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The thermodynamic parameters obtained from NMR experiments are compared with the results
of theoretical (molecular mechanics MMX and semiempirical AM1, PM3, and MNDO MO)
calculations and of X-ray measurements to acquire an additional insight into the dynamic processes
of these seven-membered benzoheterocycles.

Introduction

Attempts at clarification have been made both experi-
mentally (mainly NMR spectroscopy) and theoretically
(mainly molecular mechanics calculations) for the most
stable conformations and the interconversion mecha-
nisms of cycloheptenes,1 benzocycloheptenes,1a,2 seven-
membered benzoheterocycles, and other related hetero-
cyclic compounds.3 Most of these studies suggest that
the chair form (C) has the lowest energy for both
cycloheptenes and benzocycloheptenes, although some
disagreement appears to exist as to the nature of the
transition state conformation for the most likely inter-
conversion pathway. Thus, Allinger and Sprague16 pre-
dicted a conformer with six coplanar carbon atoms for
cycloheptene, whereas Kabuss et al.1c proposed five
coplanar carbon atoms. Simple carbocyclic derivatives
of cycloheptene have very low ∆Gq values,1a and replace-
ment of the ring carbons by heteroatoms causes such
constraints that the barriers to interconversion become
higher.3a
Recently, through the combined use of NMR, X-ray,

and molecular modeling, the structural and energetic
aspects of the ring inversion of some 1,4-benzodiazepin-
2-ones,4a imidazo-1,4-benzodiazepine,4b and the benzo-
diazepine receptor model KC-28464c were also studied.
A nonplanar (on the NMR time scale) rapidly intercon-
verting boat-shape conformation was established for the
diazepine ring in these 1,4-benzodiazepines and related

2,4-benzodiazepines4d and benzotetrazolotriazepines4e re-
sembling that found in several X-ray analyses. Special
attention was paid to the boat (B) and different half-chair
(HC) conformations, and the semiempirical PM3 level
was applied to some of these therapeutically highly active
compounds.5a For sterically congested derivatives, B
proved to be the most stable conformation, but the HC
form was found the most stable for 1,3-cycloheptadiene,
2,3-dihydro-1,4-1H-diazepine, and 2,3-dihydro-1H-1,4-
benzodiazepine.5a The relative energies of some tetrahy-
droazepines and benzazepines have also been calculated
with molecular mechanics, AM1 semiempirical, and ab
initio methods.5b

The idea that biological activity of the benzotriazepines
(mainly as psychotherapeutic agents)5 depends not only
on the pharmacophoric grouping4c but also on the con-
formation of the seven-membered ring in the biological
fluids3c makes the present potentially active and struc-
turally related compounds attractive for a computational
study. To our knowledge, no experimental and/or com-
putational study on compounds related to our 1,3,4-
benzotriazepin-5-ones exists, with the exception of the
cis-trans isomerization at the annelation of the hetero
ring of some 1,3,4-benzotriazepinones.3b

The above findings impelled us to set two goals for this
initial work: (i) by means of 1D and 2D NMR studies at
variable temperature, to characterize the complex con-
formational properties of compounds 1-22 (Scheme 1,
Part 16a) in different solvents and (ii) to compare the
calculated MMX energies (∆E) and heats of formation
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Scheme 1. Compounds under Study
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(∆Hf°) of different possible conformers obtained by a
variety of computational methods [molecular mechanics
(MM),6b and semiempirical MNDO,7 AM1,8 and PM39]
with the experimentally obtained structural and ther-
modynamic parameters [conformational free energy dif-
ference ∆G° and free energy of activation ∆Gq] of model
compounds 1-4 in solution and of 1, 5, and 6 in the solid
state (from X-ray crystal measurements) (Scheme 1). A
detailed computational study for the open-chain hydra-
zone forms found for most of the compounds will be
reported in a separate paper.

Results and Discussion

Compounds 1-3. In the solid state, 1 adopts a
cycloheptadiene-like boat conformation (B, Figure 1),
where six atoms (C-5a, C-5, N-4, N-3, the carbonyl
oxygen, and the (N-4)-methyl carbon) are almost co-
planar, with an interplanar angle of ca. 30° to the plane
of the benzofusion, as shown by X-ray diffraction. The
amide C-N bond length is 1.335 Å, intermediate between
the single-bond length of 1.47 Å and the double-bond

length of 1.24 Å.10 The N-1-C-9a bond is shorter than
the N-1-C-2 bond and comparable with the amide C-N
bond length in this molecule as well as in the open-chain
structures of the model compounds 5 and 6 (see below).
Summation of the three valence angles around N-4, N-1,
and N-3 gave 357.8°, 347.3°, and 337.6°, respectively,
indicating the close sp2 character of the first two atoms.
The assumption that the low-temperature conformer

of 1 in solution6a is the same as that found in the crystals
prompted us to investigate this molecule by the MM and
semiempirical techniques mentioned above. The MMX
minimization of 1 under a complete release of all con-
straints gave a structure which was transferred to the
MOPAC software for AM1, PM3, and MNDO MO calcu-
lations. A similar boat (B) conformer was found to
reproduce the crystal structure of 1 (see Figures 1a and
1b). A geometrical and conformational comparison of
some crystallographic and PM3-calculated parameters is
shown in Table 1. The calculated values are in good
agreement with the X-ray results. The parameters
relating to the amide moiety of the seven-membered ring
seem to agree better than those for the rest of the ring.
It has been noted that the different modes of confor-

mational interconversion associated with the lowest
barriers between minimum energy conformers display
fascinating patterns of well-coordinated atomic move-
ment.11 An inspection of Dreiding models of both 1 and
4 shows that, due to the constraints imposed by the
amide moiety, there can be four probable pathways of
ring interconversion, discussed earlier by others1a (see
Figure 2; the case of 4 is demonstrated). The pseudo-
rotation process involves the transformation of boat B
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Figure 1. Molecular structure of 1: (a) structure in the crystal
(ORTEP drawing) and (b) PM3-calculated boat (B) conforma-
tion.

Table 1. Comparison of X-ray Crystallographic and
PM3-Calculated Parameters of 1

X-ray PM3

Bond Lengths (Å)
N-1-C-2 1.484(5) 1.499
C-2-N-3 1.437(5) 1.501
N-3-N-4 1.405(5) 1.436
N-4-C-5 1.355(5) 1.418
C-5-O1 1.233(6) 1.224
C-5-C-5a 1.486(7) 1.489
C-5a-C-6 1.390(6) 1.403
C-6-C-7 1.384(7) 1.384
C-7-C-8 1.369(8) 1.394
C-8-C-9 1.378(7) 1.382
C-9-C-9a 1.400(6) 1.414
C5a-C9a 1.394(6) 1.408
C-2-C(Me) 1.525(8) 1.535
N-4-C(Me) 1.453(7) 1.481
N-1-H 0.80(5) 0.997

Bond Angles (deg)
N-1-C-2-N-3 110.7(4) 113.1
C-2-N-3-N-4 114.6(4) 115.0
N-3-N-4-C-5 122.3(4) 121.5
N-4-C-5-C5a 118.0(4) 120.7
C-2-N-1-C9a 120.2(3) 128.2

Dihedral Angles (deg)
N-1-C-2-N-3-N-4 -47.5(5) -65.8
C-2-N-3-N-4-C5 80.7(5) 72.8
N-3-N-4-C-5-C5a -13.5(6) -5.6
N-3-C-2-N-1-C-9a -38.5(6) 0.0
C-5a-C-5-N-4-C(Me) -176.1(4) -179.0
C-6-C5a-C-5-O -31.5(6) -36.8
C-9a-N-1-C-2-C(Me) 79.9(6) 117.2
C-9a-N-1-C-2-C(Me) -159.7(5) -125.0
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to inverted boat B′ via twist-boat TB and 1,2-biplanar
(NN and NC) forms via two different routes: (A) the
wagging of C-2 (BTNNTTBTNCTB′); and (B) the
wagging of N-4 (BTNC′TTB′TNN′TB′). Additionally,
the CTB′ and the CTB ring rotations involve two
different mechanisms: (C) the wagging of the phenyl
CdC bond through the HC or envelope state to the B′
form; and (D) the wagging of N-3 through a biplanar
transition state (BP, with five ring atoms essentially
coplanar) to boat B. Starting from the optimized boat
form of 1, an extensive modeling of all transition states
was generated with the aid of the ring-dihedral driver
option of the PCMODEL12 (see the Experimental Sec-
tion). These geometry parameter files for structures of
interest were then transferred to the MOPAC software
package. The calculated heats of formation ∆Hf° (MMX
∆E values in the case of MM calculations) and relative
energies ∆∆Hf° of 1 are given in Table 2 and the
projectives in Figure 2 (the case of 4 is shown; see below).
The calculations result in B forms with very close

energies: within 1-2 kcal mol-1 from MMX and PM3,
and within ca. 4 kcal mol-1 from AM1 and MNDO. The
experimental conformational energy difference ∆G°BTB′
2.5 kcal mol-1 (only one ring form was observed) agrees
well with the AM1 and MNDO and even MMX and PM3
calculations. The other low-energy form is the chair C,
whose energy relative to the boat B drastically decreases
from 24.3 kcal mol-1 (MMX) to ca. 3 kcal mol-1 (PM3 and
MNDO), and by MNDO calculations it is even ca. 1 kcal

mol-1 below that of the B′ form. Additionally, MMX and
AM1 locate a TB form at a minimum in the pseudo-
rotation circuit (A). As to the energy profile of the
probable pathways A-D, all methods give the same
qualitative picture: the lowest energy process is the
BTB′ pseudorotation via the wagging of C-2 (A); ener-
getically slightly higher are the ring flippings from B′ to
C form through anHC transition state (pathway C), and
from a B to a B′ form through pathway B, whereas that
via pathway D is much higher. These results (Table 3)
reproduce quite well the experimental finding that the
highest mobility of the ring relates to the moiety includ-
ing C-2 and N-4. Also, MNDO gives reliable values for
the energy barrier of pathway A. Thus, as a whole AM1
reproduces the conformational energy barrier best. If
only the most probable pathway of interconversion (A)
is considered, both AM1 and MNDO give satisfactory
agreement with the experimental results. The (N-3)-H(12) Program PCMODEL/MMX, Serena Software, Bloomington, IN.

Figure 2. Computer-generated projections of the PM3-
calculated conformations of 4 for ring transformations follow-
ing the pathways A-D.

Table 2. Calculated Heats of Formationa ∆Hf° (kcal
mol-1) and Relative Heats of Formation ∆∆Hf° (in

parentheses) of Compound 1

formb MMX AM1 PM3 MNDO

B 9.1 (0.0) 36.2 (0.0) 12.7 (0.0) 24.9 (0.0)
HC 34.1 (25.0) 47.5 (11.3) 21.2 (9.5) 41.2 (16.3)
C 33.3 (24.2) 43.7 (7.5) 16.1 (3.4) 28.1 (3.2)
BP 73.8 (64.7) 75.4 (39.2) 46.0 (33.3) 61.5 (36.6)
B′ 10.2 (1.1) 40.3 (4.1) 14.3 (1.6) 29.2 (4.3)
NN 22.3 (13.2) 41.7 (5.5) 15.1 (2.4) 30.5 (5.6)
TB 17.2 (8.1) 41.2 (5.0) 16.7 (4.0) 33.2 (8.3)
NC 28.5 (19.4) 45.8 (9.6) 18.5 (5.8) 36.7 (11.8)
NC′ 39.9 (30.8) 43.3 (7.1) 16.4 (3.7) 29.4 (4.5)
TB′ 28.3 (19.2) 48.2 (12.0) 21.5 (8.8) 40.8 (15.9)
NN′ 17.7 (8.6) 45.3 (9.1) 18.6 (5.9) 37.6 (12.7)
N3 34.9 (25.8) 47.3 (11.1) 20.7 (8.0) 34.0 (9.1)
a MMX energies in MM calculations. b See the projectives in

Figures 2 and 3.

Figure 3. Computer-generated projections of the PM3-
calculated conformations of 4 for N-3 nitrogen inversion
process.
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nitrogen inversion process (Figure 3; the case of 4 is
demonstrated) also seems to be well reproduced by the
semiempirical calculations: AM1, MNDO, and PM3 gave
energy barriers of ca. 11, 9 and 8 kcal mol-1, respectively,
as compared with the experimental value of less than
13 kcal mol-1. These values represent the transition
state (N3) with the (N-3)-H proton in the plane formed
by C-2, N-3, and N-4. Thus, both the theoretically
calculated energies and the NMR parameters fit well to
a rapid B to B′ pseudorotation flipping, which can be
attributed to the not too different steric requirements in
the two boat forms of 1.
The calculated differences between the heats of forma-

tion (∆Hf°) of the B and B′ forms of 1-4 (projectives for
2 in Figure 4) are given in Table 4. The experimental
results discussed above permit the suggestion that (i) the
B′ conformation is favored for 2 and 3, with the bulky
isopropyl and tert-butyl groups at C-2 locating “away”
from the (N-4)-methyl group, and (ii) the qualitative
observations of the steric effect of the bulky alkyl groups

are reproduced better by the PM3 than by the AM1 and
MNDO calculations. The ∆Hf° values calculated with
PM3 for 2 and 3 range from slightly above to slightly
below 2 kcal mol-1, in favor of the B′ form, whereas AM1
prefers the B form and the MNDO calculations show no
preference.
Compound 4. An inspection of Dreiding models

shows that the upfield shifts of the (C-2)-methyl protons
from 1.79 and 1.62 ppm at 273 K to 1.66 and 1.50 ppm
at 192 K and of the (N-4)-methyl protons from 2.66 to
2.51 ppm, and the downfield shifts of the N-1 and N-3
protons to 5.3 and 4.7 ppm, respectively,6a can be
explained by the proposed changes in ring conformations
where the phenyl ring rotation around the C-2-C-1′ bond
can affect the above chemical shifts via the ring current
factors.
The calculated heats of formation ∆Hf° (MMX ∆E

values in the case of MM calculations) and the relative
energies ∆∆Hf° of 4 are given in Table 5. The PM3-
calculated ring torsional angles for all conformations are
given in Table 6 and their projectives in Figures 2 and
3. The calculations result again in the B forms having
lowest energy. The conformational energy difference
between the two boat forms was found from PM3 and
MNDO approximations to be less than 1 kcal mol-1, in
good agreement with the experimental observations. The
energy profile of the probable pathways A-D (Table 7)
extracted from our molecular modeling of 4, as in the case
of 1, shows that all methods give the same qualitative
picture: the lowest energy process is that of BTB′
pseudorotation via the wagging of C-2 (A), the energeti-
cally higher is the ring flipping from a B′ to a C form via
the wagging of the CdC bond through anHC state (route

Table 3. Energy [∆Hf° and ∆∆Hf° (see Table 2), kcal mol-1] Profile Calculated for Interconversion Pathways of
Compound 1

pseudorotation ring rotation

pathway A:
BTB′

(wagging of C-2)
(via TB form)

pathway B:
BTB′

(wagging of N-4)
(via TB′ form)

pathway C:
B′TC

(wagging CdC)
(via HC form)

pathway D:
BTC

(wagging N-3)
(via BP form)

N-3inv
(via N3 form)

∆Hq a ∆∆Hf° ∆Hq b ∆∆Hf° ∆Hq c ∆∆Hf° ∆Hq d ∆∆Hf° ∆Hq e

MMX 19.4 1.1 30.8 1.1 23.9 23.2 64.8 24.2 25.8
AM1 9.6 4.1 12.0 4.1 7.2 3.4 39.2 7.5 11.1
PM3 5.8 1.6 8.8 1.6 6.9 1.8 33.3 3.4 8.0
MNDO 11.8 4.3 15.9 4.3 12.0 -1.1 36.6 3.2 9.1
EXP. 13.0 >2.5 <13.0
a Calculated from ∆Hf°(NC) - ∆Hf°(B) and considered as energy barrier (cf. Table 2). b Calculated from ∆Hf°(TB′) - ∆Hf°(B) (cf. Table 2).

c Calculated from ∆Hf°(HC) - ∆Hf°(B′) (cf. Table 2). d Calculated from ∆Hf°(BP) - ∆Hf°(B) (cf. Table 2). e Calculated from ∆Hf°(N3) - ∆Hf°(B)
(cf. Table 2).

Figure 4. Computer-generated projections of the PM3-
calculated boat (B) and inverted boat (B′) conformations of
compound 2.

Table 4. Stability Differences (∆∆Hf°, kcal mol-1)a
between Boat (B) and Inverted Boat (B′) Forms for

Compounds 1-4

1 2 3 4

MMX 1.1 0.4 -1.4 2.5
AM1 4.1 1.3 0.6 1.9
PM3 1.6 -1.6 -2.7 0.1
MNDO 4.3 0.0 0.0 0.6

a The negative sign means a lower energy for the B′ form.

Table 5. Calculated Heats of Formationa ∆Hf° (kcal
mol-1) and Relative Heats of Formation ∆∆Hf° (in

parentheses) of Compound 4

formb MMX AM1 PM3 MNDO

B 19.8 (0.0) 70.1 (0.0) 42.3 (0.0) 60.8 (0.0)
HC 47.8 (28.0) 83.2 (13.1) 57.5 (15.2) 78.2 (17.4)
C 45.3 (25.5) 72.0 (1.9) 44.6 (2.3) 62.9 (2.1)
BP 63.1 (43.3) 95.4 (25.3) 70.7 (28.4) 87.4 (26.6)
B′ 22.3 (2.5) 72.0 (1.9) 42.4 (0.1) 61.4 (0.6)
NN 32.6 (12.8) 79.9 (9.8) 52.3 (10.0) 65.7 (4.9)
TB 28.2 (8.4) 79.3 (9.2) 54.2 (11.9) 69.2 (8.4)
NC 50.4 (30.6) 84.4 (14.3) 56.8 (14.5) 76.0 (15.2)
NC′ 52.0 (32.2) 81.0 (10.9) 54.4 (12.1) 70.0 (9.2)
TB′ 42.6 (22.8) 85.2 (15.1) 58.6 (16.3) 79.0 (18.2)
NN′ 30.1 (10.3) 81.6 (11.5) 55.2 (12.9) 76.4 (15.6)
N3 42.3 (22.5) 83.3 (13.2) 57.4 (15.1) 71.3 (10.5)
a MMX energies in MM calculations. b See the projectives in

Figures 2 and 3.
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C) and then pathways B and D. The energy barriers
calculated for pathways A-C with PM3, AM1, and
MNDO are within 11-18 kcal mol-1, and the PM3 values
(ca. 15 kcal mol-1), in contrast to the case of 1, are in
best agreement with the experimental findings.
Taking into account the results for 1-3 (Table 4)

discussed above, our conclusion is that the PM3-calcu-
lated ∆∆Hf°(BTB′) values reproduce quite satisfactorily all
our experimental findings. Thus, both experimental and
theoretical results show that in the compounds studied
a phenyl substituent at C-2 has lower steric requirements
than a methyl group.
As concerns the third experimentally observed form in

4,6a we can speculate that this is a result of the N-3
inversion process now going on in the B forms with an
energy of activation of ca. 15 kcal mol-1, a value higher
than that observed in 1 (ca. 13 kcal mol-1, see above) and
this simultaneously with the ring flipping process. The
results of PM3 and AM1 calculations for the intermediate
pathway of the nitrogen inversion (as generally assumed
via a transition state corresponding to coplanar nitro-
gen,13 see Figure 3) are in close agreement with the
experimental data, giving values of 15.2 and 13.2 kcal

mol-1, respectively, but the MNDO method underesti-
mates the inversional potentials for 4, as for 1.
Moreover, our calculations of the ∆Hf° of N-3 in-

verted conformers for the B and B′ forms (NIB andNIB′,
Table 8) reveal lower energy (ca. 1 kcal mol-1) for the
NIB′ form of 4. The PM3-calculated projectives of these
forms are given in Figure 3. Hence, it seems that the
PM3 calculations reflect quite well both the confor-
mational energy differences and the energy barriers for
4.
Open-Chain Forms (Hydrazones). To obtain an

insight into the structures of our hydrazones in solution,
X-ray analyses were carried out for model compounds 5
and 6. The crystal structures of these compounds are
shown in Figure 5. While 5 represents an almost
completely flat molecule with a trans-amide bond (CdO
anti to N-H) and azomethine E-configuration, 6 (closely

(13) Jennings, W. B.; Worley, S. D. J. Chem. Soc., Perkin Trans. 2
1980, 1512.

Table 6. PM3-Calculated Ring Torsional Angles for Conformational Forms of 4

angle (deg) B HC C BP B′ NN TB NC NC′ TB′ NN′ FLAT

N-1-C-2-N-3-N-4 -69.2 64.2 74.8 -7.3 48.4 -58.2 -62.0 2.6 1.0 34.1 62.3 1.5
C-2-N-3-N-4-C-5 76.5 -53.6 -77.9 16.8 -60.8 -10.2 1.2 -55.1 68.0 14.9 -0.7 13.8
N-3-N-4-C-5-C5a -5.0 5.3 76.1 15.2 -16.0 72.5 39.5 24.1 -61.4 -14.8 -43.7 -10.0
N-4-C-5-C-5a-C-9a -39.6 19.2 -52.1 -37.1 57.1 -48.6 -13.3 34.3 -0.4 -23.6 19.9 -4.9
N-1-C-9a-C-5a-C-5 8.0 -6.1 -4.2 6.7 1.4 -3.5 -13.0 -17.0 9.7 18.3 8.4 5.7
C-2-N-1-C-9a-C-5a 31.3 4.6 60.6 34.0 -70.2 -3.7 -21.1 -53.3 41.5 41.9 23.0 11.0
N-3-C-2-N-1-C-9a 1.1 -5.3 -78.2 -30.9 37.1 57.2 72.4 66.4 -60.0 -73.2 -73.2 -16.7
C-6-C-5a-C-5-O -37.7 20.3 -44.9 -38.7 49.4 -42.4 29.4 -2.4 -20.1 17.4 -1.1
C-9-C-9a-N-1-H 20.0 -2.1 1.9 18.5 -11.2 0.9 -28.1 22.4 26.4 11.0 6.5

Table 7. Energy [∆Hf° and ∆∆Hf° (see Table 5), kcal mol-1) Profile Calculated for Interconversion Pathways of
Compound 4

pseudorotation ring rotation

pathway A:
BTB′

(wagging of C-2)
(via TB form)

pathway B:
BTB′

(wagging of N-4)
(via TB′ form)

pathway C:
B′TC

(wagging CdC)
(via HC form)

pathway D:
BTC

(wagging N-3)
(via BP form)

N-3inv
(via N3 form)

∆Hq a ∆∆Hf° ∆Hq b ∆∆Hf° ∆Hq c ∆∆Hf° ∆Hq d ∆∆Hf° ∆Hq e

MMX 30.6 2.5 22.8 2.5 25.5 23.0 43.3 25.5 22.5
AM1 14.3 1.9 15.1 1.9 11.2 0.0 25.3 1.9 13.2
PM3 14.5 0.1 16.3 0.1 15.1 2.2 28.4 2.3 15.1
MNDO 15.2 0.6 18.2 0.6 16.8 1.5 26.6 2.1 10.5
EXP. 14.7 0.3 ca. 15
a Calculated from ∆Hf°(NC) - ∆Hf°(B) and considered as energy barrier (cf. Table 5). b Calculated from ∆Hf°(TB′) - ∆Hf°(B) (cf. Table 5).

c Calculated from ∆Hf°(HC) - ∆Hf°(B) (cf. Table 5). d Calculated from ∆Hf°(BP) - ∆Hf°(B) (cf. Table 5). e Calculated from ∆Hf°(N3) - ∆Hf°(B)
(cf. Table 5).

Table 8. Differences (∆∆Hf°, kcal mol-1)a between
Enthalpies of Formation for the Boat (B) and N-3

Inverted Boat (NIB) Forms and for Those of the Inverted
Boat (B′) and N-3 Inverted Boat (NIB′) Forms for

Compounds 1-4

1 2 3 4

NIB NIB NIB′ NIB NIB′ NIB NIB′

MMX 1.1 1.1 -1.6 1.2 -1.3 1.0 -1.3
AM1 3.3 2.5 -3.2 2.1 -3.7 2.0 -0.8
PM3 -0.3 -0.8 0.7 -2.6 -1.4 0.2 -1.0
MNDO 1.6 0.8 -2.7 1.2 -1.9 -0.1 -1.4
EXP. 0.3
a The negative sign means a lower energy for the NIB or NIB′

forms.

Figure 5. Structures in the crystals (ORTEP drawings) of
compounds 5 and 6.
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related to 4) adopts a crystal structure with a torsion
angle of 71.5° around N-3-N-4 (37.8° in 5). Rotation
around the N-N bond, which leads to the conformation
where the lone pair of the tricoordinate nitrogen atom is
orthogonal to the CdN π system (maximum energy), has
already been encountered by others14 in some N,N-
diphenylhydrazones. We consider this phenomenon,
which is much stronger in 6 than in 5, to be a direct
consequence of N-methylation in the former, leading to
an energetically “compromised” structure with the N-4
methyl group on the opposite side to the (C-2)-methyl
group and in a nearly orthogonal position to the carbonyl
group to avoid severe steric hindrance at the expense of
the electronic requirements (Scheme 2).
In order to investigate the cis/trans and Z/E prefer-

ences, and also the phenomenon of N-N rotation as a
function of structure, MM and semiempirical MO calcu-
lations are in progress for these and other model com-
pounds.

Experimental Section

Computations. Each structure was first solved by using
PCMODEL Ver 4.2512 program running at 33 MHz on an AT
486DX computer. The program uses the MMX12 force-field
method based on MM2 and MMPI p-subroutine programs
developed by Allinger.6b The program was run throughout this
study because of its speed of operation and the convenience of
graphical input and output.15 The D-DRIVER option was used
for energy computation versus torsional rotation about the ring
bonds. The ring atoms (with the exception of C-2 and N-3)
were designated “π-atoms”, which direct the program to utilize
an iterative variable-electronegativity-self-consistent field
(VESCF) procedure to reduce bond stretch force constants and
twofold symmetry V2 torsional parameters associated with
these atoms from their preassigned “double bond” values
according to a scaling function based on VESCF-calculated
bond order.16 From the optimized geometries, input files were
generated for the MOPAC Ver 6.1217 calculations and for the
ALCHEMY III18 program to produce the projections of Figures
1b and 2-4. The same input files were run under the default
MNDO, AM1, and the PM3 Hamiltonian, which was aug-
mented and improved for heteroatom (N, O, etc.) calculations.
In all cases the Eigenvector Following (EF) procedure gave
full geometry optimization, and the PRECISE option was
implemented as recommended19 for augmenting the SCF
convergence and geometry optimization criteria.
X-ray Structure Determinations.22 Single crystal data

collections were performed at 295 K with Rigaku AFC5S
diffractometer using monochromatized Mo-KR radiation (λ )
0.71096 Å).
For compound 1, C11H15N3O, a colorless prismatic crystal

with dimensions 0.20 × 0.20 × 0.20 mm was used. The unit

cell parameters were determined by least-squares refinements
of 22 carefully centered reflections (10° < 2θ < 23°). The data
obtained were corrected for Lorentz and polarization effects
and for dispersion. A total of 1133 reflections were collected
by ω-2θ scan mode (2θmax ) 50°), giving 1034 unique reflec-
tions (Rint ) 0.029). Of those, 668 were considered as observed
according to the criterion I > 3σ(I). The three check reflections
monitored after every 150 reflections showed only statistical
fluctuations during the course of the data collection.
The structure was solved by direct methods using MITRIL.20

Least-squares refinements and all subsequent calculations
were performed using the TEXSAN21a crystallographic soft-
ware package, which minimized the function ∑w(∆F)2 when
w ) 1/σ2(Fo). Refinement of all non-hydrogen atoms with
anisotropic and hydrogen atoms with fixed isotropic temper-
ature parameters (1.2 times Beq of carrying atom) reduced the
R value to 0.035 (Rw ) 0.037) for 180 parameters. Neutral
atom scattering factors were those included in the program.
Structures were plotted with ORTEP.21b

The unit cell dimensions of 5 were determined by least-
squares refinements of 25 carefully centered reflections (21°
< 2θ < 36°) and from 24 reflections (24° < 2θ < 37°) for 6.
The structures of 5 and 6 were solved and refined in the same
way as for 1. For 6 an absorption correction was also applied
and the data were used according the criteria I > 2σ(I). The
final factors were given in Table 9.

Conclusions

(i) Only the combined use of experimental (1D and 2D
NMR techniques, and X-ray spectroscopy) and computa-
tional (AM1, PM3, and MNDO molecular orbitals and
MMX molecular mechanics) techniques allowed an in-
sight into the ground-state structures and into the
probable interconversion pathways of the dynamic proc-
esses studied.
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Scheme 2 Table 9. Summary of Crystal Data, Intensity Collection,
and Structure Refinement Parameters for Compounds 1,

5, and 6

compound 1 5 6

formula C11H15N3O C15H15N3O C17H19N3O
Mr 205.26 253.30 281.36
crystal system monoclinic orthorhombic triclinic
space group P21 (No. 4) Pna21 (No. 33) P1 (No. 2)
a, (Å) 7.713(3) 8.594(5) 8.324(2)
b, (Å) 8.550(2) 5.784(4) 12.400(2)
c, (Å) 9.035(2) 26.520(6) 7.865(2)
R, deg 90 90 94.66(2)
â, deg 111.49(3) 90 105.28(2)
γ, deg 90 90 93.44(2)
V, Å3 554.4(6) 1318(2) 777.7(6)
Z 2 4 2
Dc, g cm-3 1.229 1.276 1.201
µ (Mo KR), cm-1 0.77 0.77 0.72
F(000) 220 536 300
measured reflections 1133 1410 2948
unique reflections 1054 1410 2742
obs reflections, I > 3σ(I) 668 790 (2σ) 1028
Ra 0.035 0.036 0.038
Rw

b 0.037 0.037 0.039
Sc 1.24 1.21 1.25

a R ) ∑(|Fo|- |Fc|)/∑|Fo|. b Rw ) [∑w(|Fo|- |Fc|)2/∑w|Fo|2]1/2, with
w ) 1/σ2(Fo). c S ) [∑w(|Fo| - |Fc|)2/(m - p)]1/2.
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(ii) Both MMXmolecular mechanics and semiempirical
PM3, AM1, and MNDO molecular orbital calculations
showed a close qualitative picture of the energy profiles
of the possible interconversion pathways for the studied
2,2-disubstituted-1,3,4-benzotriazepinones, but only the
PM3 calculations gave a reasonable agreement with the
experimental estimates for the ∆G° values in 1-4.
(iii) In general, PM3, AM1, and MNDO calculations

reproduced both energy barriers and conformational

energy differences for the studied compounds quite
satisfactorily.
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