)
(3o)2 1.36 54.00 46.43
(1o)2

c 1.77 3.65 –0.47
TS(1o�3o) + TS(1o�2o) 5.00 38.07 (34.42) 33.75 (34.22)
(3o+2o) 3.62 36.48 33.35
(1o)2

d 3.44 7.17 –0.59
TS(1o�4o) + TS(1o�2o) 7.91 47.21 (40.05) 39.93 (40.52)
(4o+2o) 4.63 20.54 15.21

[a] Gibbs free energies of all structures are relative to the (1o)2
a

dimer. Free energy barriers of reactions are given in parentheses.

Interestingly, the relative energy of the transition
state [TS(1o�2o)]2 is lower than that of the (2o)2 dimer
(see Table 4), so the free energy for the transformation
(1o)2

a � (2o)2 is 18.11 kcal mol–1. Similar results have been
found for the keto–enol tautomerization of imidazolidin-4-
one,[6] for which a transition state calculated at the CPCM/
B3LYP/6-311++G(2d,p) level of theory is located at
12.05 kcalmol–1, whereas the relative energy of the enol tau-
tomer amounts to 18.80 kcalmol–1. By comparison of acti-
vation barriers for the (1o)2

b � (3o)2 and (1o)2
c � (3o+2o)

tautomerizations one may conclude that the second process
is more favorable for formation of the 3o tautomer. Note
that this pathway is also characterized by a lower free en-
ergy barrier (by 25.97 kcalmol–1) than the intramolecular
1o�3o tautomerization. The self-assisted mechanism de-
creases the free energy barrier for imine–enamine tauto-
merization to 40.05 kcalmol–1, in comparison with the free
energy of 73.77 kcalmol–1 seen for the intramolecular
mechanism. The inclusion of long-range effects of acetone
as solvent changes the predicted free energy barriers slightly
(about 1 kcalmol–1). All the results indicate that the cyclic
dimers of (1o)2

a – (1o)2
d assist acceleration of the proton

transfer. In all cases, the reactant dimers are more stable
than the corresponding product dimers.

The general picture emerging from the above computa-
tions indicates that the high energy barrier rules out the
possibility of intramolecular proton-transfer reactions of 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one in the
ground state. Because the 1o structure possesses both donor
and acceptor H-bonding sites, it forms stable dimers and
complexes with the other species present, such as ethanol

Eur. J. Org. Chem. 2010, 280–291 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 287

molecules. The formation of a dimer or complex greatly re-
duces the activation barrier and increases the possibility of
tautomerization.

Tautomerism of 4-Methyl-1,3-dihydro-2H-1,5-
benzodiazepine-2-thione

The above results of calculations of the tautomeric trans-
formations of 4-methyl-1,3-dihydro-2H-1,5-benzodiazepin-
2-one were compared with those for the tautomerism of 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepine-2-thione to in-
vestigate the energy changes caused by substitution of oxy-
gen by sulfur. Because of the structural similarity of 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one and 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepine-2-thione we ex-
pected that the tautomerism should generally be the same
in both series, so our main goal here is discussion of the
differences in tautomerization processes for these com-
pounds.

Sulfur is less electronegative than oxygen, the lone-pair
electrons of sulfur are more polarizable, and sulfur is more
π-donating and hence stabilizes the 2t and 3t enethiol forms
and TS(1t�2t) and TS(1t�3t) transition states more
strongly than oxygen. As can be seen from Tables 1 and 5,
the relative free energies of the 2t and 3t tautomers are lower
(by 3.30 and 5.71 kcalmol–1, respectively) than those of the
2o and 3o tautomers. Substitution of oxygen by sulfur thus
diminishes the energy difference between isolated tauto-
meric forms but maintains the order of their relative sta-
bilities. As can be seen by comparison of the corresponding
data, shown in Tables 1, 2, 3, 4, 5, 6, 7, and 8, the relative
free energies of the isolated, monosolvated, disolvated, and
dimeric forms of the 3t and 4t tautomers are smaller than
those of their oxo analogues both in the gas phase and in
solution. The relative free energies of the isolated, monosol-
vated forms of the 2t tautomer are smaller than those pre-
dicted for the 2o tautomer, whereas for the disolvated and
dimeric forms of these tautomers the reverse trend is ob-
served.

Table 5. Calculated [B3LYP/6-311++G(d,p) and PCM/B3LYP/6-
311++G(d,p) levels] relative Gibbs free energies (∆G, kcalmol–1,
298.15 K) of 4-methyl-1,3-dihydro-2H-1,5-benzodiazepine-2-thione
tautomers and free energy barriers[a] [kcalmol–1] for intramolecular
tautomerization.

Structure D ∆Ggas ∆Get

1t 3.27 0.00 0.00
4t 6.18 2.15 –1.79
2t 1.70 8.29 10.82
3t 1.99 16.61 15.79
TS(1t�2t) 2.25 33.15 38.83
TS(1t�3t) 1.61 52.83 53.62
TS(1t�4t) 5.26 74.76 74.54

[a] Because the energies of transition states are relative to the 1t
structure these values correspond to the free energy barrier for its
tautomerization.

The free energy of the 1t �2t tautomerization is smaller
than the energy of the 1o �2o tautomerization, by 8.84 and
8.27 kcalmol–1 for gas phase and ethanol solution, respec-
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Table 6. Calculated [B3LYP/6-311++G(d,p) and PCM/B3LYP/6-
311++G(d,p) levels] relative Gibbs free energies (∆G, kcalmol–1,
298.15 K) of ethanol-solvated complexes of 4-methyl-1,3-dihydro-
2H-1,5-benzodiazepine-2-thione tautomers and transition states,
together with free energy barriers [kcalmol–1] for ethanol-assisted
tautomerization.

Structure D ∆Ggas
[a] ∆Get

[a]

1t·eta 1.89 0.00 0.00
TS(1t�2t)·et 2.81 18.97 (18.97) 19.48 (19.48)
2t·et 1.94 10.40 11.13
1t·etb 2.83 2.09 –1.86
TS(1t�3t)·et 4.15 41.84 (39.75) 36.57 (38.43)
3t·et 5.07 19.93 12.59
1t·etc 3.26 2.23 –0.94
TS(1t�4t)·et 7.18 54.76 (52.53) 46.23 (47.17)
4t·et 5.52 5.51 –3.20

[a] Gibbs free energies of all structures are relative to the 1t·eta com-
plex. Free energy barriers of reactions are given in parentheses.

Table 7. Calculated [B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) and
PCM/B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) levels] relative
Gibbs free energies (∆G, kcalmol–1, 298.15 K) of diethanol-sol-
vated complexes of 4-methyl-1,3-dihydro-2H-1,5-benzodiazepine-2-
thione tautomers and transition states, together with free energy
barriers [kcalmol–1] for diethanol-assisted tautomerization.

Structure D ∆Ggas
[a] ∆Get

[a]

1t·et2
a 1.53 0.00 0.00

TS(1t �2t)·et2 2.84 18.43 (18.43) 17.25 (17.25)
2t·et2 1.69 12.59 13.47
1t·et2

b 1.00 3.20 –1.98
TS(1t�3t)·et2 6.98 34.31 (31.11) 26.47 (28.45)
3t·et2 3.03 21.64 18.55
1t·et2

c 3.99 4.90 –0.59
TS(1t�4t)·et2 7.98 38.17 (33.27) 29.42 (30.01)
4t·et2 5.99 6.46 0.86

[a] Gibbs free energies of all structures are relative to the 1t·et2
a

complex. Free energy barriers of reactions are given in parentheses.

Table 8. Calculated [B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) and
PCM/B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) levels] relative
Gibbs free energies (∆G, kcalmol–1, 298.15 K) of dimers of 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepine-2-thione and transition
states, together with free energy barriers [kcalmol–1] for self-as-
sisted tautomerization.

Structure D ∆Ggas
[a] ∆Gac

[a]

(1t)2
a 1.31 0.00 0.00

[TS(1t�2t)]2 1.34 23.21 (23.21) 24.78 (24.78)
(2t)2 1.00 21.06 22.70
(1t)2

b 3.36 5.84 –3.50
[TS(1t�3t)]2 5.12 55.24 (49.41) 45.72 (49.22)
(3t)2 3.98 39.07 27.95
(1t)2

c 1.68 3.80 –1.09
TS(1t�3t)+TS(1t�2t) 6.31 37.40 (33.60) 33.42 (34.51)
(3t+2t) 3.99 30.74 28.74
(1t)2

d 4.34 4.01 –1.85
TS(1t�4t)+TS(1t�2t) 9.68 41.45 (37.44) 33.15 (35.00)
(4t+2t) 8.24 15.03 9.44

[a] Gibbs free energies of all structures are relative to the (1t)2
a di-

mer. Free energy barriers of reactions are given in parentheses.

tively. The free energy barrier values indicate that the sub-
stitution of oxygen by sulfur facilitates the intramolecular
proton transfer process from N(1) to S(12), relative to the
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keto form. In contrast, for the self-assisted mechanism the
free energy barrier for the (1t)2

a � (2t)2 tautomerization is
larger than that for the (1o)2

a � (2o)2 tautomerization. The
free energies for the ethanol-assisted 1t·eta �2t·et and
1t·et2

a �2t·et2 tautomerizations are close to those of their
oxo analogues. The 1t � 3t tautomerization processes exhi-
bit smaller free energy barriers than the 1o �3o transforma-
tion (by 7.56 and 7.48 kcalmol–1 for gas phase and ethanol
solution, respectively). For assisted mechanisms the differ-
ence is less than half of the value predicted for the intramo-
lecular mechanism. This is consistent with the results of Ca-
stro’s experimental studies of reaction mechanisms and ki-
netics of thioketones.[29] It has been shown that thio–en-
ethiol tautomerization is greatly favored relative to the enol-
ization of carbonyl compounds. The calculated relative (to
the 1t thio form) energy of the 3t enethiol form
(16.61 kcalmol–1) and the free energy barrier for 1t � 3t tau-
tomerization (52.83 kcal mol–1) are not significantly dif-
ferent from those calculated at the MP2(full)/6-31G* level
for thioacetamide[26] (17.20 kcalmol–1 and 56.66 kcal
mol–1). The values of the free energies of the 1t � 4t and
1o �4o tautomerizations are comparable, whereas in the as-
sisted mechanisms the free energy barriers for 4-methyl-1,3-
dihydro-2H-1,5-benzodiazepine-2-thione tautomerizations
are smaller than those for 4-methyl-1,3-dihydro-2H-1,5-
benzodiazepin-2-one.

A similar trend is found in the changes in the relative
energies of tautomers and activation energies of tautomeric
transformations in solution compared to energies in the gas
phase for 4-methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-
one and 4-methyl-1,3-dihydro-2H-1,5-benzodiazepine-2-
thione. For the diethanol- and self-assisted mechanisms the
relative stability orders of the tautomers are similar for both
series. When long-range solvent effects are taken into ac-
count the isolated 4t tautomer is found to be the most stable
tautomer, lying 1.79 kcalmol–1 lower in energy than the 1t

tautomer, whereas the relative energy of the 4o tautomer is
evaluated as 0.14 kcalmol–1. The activation barrier for the
proton transfer from C(3) to N(5) in ethanol solution is
therefore reversed in the case of 4-methyl-1,3-dihydro-2H-
1,5-benzodiazepine-2-thione relative to that of 4-methyl-
1,3-dihydro-2H-1,5-benzodiazepin-2-one and the relative
stability order becomes as follows: 4t � 1t �2t �3t. A sim-
ilar trend is also observed in the monosolvation case.

Population of Tautomers

The equilibrium constants for tautomerizations of 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one and 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepine-2-thione were
calculated by use of the standard formula K = e–∆G/RT, the
calculations being performed at T = 298.15 K. As can be
seen in Table 9, the two keto forms are characterized by
an equilibrium constant equal to 2.77� 10–3. Mono- and
disolvation decrease the equilibrium constant slightly, to
2.08�10–3, and 1.56 �10–3, respectively, shifting the equi-
librium towards the 1o·et and 1o·et2 keto forms. Optimiza-
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Table 9. Estimated equilibrium constants for intramolecular and ethanol-assisted tautomerizations of 4-methyl-1,3-dihydro-2H-1,5-benzo-
diazepin-2-one and 4-methyl-1,3-dihydro-2H-1,5-benzodiazepine-2-thione [B3LYP/6-311++G(d,p) and PCM/B3LYP/6-311++G(d,p)
levels] and for diethanol-assisted tautomerizations [B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) and PCM/B3LYP/6-311++G(d,p)//B3LYP/
6-31G(d) levels].

Equilibrium Keq Equilibrium Keq

gas ethanol solution gas ethanol solution

1o�4o 2.77�10–3 0.79 1t�4t 2.65�10–2 20.51
1o�2o 3.20� 10–9 1.01�10–9 1t�2t 8.38�10–7 1.17�10–8

1o�3o 4.36�10–17 3.20�10–14 1t�3t 6.68� 10–13 2.67�10–12

1o·etc�4o·et 2.08�10–3 24.18 1t·etc�4t·et 3.94�10–3 45.35
1o·eta�2o·et 1.67�10–8 2.52�10–9 1t·eta�2t·et 2.38�10–8 6.95 �10–9

1o·etb�3o·et 1.13�10–15 3.02�10–13 1t·etb�3t·et 8.38�10–14 2.56�10–11

1o·et2
c�4o·et2 1.56�10–3 6.06 �10–4 1t·et2

c�4t·et2 7.19�10–2 8.65�10–2

1o·et2
a�2o·et2 4.48�10–9 1.50�10–9 1t·et2

a�2t·et2 5.91�10–10 1.34� 10–10

1o·et2
b�3o·et2 2.66�10–14 8.30�10–15 1t·et2

b�3t·et2 3.04�10–14 8.94�10–16

tion of the tautomers by use of the PCM model reduces the
gas-phase difference in energy between the pairs of isolated
and monosolvated keto tautomers, leading to equilibrium
constants of 0.79 and 24.18, respectively, and shifting the
equilibrium towards the 4o and 4o·et keto forms. Because
the populations of the pairs of keto tautomers are similar,
it might be expected that they should coexist in the gas
phase and in ethanol solution. Experimental results suggest
the presence of two keto forms of some substituted dihydro-
1,5-benzodiazepin-2-ones.[8] In contrast, instability of enol
forms in relation to keto forms and as the result their negli-
gible populations explain the absence of enol tautomers in
experimental studies.[7–12]

The equilibrium constants for 4-methyl-1,3-dihydro-2H-
1,5-benzodiazepine-2-thione are larger than those for 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one, whereas
the trends of their changes in both series are similar.

The experimentally determined presence of one or two
(thio)keto forms for substituted dihydro-1,5-benzodiazepin-
2-ones[8] or dihydro-1,5-benzodiazepine-2-thiones[11] indi-
cates that the imine–enamine tautomerization rate constant
may be a more limiting factor than the equilibrium con-
stant. The factors that might stabilize transition states of
this type of tautomerization would promote the presence of
both (thio)keto forms.

Conclusions
This work presents the first systematic quantum chemical

investigation of the tautomeric equilibrium and proton-
transfer mechanism of lactim–lactam, keto–enol, and im-
ine–enamine tautomerizations in the isolated, mono-
ethanol- and diethanol-solvated, and dimeric forms of 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one and 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepine-2-thione, in the
gas phase and in solution at the B3LYP/6-31G(d) and
B3LYP/6-311++G(d,p) levels of theory. The study has clari-
fied the tautomeric properties of these compounds in the
gas phase and in two types of solutions (i.e., in protic and
aprotic solvents).

The main conclusions are as follows:
1. The results of the calculations indicate that in the gas

phase the keto forms are more stable than the enol tauto-
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mers. The order of stability for the tautomers of 4-methyl-
1,3-dihydro-2H-1,5-benzodiazepin-2-one is as follows:
1o �4o �2o � 3o. Substitution of oxygen by sulfur dimin-
ishes the energy differences between the isolated tautomeric
forms but the order of their stability is maintained. Similar
relative stability orders were found for monoethanol- and
diethanol-solvated tautomeric forms and for dimers of 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepin-2-one and 4-
methyl-1,3-dihydro-2H-1,5-benzodiazepine-2-thione in the
gas phase. The gas-phase relative free energies and equilib-
rium constants for the tautomers of both series vary in solu-
tion relative to the gas phase, resulting in shifts of the equi-
libria upon solvation. Because of its larger dipole moment,
the N(5)–H keto (thio) tautomer may be preferentially sta-
bilized in ethanol environments and in other polar solvents.
Therefore, when solvent effects are taken into account, the
relative stability orders of the two thio forms reverse, rela-
tive to the gas-phase equilibria, in the cases of the isolated
and the monoethanol-solvated forms of 4-methyl-1,3-dihy-
dro-2H-1,5-benzodiazepine-2-thione. The obtained results
predict detectable populations of both (thio)keto tautomers
in both series both in the gas phase and in solution. This is
consistent with experimental results suggesting the presence
of two (thio)keto forms of some substituted dihydro-1,5-
benzodiazepin-2-ones and dihydro-1,5-benzodiazepine-2-
thiones.[8,11]

2. The intramolecular proton-transfer reactions for all
studied tautomerization processes are characterized by very
high free energy barriers, and so do not take place in the
ground state. Explicit inclusion of an ethanol molecule in
the proton-transfer reaction path reduces the barrier height
drastically, making the process possible. The effect on the
kinetics of lactim–lactam tautomerization of a second etha-
nol molecule in the bridging site is not significant, but dis-
olvation substantially reduces the free energy barriers for
imine–enamine and keto(thio)–enol(enethiol) tautomeriza-
tions, so the participation of two ethanol molecules in a
proton transfer reaction should be considered for better de-
scription of the tautomeric properties of 4-methyl-1,3-dihy-
dro-2H-1,5-benzodiazepin-2-one and 4-methyl-1,3-dihydro-
2H-1,5-benzodiazepine-2-thione in ethanol solution. We
found that the free energy barriers of the self-assisted
mechanism are about half the height of those for uncata-
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lyzed intramolecular proton transfer. For 4-methyl-1,3-di-
hydro-2H-1,5-benzodiazepin-2-one the decreases in the free
energy barriers in self-assisted mechanisms relative to intra-
molecular process are larger than those for 4-methyl-1,3-
dihydro-2H-1,5-benzodiazepine-2-thione for the lactim–lac-
tam and keto–enol tautomerizations, but for imine–en-
amine tautomerization they are smaller.

We believe that the potential tautomeric transformations
of 2,3-dihydro-1,5-benzodiazepin-2-ones and their thio ana-
logues reported in this paper should be useful for investiga-
tion of interaction mechanisms of these compounds with
various chemical reagents and cell receptors.

Supporting Information (see also the footnote on the first page of
this article): Total energies and Gibbs free energies tabulated for all
related compounds and imaginary frequencies for all transition
states (Table S1–S4), optimized geometrical parameters of tauto-
mers and transition states for direct and ethanol-assisted tauto-
merizations at the B3LYP/6-311++G(d,p) and PCM/B3LYP/6-
311++G(d,p) levels (Table S5–S10), optimized geometrical param-
eters of tautomers and transition states for diethanol- and self-as-
sisted tautomerizations at the B3LYP/6-31G(d) level (Tables S11–
S14), and evaluation of bond lengths and energy changes by IRC
calculations for the catalytic tautomerization of the 4-methyl-1,3-
dihydro-2H-1,5-benzodiazepin-2-one (Figures S1–S10).
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