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Abstract The protomeric tautomerizm and conformation
of the 2-methyl-4-pyridin-2'-yl-1,5-benzodiazepine mole-
cule were investigated, and its three neutral tautomers (B,
B,,B3) and their rotamers (C;,C,,C3) were considered. Full
geometry optimizations were carried out at the HF/6-31G*
and B3LYP/6-31G* levels in gas phase and in water. The
tautomerization processes in water (€=78.54) were studied
by using self-consistent reaction field theory. The calcula-
tion showed that the boat conformation is dominant for the
seven-membered diazepine ring in all of the structures,
even with different double bond positions. The calculated
relative free energies (AG) showed that the tautomer C,;
was the most stable structure, and its conformer B; was the
second most stable in the gas phase and in water.

Keywords Ab initio - 1,5-Benzodiazepine - Tautomerizm

Introduction

Benzodiazepines (BZD) usually occur in diimine form A
rather than in the conjugated vinamidine forms depicted in
formulas A-I and A-II . In diimine form A some extra
stabilization arises from the conjugation of the imine groups
with the benzene ring. Cyclic conjugation as in A-I and A-II
may indeed lead to destabilization of the molecules because
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it involves interaction of 12 7-electrons around the
periphery of the molecules as implied in A-I, or of 8
m-electrons around the seven-membered ring as in A-IL;
either of these configurations destabilize 4n 7-electron
systems [1].

H H
N= N N
oD G-
\N/ \N/ \N/
A A-1 A-II

Benzodiazepine derivatives are well-described hetero-
cycles as they have found applications as an important class
of therapeutic agents. BZDs and their annelated derivatives
exhibit a wide spectrum of biological activities and have
found applications in pharmaceutical chemistry [2-6]. Some
BZD derivatives are used as dyes for acrylic fibers [7] in
photography. In addition, 1,5-BZDs are valuable synthons
for the preparation of other fused ring compounds [8—10]
such as triazolo-, oxadiazolo-, oxazino-and furano-BZD. Due
to their wide range of applications, these compounds have
received a great deal of attention in connection with their
synthesis [11-17]. Experimental and clinical evidence has
suggested that BZDs could also influence immune cell
properties such as phagocyte activity, chemotaxis and the
production of superoxide ions and cytokines, either by
reducing stress and anxiety status or through stimulation of
peripheral BZD receptors [18-20]. Despite their wide range
of pharmacological activities, and industrial and synthetic
applications, theoretical studies of 1,5-BZDs have received
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little attention. Recently, Tjiou and co-workers published an
NMR study and synthesis of 1,5-BZD derivatives [21]. They
showed anisochrony between methylene hydrogens. In their
NMR measures, the Hb signal shows a coupling that
disappears upon irradiation of the N-1H signal at 15.5
ppm. No such coupling is observed on the signal of Ha. In
the same paper, it was announced that another example of
strongly anisochronous methylene hydrogens was found in
2-methyl-4-pyridin-2'-yl-1,5-benzodiazepine B. This com-
pound has three tautomeric forms: By, B,, and B;. NMR
observations indicated a very small participation of the
tautomers B, and B;.

Because structural data for the structures of A are
lacking, theoretical computations have been performed to
examine these geometries as well as the energies of the A
and B, C forms. Theoretical investigation represents a
practical means of obtaining information about the ener-
getics of tautomers. The present work describes the
structural and energetic features of these tautomeric forms
in the gas phase and in water using ab initio and density
functional theory (DFT) calculations. Tautomeric equilibri-
um transition structure energies in the gas phase were also
investigated.

Scheme 1 Tautomer and rotamer
structures of the main

compounds and the numbering
system used in this article

@ Springer

Methods

The ab initio and DFT calculations were performed using
the Gaussian 03 W package [22] The geometries were
optimized at the HF and B3LYP computational level with
the 6-31G* basis set in the gas phase and in water. The
transition structure for tautomers and rotameric conversions
(A1—A,, B;—B,, B1—B;, B—C,, C,—C,, C—C;5)
were also at the B3LYP level in the gas phase. Harmonic
vibrational frequencies were also calculated at both levels
of theory in order to characterize the stationary points as
local minima (equilibrium structures) or first-order saddle
points (transition structures) on the potential energy surface
and to evaluate the zero-point vibrational energy (ZPE). All
transition structures were characterized with only one
imaginary vibrational frequency. Force calculations at the
equilibrium geometries yielded only real frequencies. The
atomic charges were calculated using the Mulliken popu-
lation analysis included in the Gaussian 03 W package. The
solute—solvent interaction was evaluated using the self-
consistent reaction field (SCRF) method, which is based on
Onsager’s reaction field theory of electrostatic solvation
[23]. The reaction field calculation was carried out for
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Fig. 1 Line drawings of struc-
tures A; and A, at the B3LYP/ 1
6-31G* level, illustrating the atom (38 9 035 N
numbering scheme with the non-H
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water (€=78.54). The cavity radius values (a,) of structures
were determined using the volume=tight option imple-
mented in Gaussian 03 W.

Results and discussion

The tautomer and rotamer structures of the main com-
pounds and the numbering system used throughout in this

Fig. 2 Optimized gas phase
geometries at the B3LYP/
6-31G* level

&%’
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article are shown in Scheme 1. A; and A, shows BZD
tautomers. The terms B;, B,, B3 have been used to denote
tautomer forms of B and C;, C,, C3 used for their rotamers.
The selected structural parameters B3LYP/6-31G* opti-
mized geometries are listed in Table 1. Bond distances are
given in angstroms and bond angles in degrees. Due to the
size of the systems under investigation, complete optimi-
zations of the geometrical structures required considerable
computational effort. Therefore the geometry optimizations
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Table 2 Some Mulliken charges of tautomers calculated at the
B3LYP/6-31G* level

B, B, B; C C, Cs
e=1
N; -0.474 -0.367 —0.531 —-0.477 —0.376 —0.526
C, 0.318 0.349 0.312 0.310 0.358 0.305
Cs —0.084 -0.125 —0.144 —-0.046 -0.083 —0.078
Cy 0.259 0.260 0.332 0.275 0.282 0.308
Ns -0.466 —0.514 —0.375 —-0.523 -0.597 -0.401
Cio 0.238 0.285 0.249 0.241 0.298 0.255
Cu 0.238 0.253 0.295 0.250 0.269 0.293
€=78.54
N, —0.478 —0.362 —0.546 —0.483 -0.374 —0.541
C, 0.318 0.349 0314 0.309 0.359 0.308
Cs -0.075 -0.124 —0.139 0422 -0.085 —0.085
Cy 0.263 0.263 0.330 0.275 0.283 0.312
Ns -0.473 -0.522 —0.373 —0.522 —0.601 -0.397
Cio 0.240 0.287 0.254 0.242 0.300 0.257
C 0.240 0.256 0.296 0.251 0.269 0.295

were performed at the HF/6-31G* and B3LYP/6-31G*
levels. Calculated HF/6-31G* and B3LYP/6-31G* geome-
tries showed that improved electron correlation had little
effect on any of the calculated geometric parameters. In this
regard, only B3LYP/6-31G* optimized structures all of
species in the gas phase and in water are discussed.

Geometries

Figure 1a shows line-drawings of the structures A and A,,
illustrating the atom numbering scheme with the non-H
atom labeling and B3LYP/6-31G* optimized bond distan-
ces in angstroms; Fig. 1b shows Mulliken atomic charges.
The most stable conformations predicted by ab initio
computations at the B3LYP/6-31G* level are shown in
Fig. 2. These geometries were drawn using Gauss View 3.0
[24].

The seven-membered diazepine ring (atoms C;qC;1NsCy4/
C11C1oN;C,) adopts a boat conformation. The internal

Table 3 Calculated total (hartree) energies in the gas phase and in water

torsion angels of the ring were —37.68°(e=1), —38.03°
(€=78.54) ;37.68°(e=1), 38.03°(€=78.54) for A; and
—28.54°(e=1) , —27.10°(€=78.54); 39.99°(e=1) , 37.61°
(€=78.54) for A,. The boat conformation was predominantly
observed for the seven-membered ring of BZD and its
tautomers, even with different double bond positions and
widely differing substituents [25, 26]. In the diazepine ring,
the imine bonds N;—C, and Ns—C, were clearly shorter than
the amino bonds Ns—C;;/ N;—C;¢/N;—C, . The methylene
hydrogens exhibited anisochrony. The C;—Ha bond was
longer the C3-Hb bond by 0.007 A in the gas phase and in
water. This anisochrony was also pointed out recently by
Tjiou and co-workers [21]. In their NMR study, the '°C
spectrum at 20°C showed only sharp signals, in particular
one at 35 ppm due to a CH, carbon identified with the
DEPT-135 sequence. At the same time, the "H spectrum had
a very large signal around 3.5 ppm. On lowering the
temperature to 60°C in acetone, the >C signal at 35 ppm
remained sharp, whereas the broad signal in the 'H spectrum
splits into two doublets (J=10.4 Hz) at 5.224 and 1.842 ppm.
The high field doublet may be assigned to the hydrogen Ha,
which is in the shielding areas of the two double bonds
N;—C, and C4—Nj5 and also of the aromatic ring of the BZD.

Analysis of calculation results showed that, on going
from gas phase to water, there was almost no change in the
bond lengths of the tautomer A;. Unlike A, tautomer A,
showed slight bond length changes. Only the N;—C, and
C3—C4 bonds were 0.004 A longer in the gas phase than in
water. Comparing BZD to its N-H form (NH-BZD), it can
be seen that tautomerization especially affected the Ns—Cy,
Ns—Cqj, C3—C4, Cip—N; and aromatic ring bond lengths
(Fig. 1).

In BZD, the N5s—C,4, N5—C;;, N;—C;( bonds were shorter
than in NH-BZD, whereas the C;—C4, C;0—C;; and
aromatic ring bonds were longer in the gas phase and in
water. These data are an indication of the delocalization
around the C3C4Ns in NH-BZD and C,N,C,(, C4NsCy;
skeletons in BZD. An inspection of the C3C4NsCy; angle
revealed that the out-of-plane deformation of the nitrogen

e=1 €=78.54

Species HF/6-31G* B3LYP/6-31G* HF/6-31G* B3LYP/6-31G*
A, —454.340998 —457.247840 —454.342126 —457.248578
A, —454.329711 —457.237359 —454331664 —457.239237
TS(A|—A)) —456.968107

B, —738.925315 —743.662962 —738.927478 —743.664866
B, —738.913529 —743.650179 —738.915512 —743.652197
B; —738.922970 —743.662135 —738.926256 —743.665217
TS(B,—B,) —743.277521
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Table 4 Calculated relative

stabilities (in kcal mol ") for the e=1 €=78.54

tautomeric and rotameric forms

of species shown in Fig. 1 Species HF/6-31G* B3LYP/6-31G* HF/6-31G* B3LYP/6-31G*
Ay 0.00 0.00 0.00 0.00
A, 7.08 6.58 6.56 5.86
TS(A|—A)) 175.54
B, 8.68 8.38 8.03 7.76
B, 16.07 16.41 15.54 15.71
B; 10.15 8.90 8.80 7.54
TS(B;—B») 250.25
TS(B;—B3) 248.27
TS(C,—B)) 166.41
C, 0.00 0.00 0.00 0.00
C, 10.16 9.89 10.74 10.27
Cs 13.33 13.12 12.21 12.18
TS(C,—C») 243.10
TS(C;—C3) 247.06
TS(B,—C>) 174.15
TS(B3—C3) 173.19
B, 8.68 8.38 8.03 7.76
C, 0.00 0.00 0.00 0.00
B, 5.92 6.52 4.79 543
C, 0.00 0.00 0.00 0.00
B; 0.00 0.00 0.00 0.00
Cs 3.18 4.22 3.42 4.65

atom in BZD was quite different from that calculated in
NH-BZD. In the aromatic benzene ring, C;,—Cy; (also
belonging to seven-membered ring) bond length was
longer than C;;—Cy and C{;—Cg4 bonds in A and A,. These
results showed that 7-electrons of the benzene ring were

conjugated with imine groups of the seven-membered
diazepine ring.

The calculations showed that the boat conformation was
dominant for the seven-membered ring of BZD for all the
other tautomers. Computer generated drawings of these

Table 5 Calculated zero-point vibrational energy (ZPE), thermal correction (H-H,), AG® and dipole moment at the B3LYP/6-31G* level in the

gas phase and in water®

e=1 €=78.54
Species H-H, ZPE AG w(D) AS H-H, ZPE AG w(D) AS
A 4.89 95.37 0.00 2.08 0.00 4.89 95.36 0.00 2.54 0.00
A, 5.12 95.45 6.22 3.31 —2.25 5.13 95.46 5.47 4.18 —2.38
TS(A1—A») 5.17 91.15 79.32 1.33 -3.78
B, 8.74 156.27 8.18 3.86 —0.16 8.75 156.25 7.38 5.58 -0.77
B, 8.94 156.25 15.92 423 —1.68 8.93 156.24 15.21 5.50 —-1.73
Bs 8.91 156.44 8.51 4.96 -1.97 8.89 156.45 7.18 7.20 —-1.83
C, 8.74 156.43 0.00 2.56 0.00 8.73 156.42 0.00 3.93 0.00
C, 8.92 156.46 9.61 1.45 —1.65 8.93 156.41 9.89 2.02 —-1.89
C; 8.95 156.18 12.54 4.57 —-1.85 8.94 156.22 11.63 6.30 -1.90
TS(B;—B>) 8.92 151.10 93.36 2.92 -2.16
TS(B;—B3) 9.73 151.74 90.68 231 —5.25
TS(C;—B)) 8.32 155.96 10.80 3.22 4.15
TS(C,—Cy) 8.84 151.44 86.43 0.67 -1.16
TS(C,—C3) 8.97 150.80 90.08 4.13 —2.62
TS(B,—C») 8.50 156.07 18.16 3.87 227
TS(B3;—C3) 8.56 155.92 17.03 4.77 1.49

* AG=AH-TAS; H=E(+ZPE+H-H,
® All energy terms in kcal mol '

@ Springer



J Mol Model (2008) 14:11-20

17

Fig. 3 Optimized transition state
geometries at the B3LYP/6-31G*
level in gas phase
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molecules are shown in Fig. 2. The structures drawn here
specify the orientation of the bonds and the conformation of
the ring in the carbon and hetero atom skeleton.

The analysis of the BZD ring by calculated parameters
has shown that the conformations of the B and C series are
very similar to the structures of A; and A,. The computed
relevant torsion angle for C;9C;;NsC4 was —37.68°(38.03°
€=78.54) and that for C;;C;(N;C, was 37.38°(38.03° €=
78.54 ) in A; while the corresponding angles were —37.38°
(—37.87° €=78.54) and 37.91°(38.02° €=78.54) in B;. This
means that the boat conformation of the diazepine ring was
not changed by the attachment of substituents. The same
angles were also found to be C;oC;;NsCy=-28.54°
(—27.10° €=78.54) and C;;C;(N;C,=39.99°(37.61° €=
7854) for Az, and C10C11N5C4:—34.24°(—34.6l° €=
78.54) and C;;C|(N;C,=51.77°(51.53° €=78.54) for B,.
A previous experimental study on the 1,4-BZD derivative
molecule thionordazepam [27] showed that the seven-
membered ring had a boat conformation with a 66.11°
dihedral angle. The C,C3C4N5 angle values ranged from
69.19° to 69.89° in the gas phase and in water. As a result,
the agreement between the calculated geometrical parame-
ters and experimental findings for thionordazepam was less
good.

The effects on the diazepine ring of piridyl and methyl
groups are examined below. One of the most striking
structural features of By was the decrease in Ns—C;; and
C1o—N; bond lengths; the decreases in bond lengths were
Ns—C;; 0.008 A (0.007 A in water) and C;—N; 0.002 A
(0.002 A in water). It should be noted that the decrease in
the Ns—C;; bond length was larger than that for the C;o—N,
bond, whereas the N;—C,, C,—C;, C3—C; and C4;—Nj
distances became longer. The increments in bond lengths
were: “double bond” N;—C, 0.005 A (0.005 A in water),
“single bonds” C,—C5 0.005 A (0.005 A in water), C3—C,4
0.008 A (0.008 A in water) and “double bond” C4—Ns
0.007 A (0.007 A in water). In the tautomer B,, “single
bond” Ns—C,, decreased by 0.013 A (0.014 A in water),
while “single bonds” N,-C|, increased by 0.002 A (0.001
A in water). These findings require that the Ns—C,, single
bond assumes a more double bond character, while the Ns—
C4 bond, which is conjugated with 7-electrons from the
neighboring pyridine ring, assumes a more single bond
character. These data are an indication of the delocalization
around the N,'C,'C4Ns skeleton in B; and B,. The
increments in other bond distances of the diazepine ring
were: N;—C, 0.017 A (0.021 A in water), C,—C5 0.002 A
(0.001 A in water), C3—C, 0.011 A (0.013 A in water) and

@ Springer
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Fig. 4 B3LYP/6-31G* calculat-
ed relative stabilities (in kcal

mol ") of the tautomers and h

rotamers; barriers of tautomeri- !
zation and rotation in the gas b
phase of benzodiazepine (BZD)
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C4,—Ns 0.004 A (0.004 A in water). In this tautomer, the
increase in bond length was greater in the single bond.

Several geometric parameters comparing B and C
tautomers are discussed below. The overall molecular
conformation was described by the rotation about the
C4—C,' bond, the torsion angle CsC4C,'N,’' ranged from
8.00° to 33.28° for By, B,, B3 tautomers, and from 155.38°
to —176.12° for C,, C,, C; tautomers, in the gas phase and
in water.

Although the calculated N—H bond length in B, and C,
is the same, in C3 this bond length is 0.007 A shorter than
in B3. The difference in bond length between B3 and Cj;

@ Springer

conformers may be due to an intramolecular N-H--N
hydrogen bond in the B; structure. The greatest change was
the shortening of the C,—C; and C;—C, bonds and the
lengthening of the N;—C, and Ns—C, bonds when hydrogen
was transfered from C; to Ny,5s. The C;—Ha bond was found
to be shorter than the Cs—Hb by 0.008 A and 0.009 A for
B, and C;, respectively, in the gas phase and in water. This
difference is accordance with the value of the A; structure.

The results of the calculated total atomic charges are
shown in Table 2. Mulliken population analysis indicated
that the hetereo atoms N;,Ns5 and C; acquired negative
charges in all tautomers. It can be seen in Scheme 1 that the
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pyridine nitrogen is different positions at B; and C;.
According to the position of pyridine nitrogen, the charge
distribution changes on the all atoms of the diazepine ring.
This is an expected result because of repulsion of the
electron pair on the pyridine nitrogen.

Energies

The calculated total energies of the tautomers and rotamers
is given in Table 3. The differences in the energies for the
species studied are listed in Table 4. The energy difference
between the tautomers was not strongly affected by
inclusion of higher-order correlation effects. In fact, these
energy differences were nearly the same at the HF and
B3LYP levels. The most stable A; and C; structures were
taken as reference to obtain the relative energetic stability
of tautomers. The free energy difference between two
tautomers, AG, was obtained by correcting AE with the
zero-point vibrational energy difference, AZPE, the thermal
correction difference, A(H—Hy) and the entropy difference,
AS. All of these correction terms were calculated using the
HF/6-31G* and B3LYP/6-31G* optimized geometries and
are given in Table 5. The transition state geometries
between tautomers and rotamers are given in Fig. 3 and
their relatives in Fig. 4. The fused ring of the transition
structures had an almost planar geometry.

The shifting hydrogen atom was close to N and far from
Cs. Proton transfer from C; to Nj,s cannot easily occur
because the C;..Ny,s distance (2.52-2.58 A) is too long.
The classical barrier heights for proton transfer are very
high and tautomerizations proceed very slowly.

As can be seen from the calculated total and relative
energy values (Tables 3, 4) the HF and B3LYP methods
suggest that the tautomer C; was the most stable structure
and its rotamer B; was the second most stable in the gas
phase and in water. The gas phase calculation indicated that
the reactions have electronic endothermicity and high
energy barriers. The tautomer C; was about 10.16 and
9.89 kcal mol ' more stable than the tautomer C, in the gas
phase, 10.74 and 10.27 kcal mol " in water, in HF/6-31G*
and B3LYP/6-31G* methods, respectively. The C; tauto-
mer is also more stable than Cj;. These values are much
greater than that of the energy differences of the
corresponding rotational isomers (Table 3). The large value
of the relative energies of these transition states prevent
transformation between the different tautomers.

The calculated Gibbs free energy and relative electronic
energy values for B; and B, were greater than the
corresponding values for conformers C; and C,, respec-
tively, while conformer C3 was less stable than B;. The
hydrogen bonds between the pyridine nitrogen and diaze-
pine N-H hydrogen atoms contribute to the stabilization of

B;. The conformer Cz has no hydrogen bond. With all
processes, calculated high relative energies indicated that
the N-H form of the tautomers are more unstable structures
than the C-H forms.

The ZPE values of the different conformers are approxi-
mately equivalent, so the ZPE contribution to electronic
energy changes can be neglected for different conformers.
The relative free energy order was found to be C3>C,>C,
and also B3;>B,>B; in the gas phase. The obtained relative
energy order was the same. The SCRF calculations
indicated that relative energy order of the tautomers in the
gas phase was the same. The tautomer B3 and its conformer
C; became more energetically stable than the others in water.
The calculated dipole moments are presented in Table 5.
The effect of solvent increases the dipole moments of all
structures. The results showed that B; and C; had the largest
dipole moments in the gas phase and in water. The dipole
moment of By was 5.28 D and 4.96 D at HF/6-31G* and
B3LYP/6-31G*, respectively. For the conformer Cs, these
dipole moment values were 4.85 D and 4.57 D in the gas
phase. For the most stable conformer in the gas phase, Cy,
the dipole moment was 3.05 D at HF/6-31G* and 2.56 D at
the B3LYP/6-31G* level. It can be seen that B3 and C3 were
stabilized by 2.06 kcal mol™' (HF), 1.93 kcal mol ' (B3LYP)
and 1.82 kcal mol ' (HF), 1.51 kcal mol ' (B3LYP),
respectively, in liquid phase. C; was stabilized only by
0.71 kcal mol™' (HF), 0.56 kcal mol ' (B3LYP).

Conclusion

In the present study, the structural and energetic character-
istic of tautomeric forms of 1,5-benzodiazepine and its 2-
methyl-4-pyridin-2'-yl derivative were investigated by ab
initio and DFT calculations in the gas phase and in water
for the first time. The results indicated that A, B;, and C,
were the most stable structures in the gas phase and in
water. The relative free energy order was found to be
C;>C,>C; and also B3>B,>B; in the gas phase and in
water. The 5-H tautomer, B3, was more stable than the C3
structure due to the hydrogen bond between the pyridine
nitrogen and the diazepine N-H hydrogen atom. The C-H
form of the tautomers was more stable than the N-H form,
and all of the proton transfer processes showed endother-
micity and high energy barriers. The boat conformation of
the diazepine ring was dominant for all species even with
different double bond positions and including substituents.
The methylene hydrogens exhibited anisochrony.
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