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Abstract The molecular and crystal structure of (E)-2-
Acetyl-4-(2-bromophenyldiazenyl)phenol (1) and (E)-2-
Methyl-4-(o-tolyldiazenyl)phenol (2) were characterized
and determined by single crystal X-ray diffraction method
besides spectroscopic means. The periodic organization of
1 is stabilized by C-H---O type weak H-bond and Br---O
type weak halogen bonding and thus, a two dimensional
puckered network is established almost parallel to (101) the
plane. Molecules of 2 are linked into C(7) chains generated
by translation along the [1 O 1] direction with the aid of
O-H---N type H-bonds, and these chains are strengthened
by C-H---m interactions involving o-tolylphenol ring.
Quantum chemical studies at B3LYP/6-311 ++4G(d,p)
level reveal that potential barrier of the compounds around
Ar-N torsions is of double minimum character unless it is
defected by the presence of o-substituent groups in the
vicinity of the azo bridge. The results from crystallographic
and quantum chemical studies suggest that azo benzene
compounds may adapt non-planar geometry apart from the
most stable planar conformation, which is located on the
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secondary minima of double potential barrier regarding
rotational motion around Ar-N bonds.
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Introduction

Azo compounds have found widespread application in
many different areas such as polyester fiber [1], disperse
dyes [2], biological reactions, and in analytical chemistry
[3]. On the other hand, azo benzene is one of the most
representative classes of photochromic molecules with two
geometric isomers, trans and cis [4-6]. The cis—trans
isomerization occurs by photoirradiation with UV light or
by heating. It is generally accepted that their trans forms
are more stable than their cis forms [7, 8]. In addition,
molecular azo dyes are still one of the active research
topics in the area of molecular engineering of optoelec-
tronic materials [9] and photoswitchable molecules [10]
due to their enhanced chemical stability and photostability.
In structural sense, azo benzene compounds exhibit unu-
sual molecular motion referred to as pedal motion in solid
state leading to orientational disorder in azo bridge at either
one of the lattice sites [11] or both crystal lattice sites [12].
Therefore, better understanding of such processes regard-
ing azo compounds is of great importance in their structural
control and device applications related to them.

In a continuation of our interest regarding azo-dyes, here
we report the details of trans stereochemistry of (E)-2-
Acetyl-4-(2-bromophenyldiazenyl)phenol (1) and (E)-2-
Methyl-4-(o-tolyldiazenyl)phenol (2) by using single crystal
X-ray diffraction technique and quantum chemical calcula-
tions at B3LYP/6-311 ++G(d,p) level as a part of general
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study of the crystal chemistry of dyes. The results from both
the methods were compared and thus, crystal packing effects
on the exact trans configurations and possible reasons for the
observed molecular conformations of the compounds, in
particular o-substituent group in vicinity of azo bridge, are
comprehensively discussed.

Experimental
Synthesis and spectral characterization of 1

A mixture of 2-bromoaniline (1.34 g, 7.8 mmol), water
(20 mL), and concentrated hydrochloric acid (1.97 mL,
23.4 mmol) was stirred until a clear solution was obtained.
This solution was cooled to 273-278 K and a solution of
sodium nitrite (0.75 g, 7.8 mmol) in water was added
dropwise while the temperature was maintained below
278 K. The resulting mixture was stirred for 30 min in an
ice bath. 2-hydroxyacetophenone (1.067 g, 7.8 mmol)
solution (pH ~9) was gradually added to a cooled solution
of 2-bromobenzenediazonium chloride, prepared as
described earlier, and the resulting mixture was stirred at
273-278 K for 60 min in an ice bath. The product was
recrystallized from ethyl alcohol to obtain solid (E)-2-
Acetyl-4-(2-bromophenyldiazenyl)phenol (1) as shown in
Scheme 1. Crystals of 1 were obtained after 2 days by slow
evaporation from acetic acid (yield 52%, m.p. 423-425 K).
Elemental analysis calculated for C;4H;;BrN,O,; C: 52.68,
H: 3.47, O: 10.02, and N: 8.77%, found C: 52.36, H: 3.54,
0O: 10.28, and N: 8.59%.

Scheme 1 Synthesis routes for
the compounds Br

NH, ——>

CHjs

NH, —=
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Proton NMR spectra (200 MHz) were recorded with an
AC-200 Bruker FT-NMR spectrometer at 297 K. "H NMR
(6, DMSO-dg): 9.14 [s, 1H, OH]; 7.28-7.96 [m, 7H, Ar-H];
2.60 [s, 3H, Ar—-C(=0)-CHj3;]. The FT-IR spectrum of the
compound was recorded from KBr pellets with an IASCO
FT-IR 430 spectrophotometer. IR spectroscopic data
(v, cm_l): 3,240-3,400 (br, Ar—OH), 3,080 (aromatic CH),
2,920-2,870 (aliphatic C-H), 1,720 (C=0), 1,505-1,620
(aromatic C=C), 1,426 (N=N), 1,170 (C-N), 495 (Ar-Br).

Synthesis and spectral characterization of 2

A mixture of 2-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 of
sodium nitrite (1.8 g, 26 mmol) in water was added
dropwise while the temperature was maintained below
278 K. The resulting mixture was stirred for 30 min in an
ice bath. 2-methylphenol (2.02 g, 18.7 mmol) solution
(pH~9) was gradually added to a cooled solution of
2-methylbenzenediazonium chloride, prepared as descri-
bed earlier, and the resulting mixture was stirred at
273-278 K for 60 min in an ice bath. The product
was recrystallized from ethyl alcohol to obtain solid
(E)-2-Methyl-4-(o-tolyldiazenyl)phenol (2) as shown in
Scheme 1. Crystals of 2 were obtained after 1 day by
slow evaporation from acetic acid (yield 60%, m.p.
410-412 K). Elemental analysis calculated for C4Hi4
N,O; C: 74.31, H: 6.24, O: 7.07, and N: 12.38%, found C:
74.48, H: 6.05, O: 6.88, and N: 12.56%.
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Proton NMR spectra (200 MHz) were recorded with an
AC-200 Bruker FT-NMR spectrometer at 297 K. "H NMR
(6, DMSO-dg): 8.94 [s, 1H, OH]; 7.18-7.84 [m, 7H, Ar-H];
2.44 [s, 3H, Ar—CH3]; 2.24 [s, 3H, Ar(OH)-CH3]. The FT-
IR spectrum of the compound was recorded from KBr
pellets with an IASCO FT-IR 430 spectrophotometer. IR
spectroscopic data (v, cm_l): 3,250-3,460 (br, Ar—OH),
3,064-3,120 (aromatic CH), 2,965-2,940 (Ar-CHj),
2,860-2,890 (aliphatic C-H), 1,490-1,600 (aromatic C=C),
and 1,430 (N=N).

X-ray crystallography

Suitable samples of size 0.390 x 0.267 x 0.150 mm and
of 0.570 x 0.440 x 0.220 mm were chosen for the crys-
tallographic study regarding 1 and 2, and then mounted on
goniometer of a STOE IPDS II diffractometer. All dif-
fraction measurements were performed at room temperature
(296 K) using graphite-monochromated MoK, radiation
(2 =0.71073 10\). The systematic absences and intensity
symmetries indicated that 1 and 2 crystallize in the mono-
clinic C 2/c and P 2;/n space group, respectively. While a
total of 8,785 reflections (2,562 unique) within the 6 range
of [1.62 < 0 < 26.00] were collected for 1, a total of
21,599 reflections (2,890 unique) within the 6 range of
[2.62 < 0 < 27.92] for 2 were collected in the rotation
mode. The diffraction intensities were corrected for Lor-
entz-polarization factors, and absorption correction was
made by integration method via X-RED software [13] and
cell parameters were determined by using X-AREA soft-
ware [13]. The structure was solved by direct methods using
SHELXS-97 [14]. The refinement was carried out by full-
matrix least-squares method on the positional and aniso-
tropic temperature parameters of the nonhydrogen atoms. H
atoms except for aromatic H3, H12, and those of methyl
group of 1 were located on the final difference-Fourier map
and refined freely. All H atoms of 2 were located in the final
difference-Fourier synthesis cycle and refined freely. The
scattering factors were taken from SHELXL-97 [14]. Other
details of the data collection conditions and details of
refinement process are summarized in Table 1.

Supporting information

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 730357 and 730358. Copies of
the data can be obtained free of charge on application
to CCDC 12 Union Road, Cambridge CB21 EZ, UK
(Fax: (+44) 1223 336-033; e-mail: data_request@ccdc.cam.
ac.uk).

Computational procedures

The geometry optimizations of 1 and 2 leading to energy
minima in vacuo were performed by using DFT calcula-
tions with the use of Becke’s three-parameters hybrid
exchange-correlation functional (B3LYP) [15] incorporat-
ing B88 gradient-corrected exchange [16] and Lee-Yang-
Parr nonlocal correlation functional [17] by means of
6-311 ++G(d,p) basis set [18-20] implemented in
Gaussian 03 W program package [21]. Geometry optimi-
zations of the molecules were achieved by the application
of Berny optimization algorithm [22]. The values of the
convergence criteria in the optimization procedures for
both 1 and 2 are below 4.5 x 10™* hartree/bohr for max-
imum force, 3.0 x 10~* hartree/bohr for RMS force,
1.8 x 107> A for maximum displacement, and 1.2 x
107% A for RMS displacement. To understand conforma-
tional behavior of the molecules and crystal packing effects
on the molecular geometries, formally single C-N bonds at
opposite sides around azo bridge were selected and varied
from —180° to +180° in every 10°. Total energy of
pseudo-conformer in each step was calculated by single-
point calculation on the computed potential energy surface
at the same level of theory. To be able to compare quan-
titatively, the X-ray molecular structures with their opti-
mized counterparts and the root-mean-square (r.m.s.) fits of
the relevant atomic positions were calculated.

Results and discussion
Structure determination of 1 and 2

Molecular geometries of 1 and 2 of which thermal ellipsoid
views [23] are shown in Figs. 1 and 2 have slight angular
deviation from their exact frans configuration around azo
bridges with the angles of 1.3(3)° and 1.87(9)°, respec-
tively. While molecular geometry of 1 is almost planar,
that of 2 deviates evidently from planarity and molecular
fragment apart from 2-methyl phenyl ring is nearly planar.
The respective dihedral angles between the aromatic rings
of 1 and 2 are 3.5(2)° and 32.51(4)°. Some selected geo-
metrical parameters experimentally obtained and their
calculated values are listed in Table 2. The N=N bond
distances in both compounds (Table 2) are in agreement
with the corresponding values of similar compounds
[24-29] and reflect their double bond character. The bond
lengths of pairs of formally single C—N bonds at opposite
sides around azo bridges are not sensitive to substituent
effects and thus, they are almost equal in both compounds
(Table 2). C,,—N(=N) bond lengths reported by Allen et al.
[30] is about 1.431 A. The values of C,—N bonds in 1 and
2 are comparable with this value. The calculated values of
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Table 1 Crystal data and
details of the structure

refinement for 1 and 2

1 2
Crystal data
Chemical formula C,4H;BrN,0O, C4H14N,O
Color/shape Yellow/prism Orange/prism
Formula weight 319.16 226.27
Cell setting Monoclinic Monoclinic
Space group C 2/ P 2i/mn

Unit cell parameters

Volume
Formula Z
Density (calculated)

a=11.011(1) A
b = 9.4617(8) A
¢ =1253103) A
B = 95.033(9)°
2626.6 (5) A®

a = 10.0359(7) A
b = 11.5408(7) A
¢ = 10.6040(7) A
B = 97.723(6)°
1217.0(1) A3

Abs. coeff. (1)
Data collection
Diffractometer/meas. meth.
Tivins Timax
F(000)
Tinins Pinax
Kmins Kmax
Lminy Imax
Rin
Refinement

Refinement method

Measured reflections
Independent reflections
Observed reflections
Data/parameters
Goodness of fit on F>
R indices [I > 2a(1)]
R indices [all]
Weighting scheme

Apmax, Apmin (eA™3

8 4
1.614 Mgm™> 1.235 Mgm™>
3.13 mm™" 0.08 mm™"
STOE IPDS 2/w-scan
0.415, 0.581 0.966, 0.972
1,280 480
—12, 13 —13, 13
—11, 11 —15,15
—31, 31 —13, 13
0.041 0.037
Full-matrix

least-squares on F
8,785 21,599
2,562 2,890
1,551 1,962
2,562/198 2,890/211
1.013 0.998

R, = 0.040, wR, = 0.097

w = 1/[c (F3) + (0.0566P)*
+ 0.1745P] where
P = (F2 4+ 2F)/3

0.47, —0.63

R, = 0.034, wR, = 0.091
R, = 0.054, wR, = 0.096

w = 1/[o (F§) + (0.0566P)*]
where P = (F§ + 2F2)/3

0.15, —0.10

single C—N bonds at opposite sides around azo bridges in
both compounds are slightly different from each other due
to a possible through-resonance effect between the elec-
tron-donating O atom and the two-electron accepting N
atom.

In the crystal structure of 1, two primary intermolecular
interactions are observed. One of them is the interatomic
contacts between Brl at (x, y, z) and Ol at [(i) 3/2 — x,
—1/2 — y,—z]. The distance between these atoms
(3.363 A) is slightly smaller than the sum of their nonco-
valent van der Waals radii [31]. For a conventional halogen
bond, acceptable D---X distances between electron pair
donor (D) and halogen atom (X=Br) are in the range of

@ Springer

2532 A [32]. On the basis of this consideration, it can be
stated that Brl---O1 contact is referred to as a weak non-
covalent halogen bonds [33]. Another interaction is also
C12-H12---02 weak H-bond whose details are given
in Table 3. According to graph-set notation [34],
C12-H12---02 weak H-bond gives rise to C(12) polymeric
chains as shown in Fig. 3. When these chains are incor-
porated into Brl---O1 contacts, puckered sheets lying
almost parallel to (101) plane are formed in the crystal
structure of 1 as shown in Fig. 3. Brl---O1 weak halogen
bonds create a structural pattern allowing for the multi-
point self-recognition property and serve to be strength-
ened C(12) polymeric packing arrangements.
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Fig. 1 Thermal ellipsoid view of (1) with the atomic numbering
scheme. Displacement ellipsoids are drawn at the 50% probability
level and H atoms are shown as small spheres of arbitrary radii

Fig. 2 Thermal ellipsoid view of (2) with the atomic numbering
scheme. Displacement ellipsoids are drawn at the 50% probability
level and H atoms are shown as small spheres of arbitrary radii

Table 2 Some selected
geometrical parameters of the
compounds (10\, °) obtained from
X-ray crystallographic and
computational study

The molecules of 2 are linked into one-dimensional
polymeric C(7) chains running along the [1 0 1] direction
generated by a strong O-H---N type intermolecular
H-bond (Table 3) as shown in Fig. 4, supplying primary
contribution to the stabilization of periodic organization
of 2 in solid state. In the crystal structure of 2, arrange-
ment of C(7) chains constructed by O-H---N type
H-bonds is strengthened by C—H---7 interactions involving
o-tolylphenol ring. It can be shown that C-H---m inter-
action controls the stacking of the molecules of 2 in the
direction of b-axis. As a result of O1-H1---N1 hydrogen
bond on the observed molecular geometry, H1 atom
deviates from the mean plane of 2-methylphenol ring by
—0.20(2) A. This hydrogen bond mediates the formation
of centrosymmetric four-molecule aggregates as shown in
Fig. 4 having symmetry center (2, Y2, "2), which are
further grouped into an extended structure by C-H---&
interactions.

Table 3 Geometric details of intermolecular interactions (/e\, °) for 1
and 2

D-H-A D-H H-A DA /D-H--A

1 Cl12-H12--02%  0.93 2.61
2 Ol1-H1--N1' 0.85(2) 2.06(2)
3 Cl1-H11--Cgl™¥ 097Q2) 2.76(2)

3.401(5) 1429
2.892(1) 166(2)
3.595(2)  145.2(1)

D donor, A acceptor. Symmetry operation used to generate equivalent
atomic positions: (ii) x + 1/2, 1/2 — y, 1/2 + z; (i) x — 1/2, 1/2 — y,
z— 1/2;(v) 3/2 — x, 1/2 + y, 3/2 — z. Cg1 stands for the centroid of
the ring carrying O1 atom of 2

1 X-ray DFT/B3LYP 2 X-ray DFT/B3LYP
Bond lengths
NI-N2 1.246(4) 1.255 NI1-N2 1.253(1) 1.255
N1-C4 1.432(4) 1.409 N1-C4 1.421(1) 1.412
N2-C9 1.431(4) 1.413 N2-C8 1.422(1) 1.418
C14-Brl 1.885(4) 1.913 C13-C14 1.496(2) 1.509
C1-01 1.344(4) 1.333 C1-01 1.356(1) 1.367
C7-02 1.230(5) 1.235 C2-C7 1.503(2) 1.506
Bond angles
N1-N2-C9 113.8(3) 115.39 C8-N2-N1 114.48(9) 115.59
N2-N1-C4 113.4(3) 115.20 N2-N1-C4 114.71(9) 115.65
C2-C1-01 122.2(3) 122.39 C2-C1-01 116.8(1) 116.94
C2-C7-02 120.6(4) 120.53 C8-C13-C14 121.4(1) 121.59
Torsion angles
C9-N2-N1-C4 —178.7(3) —179.68 C4-N1-N2-C8 178.13(9) 179.99
N2-N1-C4-C3 176.9(3) —179.74 C13-C8-N2-N1 152.8(1) 179.99
N1-N2-C9-C14 —175.0(3) —177.86 C3-C4-N1-N2 176.53(9) 179.98
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Fig. 3 Part of the puckered sheet parallel to (101) plane formed by Brl---O1 contact and C12-H12---O2 weak H-bond. H atoms not involved in

the motif have been omitted for the sake of clarity

[
’
I
‘

'

’
I
‘

’

'

Fig. 4 Molecular stacking pattern of 2 viewed down a-axis. Open, filled and shaded spheres denote C, O and N atoms, respectively. H atoms not

involved in the motif have been omitted for the sake of clarity

Computational study geometry of the compounds were quantitatively analyzed
by r.m.s. overlays, including H atoms, as shown in Fig. 5.

As a guiding rule, it can be stated that the most favorable

Conformational discrepancies between the energy mini-
conformation of trans-azo benzene skeleton is planar [35].

mized molecule and the crystallographically observed

@ Springer
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(a)

(b)

Fig. 5 Superimpositions of the X-ray structures of 1 (a) and 2 (b)
with their optimized geometries

When the crystallographically observed geometries of 1
and 2 are contrasted with their optimized counterparts, it is
seen that molecular geometry of 2 is far from its optimized
geometry while that of 1 is very similar to its optimized
counterpart. The r.m.s. fits of 1 (red) and 2 (blue) to the
relevant optimized geometries (green) are 0.012 and
0.064 A. The most important fact remains that the X-ray
conformation of 2 in the absence of the crystal lattice
environment is not the lowest-energy conformation of the
compound. The reason for this conformational difference
requires an explanation in quantum chemical sense.

To better understand conformational flexibility of the
compounds, molecular energy profiles against N-C(Ar)
torsional degrees of freedom were investigated at B3LYP/
6-311 ++G(d,p) level. Double minimum potential barriers
throughout the rotation around N-C(2-hydroxyacetophe-
nol) and N-C(2-methylphenol) torsional degrees of free-
dom as shown in Figs. 6 and 7 are peculiar to trans-azo
benzene skeleton in the absence of substituent groups at
o-positions in vicinity of azo bridge [27, 36]. Primary and
secondary barrier height of double minimum potential
barriers are found as 10.11 and 0.12 kcal/mol for 1 and as
8.68 and 0.23 kcal/mol for 2. These values are comparable
with previous studies in [27, 36]. As expected, the presence
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of substituent groups at o-positions of the aromatic rings
causes a defect in double potential barrier due to steric
repulsion between o-substituent groups and the lone-pair
electrons on the nitrogen atoms, distorting the planar
geometry. The steric hindrance between o-substituent
groups and the lone-pair electrons on the nitrogen atoms
results in the appearance of evident increase in the
molecular energy at 0° of the N-C(2-bromophenyl) and
N-C(2-MePh) torsions as shown in Figs. 6 and 7. At 0° of
the N—C(2-bromophenyl) and N-C(2-MePh), interatomic
separations of bromine and methyl H atoms from the
nearest nitrogen in the azo bridge are 2.391 and 2.047 A.
These distances are much smaller than the sum of their
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non-covalent van der Waals radii (3.40 and 2.55 10\) [31].
Keeping in mind that dihedral angle between aromatic
rings of 2 is 32.51(4)°, nonplanar conformation of 2 can be
explained by secondary minimum observed at 30° of
N-C(2-Methylphenol) torsional degree of freedom
(Fig. 7). Another effect on the stabilities and geometries of
trans-azo benzene skeletons is also the conjugation
between the azo bridge and phenyl groups, making the
molecular conformation planar. As a result of this, the bond
lengths of pairs of single C-N bonds at opposite sides
around azo bridges of 1 become equal (Table 2). This
conjugation effect is observed in nonplanar molecular
geometry of 2 as well and suggests that C—H---7 interaction
makes stable the molecular geometry in crystal phase.

Conclusion

Quantum chemical studies suggest that there are two pos-
sible conformational preferences for azo benzene skeleton
with respect to N-C(Ar) torsional degrees of freedom.
Molecular energy profiles of the compounds against two
torsional degrees of freedom of N-C(Ar) in gas-phase
indicate that there are two competitive factors affecting the
stabilities of frans-azo benzene skeleton: the conjugation
between the azo and phenyl groups making the molecular
conformation planar, and the repulsion between o-sub-
stituent phenyl groups in vicinity of the azo bridge and the
lone-pair electrons in the nitrogen atom distorting the
planar geometry. Although planar pseudo-conformers
revealing at +180° of both N-C(Ar) torsions is the most
stable conformations of the compounds, some azo benzene
compounds may adapt nonplanar molecular geometry
located in one of the secondary minima (at £30°) of the
computed potential energy surface by means of interactions
with surrounding molecules in solid state. Conformational
discrepancies between the crystallographically observed
and the energy minimized structure of the compounds
cannot be explained only considering crystal packing
effects.
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