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Abstract The single crystal X-ray diffraction analysis
of the title compound, C;4H4N,O, reveals that an in-
teresting intermolecular or extended structure (hydrogen-
bonded polymeric zigzag chains) is formed by linking its
monomer units with O—H - - - N type intermolecular hydro-
gen bonds. The compound crystallizes in the monoclinic
space group P2;/n witha = 5.8151(5) A, b = 18.106(1) A,
¢ = 11.515(1) A and B = 96.891(7)°. In order to un-
derstand better its structural aspects in solid state, quantum
chemical (PM3) calculations were performed on a part of
the extended structure of the title compound containing ten
monomers. To determine in vacuo conformational flexibil-
ity of the compound, molecular energy profile of the title
compound was obtained with respect to a selected torsional
degree of freedom and the pedal angle varied from — 180°
to + 180° in every 10°. The results from the computational
study suggest that hydrogen-bonding properties in the crystal
lattice is fundamental in determining the crystallographically
observed conformation of the title compound.
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Introduction

Azo compounds are the most widely used class of dyes
because of their versatile applications in various fields.
In particular, azo-containing photochromic organic com-
pounds and azo-conjugated metal complexes have received
much attention due to their possible applications in the area
of photon-mode high-density information storage, photo-
switching devices and optical computing [1-4]. On the other
hand, azobenzene is one of the representative photochromic
compounds with two geometric isomers, a trans form and
a cis form [5-7]. All azo compounds may occur in one of
the isomeric forms: trans and cis. The trans-to-cis isomer-
ization occurs by photoirradiation with UV light and cis-to-
trans isomerization proceeds with blue-light irradiation or
by heating. It is generally accepted that their trans forms are
thermodynamically more stable than their cis forms [8, 9].

Ogawa and Harada have discovered a common motion in
crystals of stilbene- and azobenzene-type compounds, which
is named as pedal motion [10]. The orientational disorder ob-
served in azo group for some azobenzenes is dynamic and is
ascribed to an interconversion between the two conformers
in the crystals [10-12]. The conformational interconversion
arises from the pedal motion: a pair of aromatic rings moves
like the pedals of a bicycle. In fact, the low occupancy factor
of the minor pedal conformer makes the disorder invisible in
most crystals. However, the absence of the disorder should
be mainly attributable to the destabilization of the minor con-
former and does not mean that the pedal motion is inhibited.
For this reason, Ogawa and Harada reported that the pedal
motion takes place even in non-disordered crystals [10].

In the present paper, details of trans stereochemistry of the
title compound by single crystal X-ray diffraction technique
as a part of general study of the crystal chemistry of dyes
and PM3 semi-empirical quantum mechanical method in
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order to provide templates for molecular modeling studies
are examined. The results obtained from both methods were
compared and the crystal packing effects on the exact trans
configuration of the title compound was revealed. In addition,
the pedal motion of the title compound was computationally
modeled with the aid of two selected torsion angles, and
then molecular energy profile against the pedal angle was
calculated.

Experimental
Synthesis of the title compound

A mixture of 4-methylaniline (2 g, 18.7 mmol), water (50 ml)
and concentrated hydrochloric acid (4.7 ml, 56 mmol) was
stirred until a clear solution was obtained. This solution was
cooled to 273-278 K and a solution sodium nitrite (1.8 g,
26 mmol) in water was added dropwise while the temper-
ature was maintained below 278 K. The resulting mixture
was stirred for 30 min in an ice bath. 3-Methylphenol
(2.02 g, 18.7 mmol) solution (pH 9) was gradually added to
a cooled solution of 4-methylbenzenediazonium chloride,
prepared as described above, and the resulting mixture was
stirred at 273-278 K for 60 min in ice bath. The product
was recrystallized from ethyl alcohol to obtain solid (E)-3-
methyl-4-(p-tolyldiazenyl)phenol. Crystals of (E)-3-methyl-
4-(p-tolyldiazenyl)phenol were obtained after 1 day by slow
evaporation from acetic acid (yield 82%, m.p. 398-399 K).
Synthesis route of the title compound is shown in Scheme 1.

X-ray crystallography

A suitable sample of size 0.50 mm x 0.40 mm x 0.26 mm
was chosen for the crystallographic study and then carefully

Scheme 1 Synthesis of the
title compound
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mounted on goniometer of a STOE IPDS 2 diffractome-
ter. All diffraction measurements were performed at room
temperature (293 K) using graphite monochromated MoK,
radiation (A = 0.71073 A). The systematic absences and
intensity symmetries indicated the monoclinic P2;/n space
group. A total of 17,999 reflections (2682 unique) within
the 6 range of [2.11° < 0 < 27.23°]for —7 < h < 7,
—23 < k < 23, —14 < | < 14 were collected in the
rotation mode with R;;; = 0.051. The intensities collected
were corrected for Lorentz and polarization factors, absorp-
tion correction (x = 0.08 mm~') by integration method
via X-RED software [13] and cell parameters were deter-
mined by using X-AREA software [13]. Extinction correc-
tion was not applied. The structure was solved by direct
methods using SHELXS-97 [14]. The refinement was car-
ried out by full-matrix least-squares method on the positional
and anisotropic temperature parameters of the non-hydrogen
atoms, or equivalently corresponding to 155 crystallographic
parameters. All H atoms were refined using appropriate rid-
ing models, with C-H distances of 0.96 A for methyl groups,
0.93 A for aromatic groups and O—H distances of 0.82 A hy-
droxyl group. The methyl groups in ortho and para positions
in their parent rings were refined as the idealized disordered
methyl groups (two positions). The displacement parame-
ters of H atoms were fixed at 1.2 U.q of their parent carbon
atoms for aromatic groups, 1.5 Ueq of their parent atoms
for methyl and hydroxyl groups. The structure was refined
to Ry = 0.038 for observed 1601 reflections which obeyed
to the condition of / > 20 () and to R; = 0.0637 for all
2682 data used in refinement process. The maximum peaks
and deepest hole observed in the final Ap map were 0.12
and —0.12 e A=3, respectively. The scattering factors were
taken from SHELXL-97 [14]. Other details of the data col-
lection conditions and parameters of refinement process are
summarized in Table 1.

NaNO,
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Table 1  Crystallographic data for the title compound

Crystal data
Chemical formula
Color, shape
Formula weight
Crystal system
Space group
Unit cell parameters

Volume

VA

D, (Mgm™?)
 (mm~")

Fooo

Crystal size (mm)

Data collection
Diffractometer/meas. meth
Absorption correction
Tmin
Tmax
No. of measured, independent

and observed reflections
Criterion for observed
reflections
Rim
emax (O)

Refinement
Refinement on
R[F? > 20(F?)], wR(F?), S
No. of relections
No. of parameters
Weighting scheme

(A/0 )max
Apmax 5 Apmin (e A_S)
Extinction coefficient

Ci4Hi4N2O
Yellow, Prism
226.27
Monoclinic
P2,/n (No. 14)

a = 58151(5) A
b = 18.106(1) A
c = 11515 A
B = 96.891(7)°
1203.59(16) A3
4

1.249

0.08

480.0

0.50 x 0.40 x 0.26

STOE IPDS 2/ -scan
Integration

0.9660

0.9816

17999, 2682, 1601

1 > 20(])

0.051
27.2

F2

0.038,0.118,0.97

2682

155

w = 1/[0%(F?) + (0.0688 P)]
P = (F2+2F2%)/3

0.001

0.12, —0.12

0.026(4)

Supplementary data

Crystallographic data (excluding structure factors) for the
structure reported in this article have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication number CCDC 621019. Copies of the data can
be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: + 44-1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).

Computational procedures

The trans symmetry imposed geometry optimization of
the title molecule leading to in vacuo energy minima
was performed by using PM3 self-consistent field molec-
ular orbital [15, 16] method with the aid of HyperChem
7.52 package [17]. The optimization was performed by

Fig. 1 The stages in the pedal motion of the title compound corre-
sponding to the values of — 180°, —90°, 0°, 90° and 180° of the pedal
angle &

Polak-Ribiere conjugate gradient method [18], RMS gra-
dient of 0.001 kcal/A mol and convergence criteria of
0.01 kcal/A mol. The crystallographic coordinates were used
as starting geometry for the calculations. The methyl groups
having rotational disorder were treated as in one position.
The structure associated with the lowest energy according
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Fig. 2 Ortep drawing of the
molecule indicating atom
numbering scheme including
H-atoms that participate to the
formation of inter- and
intramolecular hydrogen bonds
with 30% probability level.
Open methyl C—H bonds
represent one of the alternative
methyl positions

to the PM3 optimization was compared with the X-ray
structure. To clarify conformational preference of the title
molecule in solid state and crystal packing effects on the
molecules, PM3 quantum chemical calculations were per-
formed on a part of two hydrogen-bonded zigzag chains of
the title compound containing ten monomers. We have not
employed higher level molecular orbital theory calculations
on the part of zigzag chains due to large size of its extended
structure containing 170 non-hydrogen atoms (equivalently
820 atomic orbitals). To elucidate conformational preference
of the title compound in gas-phase, the selected degree of tor-
sional freedom, T(N2-N1-C4-C3) was varied from — 180°
to + 180° in every 10° and the molecular energy profiles
were obtained by performing single-point calculations on
the calculated potential energy surface. In addition, a pos-
sible pedal motion in the title compound was modeled by

Fig. 3 Hydrogen-bonded
zigzag chains along the
crystallographic [1 0 1]
direction. Dotted lines represent
O-H- - - N type intermolecular
H-bonds. H atoms except for
those participating
intermolecular hydrogen bonds
are omitted for clarity

a Springer

PM3 quantum chemical calculations. Pedal motion can be
envisaged as two coupled torsional rotations around the sin-
gle bonds between the azo bridge and the substituted phenyl
rings. These rotations around the torsional degrees of free-
dom T(C12—-C7-N2-N1) and T(N2-N1-C4—C3) are cou-
pled with overall motion of the molecule as a whole leads to
pedal-like motion in the title compound under the condition
prescribing that both torsions are equal in their magnitudes
but have opposite signs. The calculations performed to reveal
the effect of pedal motion on the conformational flexibility
of the title compound involve a set of constrained single-
point calculations on the calculated potential energy surface,
where the torsion angle &; for rotation around C7-N2 and
&, for rotation around N1-C4 bond are constrained in such
away that £, = — &,. The pedal angle £ is also defined by
the equation§ = &; = — &,. Some stages for pedal motion
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Table 2 Atomic coordinates and equivalent isotropic displacement 42 4
parameters (A2) of the non-hydrogen atoms for the title compound .
40 S

Atom x y z Ueq ./ \_

o [
O1 —0.17595(16) 0.32799(5)  0.39511(8) 0.0718(3) £ . .
N1 0.44627(19) 0.11521(6)  0.58248(9) 0.0633(4) § 367 / \
N2 0.45899(19) 0.10156(5)  0.69023(8) 0.0605(4) ,\51 34_' /' '\
Cl —0.0220(2) 0.27557(7)  0.43923(10) 0.0596(4) g ] /' '\
C2 0.1532(2) 0.24934(7)  0.37945(10) 0.0620(4) 5 2 ; °
C3 0.3051(2) 0.19527(7)  0.42615(10) 0.0593(4) 5 s .
C4 0.2823(2) 0.16883(6)  0.53888(10) 0.0581(4) T 30+ e \.\
C5 0.1019(2) 0.19477(7)  0.59810(10) 0.0632(4) T . o .. .
C6 —0.0493(2) 0.24710(7)  0.54882(10) 0.0639(4) 287 eect feee
C7 0.6295(2) 0.04713(6)  0.72933(10) 0.0595(4) S
C8 0.8026(3) 0.02327(8)  0.66496(12) 0.0722(5) 200 -150 -100  -50 0 50 100 150 200
Cc9 0.9603(3) —0.02832(8) 0.71154(13) 0.0765(5) T(N2-N1-C4-C3)
C10 0.9514(2) —0.05835(7)  0.82136(12) 0.0657(4) Fig. 4 Molecular energy profile of the PM3 optimized counterpart of
C11 0.7788(3) —0.03409(8)  0.88406(12) 0.0716(5) the title compound against the selected degree of torsional freedom
Cl12 0.6207(3) 0.01844(7)  0.83959(11) 0.0696(5)
C13 0.4883(3) 0.16598(8)  0.35686(12) 0.0718(5) L.
Cla 1.1207(3) —0.11647(9)  0.87058(14) 0.0847(6) flect their single bond character, are found as 1.432(2) and

Note. U, is defined as one-third of the trace of the orthogonalized U;;
tensor.

of the title compound corresponding to principal values of
the pedal angle is illustrated in Fig. 1.

Results and discussion
Structure determination

The title compound of which an Ortep [19] view of the
monomers in its asymmetric unit is shown in Fig. 2 crys-
tallizes in the monoclinic space group P2;/n with four
monomers in the unit cell. Non-hydrogen atomic coordi-
nates and equivalent isotropic thermal parameters are listed
in Table 2.

N1 and N2 atoms are nearly in the same planes of 1-
methyl-3-hydroxyphenyl and 3-methyl phenyl rings with the
respective deviations of 0.028(1) and 0.012(1) A. In the title
compound, the aromatic rings, which adopt a distorted trans
configuration around the N=N double bond, are not copla-
nar with the value of — 166.69(10)° for the pedal angle. In
the azo groups, C7-N2 and C4-N1 bond lengths, which re-

Table 3 Hydrogen-bonding geometries (A, °) for the title compound

D-H---A DH H---A D---A /DH---A

CI3-HI3a- - -N1 0.96 231
O1-H1- - -N2* 0.82 2.08

2.794(2) 110
2.873(1) 164

Note. D: donor, A: acceptor.

* Symmetry transformations used to generate equivalent atoms: — 1/2
+ 2,12 -y, —1/2 + =z

1.410(2) A, respectively; whereas N1-N2 bond length is
1.259(1) A. This value obviously indicates its double bond
character. Corresponding values of these bond lengths men-
tioned above for similar compounds are of consistence with
the previously reported studies in the literature [20-28].
N2-C7 and N1-C4 bond distance are of remarkable dif-
ference due to a possible through-resonance effect between
the electron-donating hydroxyl group and the two-electron-
accepting N atom.

We have used PARST [29] to analyze the intra- and inter-
molecular hydrogen bonds in the crystal structure. There is
only one C-H - - - N type intramolecular hydrogen bond in
the structure, C13—H13a- - - N1. The C13- - - N1 distance
is shorter than the sum of the van der Waals radii of C and N
(3.25 A). The intramolecular hydrogen bond supplies lead-
ing contribution to the stabilization of the crystallographi-
cally observed conformation of the title compound. Further
details about the hydrogen-bonding geometries observed in
the crystal structure can be found in Table 3. It is worth not-
ing that the intermolecular hydrogen-bonding interactions in
the crystal packing are the most important feature in terms
of supramolecular environment of the title compound. When
the monomers are interconnected with the O-H - - - N type
intermolecular H-bonds, polymeric chains are formed in the
crystal structure. The axis of the hydrogen-bonded zigzag
chains runs co-linear with the crystallographic [1 0 1] di-
rection (Fig. 3). The primary hydrogen-bonded motif in the
crystal structure can be described as a graph-set motif of
C(8) [30].

Computational study

The trans symmetry imposed semi-empirical PM3 molec-
ular orbital calculations were carried out in order to define
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Fig.5 Molecular energy profile against the pedal angle

the gas-phase conformational flexibility of the title molecule
as a function of the selected degree of torsional freedom,
T(N2-N1-C4-C3). According to the results (Fig. 4), there
is an evident increase in molecular energy in vicinity of 0°
due to the steric hindrance between the methyl group in or-
tho position and azo bridge in the compound. Energy differ-
ence between the most favorable and unfavorable gas-phase
conformer of the title compound, which arises from rota-
tional potential barrier calculated with respect to the selected
torsion angle, is calculated as 12.6 kcal/mol. On the other
hand, to properly define in vacuo conformational flexibility
of the compound, the pedal motion in addition to the rotation
around the torsional degree of freedom T(N2-N1-C4—C3)
should be also incorporated into the discussion. Molecular
energy profile against the pedal angle is shown in Fig. 5.
There is an evident maximum in the profile for & = 0°. Pedal
barrier defined as energy difference between the most fa-
vorable and unfavorable pedal conformer of the compound
is 16.5-kcal/mol in gas-phase. According to the Fig. 5, it
can be stated that the planar geometry of the title compound
(§ = £ 180°) is the most stable pedal conformer in gas-phase
and the crystallographically observed conformation of the ti-
tle compound is slightly different from the global minimum
on the potential energy surface of the compound. As far as
these results are concerned that the crystallographically ob-
served conformation of the compound is near to the global
energy minimum in gas-phase. However, the most important
fact remains that the experimentally observed conformation
of the compound in the absence of the crystal lattice en-
vironment is not the lowest-energy conformation for this
system.

In solid state, hydrogen bonds are practically never in
optimal geometry, and are always influenced by their envi-
ronment. For this reason, to recognize crystal packing effects
on the molecular conformation, a series of quantum chem-
ical PM3 calculations were performed on both the isolated

a Springer

Table 4 Some geometrical parameters (A, °) for X-ray and PM3
optimized structure in the part involving ten monomers of the title
compound

X-ray PM3
Bond lengths
01-Cl1 1.360(2) 1.358
C13-C3 1.502(2) 1.490
C14-C10 1.505(2) 1.483
C7-N2 1.432(2) 1.453
N2-N1 1.259(1) 1.236
C4-N1 1.410(2) 1.436
Bond angles
N1-N2-C7 113.69(10) 117.30
N2-N1-C4 116.32(11) 121.10
C3-C4-N1 115.39(11) 116.88
C9-C10-C14 121.63(14) 120.29
Torsion angles
C12-C7-N2-N1 —167.02(11) —160.08
C7-N2-N1-C4 —179.58(9) 178.40
N2-N1-C4-C3 166.37(10) 159.08

structure and the structure surrounded by nine molecules
in two neighbor chains in the crystal lattice. When the X-
ray structure of the title compound is contrasted with its
in vacuo PM3 optimized counterpart, it is seen that there
is a conformational discrepancy between them, especially
observed in the relative orientation of the substituted rings
in the title compound. Although the PM3 optimized geom-
etry of a single monomer is essentially planar as different
from the X-ray structure, the PM3 optimized geometry of
the title compound in the hydrogen-bonded extended struc-
ture is non-planar. In this sense, the structure obtained from
the geometry optimization considering ten hydrogen-bonded
monomers in solid state is more similar to the crystallograph-
ically observed monomer units than the PM3 optimized ge-
ometry of a single monomer. The r.m.s. (root-mean square)
fit of the PM3 optimized gas-phase conformation of the ti-
tle compound to the crystallographically observed confor-
mation is well (rm.s.d. = 0.1757 A), but the r.m.s. fit of
the PM3 optimized conformation calculated by considering
ten monomers in two neighbor zigzag chains to the experi-
mentally observed conformation is better than the former fit
(rm.s.d. = 0.1238 A). The selected geometrical parameters
for the PM3 optimized counterpart of the title compound in
its hydrogen-bonded extended structure and the crystallo-
graphically observed conformation are given in Table 4. The
optimized geometry in the hydrogen-bonded extended struc-
ture is the pedal conformer with the angle (§ = — 160.08°).
The experimentally observed and the optimized structure in
its extended structure indicate two different pedal conformers
of the compound, but these pedal conformers corresponding
toé = —166.69(10)° and & = — 160.08° are of no remark-
able difference in energy. It is obvious that when all neighbor
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monomers in the crystal lattice are included in the calcula-
tion, the PM3 optimized conformation of the title compound
closely matches the crystallographically observed structure.
Consequently, it can be stated that hydrogen-bonding prop-
erties and packing effects in the crystal lattice as well is fun-
damental in determining the experimentally observed pedal
conformer of the compound and supply leading contribution
to its stabilization, presumably to optimize the formation of
its hydrogen-bonded polymeric zigzag chains.
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