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Conformational Polymorphism in N-(4'-methoxyphenyl)-

3-bromothiobenzamide

Anastasiya Bashkirava,'”! Philip C. Andrews,** Peter C. Junk,"”! Evan G. Robertson,
Leone Spiccia,” and Nafty Vanderhoek™

Abstract: Three conformational poly-
morphs of N-(4-methoxyphenyl)-3-
bromothiobenzamide, yellow o, orange
B, and yellow vy, have been identified
by single-crystal X-ray diffraction. The
properties and structure of the poly-
morphs were examined with FT

molecular conformation found in the a
form is energetically preferred, but
only by around 2 kJmol ' over the y
conformation. The planar molecular
structure found in the B form is desta-
bilized by 10-14 kJmol™', depending
on the calculation method. However,

experimental evidence suggests that
the B polymorph is the most stable
crystalline phase at room temperature.
This is attributed to the relative planar-
ity of this structure, which allows more
and stronger intermolecular interac-
tions, that is, more energetically effec-

Raman, FTIR (ATR), and UV/Vis
spectroscopy, as well as differential
scanning calorimetry. Computational
data on rotational barriers in the isolat-
ed gas-phase molecule indicate that the

Introduction

Although polymorphism in crystalline materials is a relative-
ly common phenomenon,!! its importance in modern-day
chemistry cannot be overstated. Medicinal chemists, theoret-
icians, crystal engineers, and materials scientists all expend
significant amounts of time and resources in attempting to
understand and control the polymorphic properties of sub-
stances.?”

The arrangement of relatively rigid molecules in different
crystal forms through different intermolecular interactions is
called packing polymorphism (e.g., as observed for o-anisal-
dehydel! and 3-acetylcoumarin).’! In contrast, conforma-
tional polymorphism arises when less-rigid molecules fold
into different crystal forms.>® The delicate balance of
forces required for this phenomenon is illustrated by the
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tive packing. Calculated electronic-ab-
sorption maxima were in agreement
with experimental spectra.

fact that the conformation itself determines the availability
of functional groups for intermolecular interactions, that is,
through crystal packing, but the molecular surroundings, as
regulated by packing, ultimately impact back on the adopted
conformation. It is this combination of both conformational
and packing features in producing particular energy minima
that gives rise to observed polymorphic modifications.

Conformational polymorphism can arise when intermolec-
ular interaction energies are comparable to those required
for intramolecular rotation around single bonds.”) However,
Allen etal. claimed that conformations associated with
strain energies of more than 4.2 kJmol™ are rarely observed
in crystal structures.[”” Exceptions to this can occur when the
high-energy gas-phase conformation is stabilized in the crys-
tal by enhanced intermolecular interactions: the “systematic
effect”. The classic example of this is ortho-substituted bi-
phenyls that have a close-to-planar conformation in the crys-
tal phase as opposed to a 40° twist in the gas phase.’l The
subtle changes in both molecular geometry and intra- and
intermolecular bonding when conformational polymorphism
occurs have also been invoked to explain the different
colors that often accompany different single crystals of a
particular compound.® 1

In this paper, we report the discovery and study of three
crystalline polymorphs of N-(4-methoxyphenyl)-3-bromo-
thiobenzamide (TBA), a compound with known biological
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activity (antimicrobacterial, antituberculotic).""*! Although
polymorphism has previously been reported for related N-
phenylthiobenzamides,**'! at that time only IR analysis was
conducted and discussed. Given the current interest in, and
significance of, polymorphism in modern drug design and
delivery,'*"! particularly in the area of solubility, we under-
took a more wide-ranging study that examined TBA confor-
mational polymorphism by employing X-ray crystallography
as well as FT Raman and FTIR (attenuated total reflection;
ATR) spectroscopic techniques. In doing so, we endeavored
to uncover the thermodynamic relationship between the
three polymorphs. Furthermore, we also sought to gain an
understanding of the effects of conformation on electronic
absorbance spectra, stability, and the interconversion of
polymorphic modifications by using UV/Vis spectrometry
and quantum-chemical calculations.

Results and Discussion
Crystal Structures

Three crystal polymorphs were found for TBA. The a form
was produced by crystallization of the freshly synthesized
amorphous material from concentrated solutions in polar or
nonpolar solvents (mesitylene, hexane, alcohols, acetone) as
yellow prisms or needles, whereas the 3 form was obtained
as orange plates on slow crystallization from more-dilute
solutions in alcohol (EtOH, MeOH, EtOH/acetone, MeOH/
acetone). When the solutions were left at room temperature,
the initially formed yellow crystals became orange within
one week. Upon isolation and drying in air, the orange crys-
tals appeared to be stable indefinitely.

The y form was obtained as yellow hexagonal plates in a
mixture with the o and 3 forms by fast crystallization from
acetone. Crucially here, all the solvent needed be removed,
otherwise the y form converted into the . All forms of
TBA displayed thermochromism and turned red on melting.
The crystal structures of the three polymorphs were deter-
mined by single-crystal X-ray diffraction and are shown in
Figures 1-3. The structures are shown projected in the plane
of the methoxy-substituted aromatic ring, with the methyl
group projecting out of the page. A summary of the details
of the data collection and refinement are listed in Table 1.

A comparison of relevant bond angles and bond lengths is
provided in Table 2. As expected, there is very little differ-
ence in bond length between all four (o, a,, f3, ¥) of the mo-
lecular arrangements. However, it is in the angular arrange-
ment and the degree of delocalization of the thioamide
moiety relative to the two phenyl rings and the Br atom that
we expect to observe significant differences.

It is noteworthy that the o, and o, molecules are slightly
different. For the former, the C1-N1—C8 angle is slightly
more obtuse (127.7(2)°) than in the latter (126.1(2)°), indi-
cating a marginal decrease in the sp? character of the N
atom. This is accompanied by a widening of the C9—C8—N1
angle in a; (122.5(2)°) relative to that in a, (120.9(2)°). In
both a and B forms the central thioamide fragment (C2—
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Figure 1. The two molecules o, (top) and o, (bottom) found in the asym-
metric unit of the o form of TBA. Thermal ellipsoids are shown at 50 %
probability. A comparison of selected bond lengths and angles are given
in Table 2.

Brl

Figure 2. The f form of TBA. Thermal ellipsoids are shown at 50 % prob-
ability. A comparison of selected bond lengths and angles are given in
Table 2.

01 Cl4

Figure 3. The y form of TBA. Thermal ellipsoids are shown at 50 % prob-
ability. A comparison of selected bond lengths and angles are given in
Table 2.

C1-N1—C8) is essentially planar (dihedral angles: a,
178.7(2), a, 178.2(2), p 179.1(10)°), whereas the y form dis-
plays a significant deviation from planarity (y 174.5(2)°).
Furthermore, all four molecular arrangements adopt the
most energetically favorable trans conformation around the
thioamide group.?”!
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Table 1. Crystal data for the three polymorphic forms of TBA.

alal B v
yellow needle

Crystal habit orange plate yellow plate

Empirical formula C;H;,BrNOS C,,H,;,BrNOS C,H;,BrNOS
M, 32222 32222 322.22

Crystal system orthorhombic monoclinic orthorhombic
Space group Pca2, P2y/c Pccn

a[A] 9.3827(3) 5.8266(5) 12.8747(6)
b[A] 14.5368(5) 7.4723(6) 28.1304(11)
c[A] 19.4967(7) 29.433(2) 7.4809(3)

Al 90 90.539(4) 90

VA7 2659.24(16) 1281.38(18) 2709.4(2)

V4 8 4 8

Peatea [g cm ] 1.610 1.670 1.580

u [mm™] 3.235 3.357 3.175

F(000) 1296 648 1296

Crystal size [mm]  0.14x0.08x0.03 0.12x0.10x0.05 0.10x0.10x0.03
0 range [°] 2.58-35.10 1.38-42.72 2.69-30.11
Reflections 29193 69157 48951
collected

Independent 10643 9264 3985
reflections [R(int) =0.0498] [R(int)=0.1421] [R(int)=0.0344]
Data/restraints/ 10643/1/335 9264/0/168 3985/0/168
parameters

Goodness-of-fit on  0.943 0.981 1.042

FZ

Final R indices R,=0.0438, R,=0.0379, R,=0.0369,
[1>20(1)] wR,=0.0793 wR,=0.0921 wR,=0.0757

[a] Absolute Flack parameter =0.000(6).

Table 2. Selected bond lengths (A) and angles (°) for the four solid-state
molecular structures found for TBA.

oy o, B Y
Br1-C4 1.901(3) 1.898(2) 1.899(1) 1.895(2)
S1—C1 1.673(3) 1.671(2) 1.675(1) 1.674(2)
O1-C11 1.365(3) 1.367(3) 1.362(1) 1.365(2)
01-C14 1.429(3) 1.429(3) 1.424(1) 1.420(3)
N1-C1 1.339(3) 1.335(3) 1.337(1) 1.332(3)
N1-C8 1.422(3) 1.426(3) 1.423(1) 1.431(3)
C1-C2 1.486(4) 1.491(4) 1.497(1) 1.488(3)
C11-01-C14 117.7(2) 117.0(2) 117.29(9) 117.4(2)
C1-N1-C8 127.7(2) 126.1(2) 128.29(9) 127.4(2)
N1-C1—C2 115.0(2) 115.8(2) 115.23(8) 114.9(2)
N1-C1-S1 126.4(2) 125.3(2) 123.02(8) 125.1(2)
C2—C1-S1 118.6(2) 118.9(2) 121.73(7) 120.0(2)
C7—-C2—C1 119.4(2) 120.4(2) 122.90(9) 121.0(2)
C3—C2—C1 120.5(2) 120.5(2) 118.56(8) 119.5(2)
C13—C8—-N1 118.2(2) 119.7(2) 122.59(9) 120.9(2)
C9—C8-N1 122.5(2) 120.9(2) 117.48(9) 119.0 (2)
0O1-C11—C12 115.4(2) 116.0(2) 124.81(9) 115.3(2)
0O1-C11—C10 125.2(2) 124.3(2) 115.28(9) 124.9(2)

[a] For a,, the corresponding bond lengths and angles are listed, for
example, the Br2—C18 bond corresponds to Br1—C4.

If we consider that the molecules can be described by
three ring planes, one defined by the bromo-substituted
phenyl ring (plane 1), the second by the thioamide group
(N—C-S) (plane 2), and the third by the methoxy-substitut-
ed phenyl ring (plane 3), then each polymorph can be de-
scribed by the internal relationship of these planes. A sum-
mary of the key dihedral angles is given in Table 3. Planes 1
and 3 are considerably rotated from plane 2 in the o and vy
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Table 3. Dihedral angles (°) for the three planes (PhBr=plane 1, N-C—
S=plane 2, MeOPh=plane 3) in each molecule found in the three poly-
morphs of TBA.

oy 2%} B Y
Planes 1 and 2 433(3) 35.1(3) 473(9) 40.0(2)
Planes 2 and 3 37.5(4) 42.8(3) 58.0(2) 64.4(3)
Planes 1 and 3 76.5(2) 77.8(2) 55.7(1) 69.8(3)

forms to give significant twist within each molecule, which
contrasts with the 3 polymorph, in which planes 1 and 2 are
almost coplanar, thereby making most of the molecule
almost flat. The close proximity of H1 and H7 in this planar
B arrangement is an energetically unfavorable arrangement.
It results in a C7—C2—C1 angle that is relatively more
obtuse and a C3—C2—Cl1 angle that is more acute that in the
other forms (Table 2). The overall stability of this § form
must therefore derive from other intermolecular-bonding
considerations.

The out-of-plane deviation of the S atom observed in the
y form, which relates to the observed difference in the dihe-
dral angle for planes 1 and 2 in the § and y forms, is shown
in Figure 4. The higher-energy arrangement in 3, with steri-
cally crowded coplanar Br, H, and S atoms, is most likely
compensated for by the stabilization energy gained from
more-efficient electron delocalization.

Figure 4. Space-filling representation of the § and y forms showing the
significant out-of-plane deviation of the S atom in the y form.

Crystal packing in the polymorphs is largely, though not
exclusively, determined by intermolecular hydrogen bonding
between N—H and C—H with S and O atoms, respectively.
The relevant bonding distances are given in Table 4. Howev-
er, the different conformations of the polymorphs under-
standably result in, and in part derive from, a variance in
the availability of the various functional groups to engage in
hydrogen bonding, and, for the delocalized systems, other
weaker noncovalent interactions such as van der Waals at-
traction. Both a; and o, molecules build up two separated
chains of molecules by means of N—H:--S hydrogen bonds of
2.50(3) A for a; and 2.59(3) A for a,. The chains of one type

Chem. Asian J. 2007, 2, 530-538
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Table 4. Intermolecular bonding distances (A) and angles (°) in the polymorphic forms of TBA.
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lated distance 3.676 A, sum

o a, Y of van der Waals radii (Br—
N-H-S 25003) 25903) 2.8002) 2.96(2)1 2573) Br) 37A)®?  between
N--S 3.368(2) 3.330(2) 3.415 (1) 3.646(1) 3.355(2) layers form a well-defined 3D
XNH-S 157(3) 155(3) 127.0(2) 135.(2)t 158(2) framework.
Clém?{[?) . 43'(3)34(2) ) 23'240(3) In the y form, columns are
:_n (plane 1 to 3) 39773418 ’ created by codirectional N—
centroid--centroid 3.713 H-S and m-m interactions
¥plane 1 to 3 3.12(0.05) (C8—C13 rings), which then
i~ (plane 1 to 1) 3.483-3.510 pack together through alter-
centroid-centroid 3.744 — »
¥plane 1 to 1 0.57(0.08) nating “head-to-head” hydro-

[a] Hydrogen bonds between 2D layers. [b] H atoms on methyl groups placed in optimized positions (C—H,

average 0.95 A).

are linked by C—H--O bonds to the nonequivalent layer
(either a, or a,). Only weak van der Waals forces hold alter-
nate layers together (Figure 5). An analysis of the intermo-
lecular bonding distances suggests that the o, layers form
weaker interactions than a,.

Figure 5. Crystal packing and unit-cell diagram of the a polymorph,
showing the o, layer sandwiched between the a, layers.

In comparison to the a conformation, the molecular struc-
ture of the P form is relatively planar, which allows more
dense packing as reflected in the cell volume and crystal
density (Table 1). In the simple 1D chain structure, the mol-
ecules orientate themselves in a “head-to-head” and “tail-
to-tail” arrangement through relatively strong hydrogen
bonding between the OCH; groups and weaker, but still sig-
nificant, C—H--Br bonding.?!! The chains are then assem-
bled into a layer structure through weak N—H---S bonding
and offset face-to-face m—m stacking (Figure 6). Finally, a
second N—H--S bond and weak Br-Br interactions (calcu-

Figure 6. Crystal packing and unit-cell diagram of the § polymorph, shown along the short b axis.
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gen-bonding OCH; groups
and “tail-to-tail” CH--Br in-
teractions. The 3D structure
(Figure 7) is then constructed

\ l—“—‘&a'&:hr s %f '\6 codl” 9 ?"-{ Lwﬁ.,_m&.
> { e
e e e s s B T o ) S
seopnd| o) o 23 {f Laaois ecagad| L4 B
: dg‘i ' jii @S|
L= | ﬁ" ;& f‘:‘ Prste—e W‘.\:—{ D?;-ﬁ}u de
0 ————),

Figure 7. Crystal packing and unit-cell diagram of the <y polymorph,
shown along the short ¢ axis.

by these column layers stacking through directional C—
H--Ph bonding (average 2.755 A).

Vibrational Spectra

The FTIR (ATR) and Raman spectra of the three poly-
morphs are compared in Figures 8 and 9, respectively.
Though not shown here, the spectra obtained on heating the
B form to 90°C for 5 min were identical to those obtained
for the y form. The peak positions and intensities clearly
show differences among the species, thus confirming that
the three forms are distinct structures. In the ATR spectra,
the main differences were observed in the N—H stretching
region, which supports the variation in intermolecular hy-
drogen bonding seen in the crystal structures. The data in
Table 4 suggests that the N—H--S hydrogen bonding is
weaker in the f§ form; the NH--S and N--S distances are
longer than those found in the a and y forms, and the N—
H---S angles deviate further from linearity. This is in accord-
ance with the observation that the N—H stretching vibration
in the f§ polymorph appeared at a higher wavenumber value
(3284 cm™') than for the other
two polymorphs (3174 and
3157 cm™!). The Raman spec-
tra of the three polymorphs
differ even more than their IR
spectra. Conformational differ-
ences may be reflected in both
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Figure 8. FTIR (ATR) spectra of the a, 8, and y polymorphs of TBA.
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Figure 9. Raman spectra of the a, 3, and y polymorphs of TBA.

types of spectra, but the polarizability of bonds that gives
rise to Raman intensity is more sensitive to subtle effects of
molecular alignment and orientation and of long-range in-
termolecular interactions.

Interconversion of the Forms: DSC Study

To establish some understanding of the relationship between
the polymorphs and their stability, differential scanning calo-
rimetry (DSC) studies were conducted on the various crystal
forms. The DSC patterns of the pure single crystals of the
three polymorphs are shown in Figure 10 and Table 5.

The DSC traces of the a and y polymorphs show only the
sharp endothermic peaks associated with melting
(Figure 10). In contrast, the § polymorph undergoes an en-
dothermic transition to the y form before the onset of melt-
ing. The thermodynamic data derived from the DSC traces
for the three crystal forms are summarized in Table 6.

On the basis of the rules for enantiotropy and monotropy
developed by Biirger and Ramberger,” we can conclude
that the f and y polymorphs are enantiotropic (Figure 11D).
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Figure 10. DSC data of the single crystals of the three polymorphs.

Table 5. DSC data summary for the crystalline polymorphs of TBA.

o p ¥
M.p. [°C] 103.540.41 - 100.0£0.2"
Enthalpy of fusion [kJmol™] 285407 2471 2264020
B —v Transition temperature [°C] T4+2 T4+2
—v Transition enthalpy 214014
[kImol™]

[a] n=6. [b]n=4. [c] Calculated from the heat-of-fusion rule AH~
AHY4+AHP™. [d] n=6. n is the polynomial used in the calculation.

Table 6. Structural, energetic, and spectral properties for single
molecules of the a, , and y conformers calculated by ab initio methods.

Method o o, B Y
E.; [kimol™!] Mp2L 0.0 0.0 14.4 1.9

B3LYP 0.0 0.0 10.1 24
S1-C1-C2—C3 observed 135.8(2) 145.4(2) -3.0(1) —39.6(2)

Mp2L 137.8 137.8 —3.04 —41.9

B3LYP"  136.9 136.9 -30d -399
C1-N1-C8— observed —44.3 —-50.3 —48.1 131.4
thuld

Mp2Ll -394 —39.4 —49.8 137.9

B3LYPP  —127 —12.7 —37.7 149.8

S,<S, origin [nm] TDDFT!!  441.6 441.6 478.0 442.1
TDDFTE  440.4 440.4 479.1 447.6
S,«<S, origin [nm] TDDFT!!  344.8 344.8 372.9 342.3
TDDFTE 3437 343.7 370.4 344.8

[a] MP2/6-31G(d,p)-optimized geometry. [b] B3LYP/6-311+ G(d,p)-opti-
mized geometry. [c] Experimental value. [d] 7gccc constrained to 3° for
all ab initio structures of p. [e] C,,4, is the C atom of the C8-C13 ring
ortho to the thioamide group and closest to the methyl group. [f] TDDFT
B3LYP/6-31G(d,p) carried out at MP2/6-31G(d,p)-optimized geometry.
[g] TDDFT B3LYP/6-31G(d,p) carried out at B3LYP/6-311+ G(d,p)-opti-
mized geometry.

Below the thermodynamic transition point (f—vy), the 3
polymorph is thermodynamically more stable and less solu-
ble, whereas the same applies to the y polymorph above this
point (Figure 11b). The evidence is as follows:

1) Enthalpy-of-transition rule: The endothermic transi-
tion of f to y was observed at (74.2+2.0)°C (so the actual

Chem. Asian J. 2007, 2, 530-538
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r m.pf mp’

Figure 11. Schematic diagram of the dependence of Gibbs free energy on
temperature. a) Monotropy of a and y polymorphs. b) Enantiotropy of 3
and y polymorphs.

thermodynamic transition point lies below that tempera-
ture), that is, the forms are related enantiotropically. More-
over, it may be inferred that the melting point of §§ should
be lower than that of y.

2) Enthalpy-of-fusion rule: Although no melting of the 3
form could be detected and so measurement of the corre-
sponding enthalpy of fusion was not possible, the approxi-
mate enthalpy of fusion was calculated as AHP~AHY+
AHP™.

3) Density rule: Generally, the densest crystal should be
the most stable at absolute zero temperature. If the poly-
morph with the higher melting point has a density less than
the polymorph with the lower melting point, then they are
enantiotropic.” From the X-ray data (Table 1), the density
of the 3 form is higher than that of the y form, thus indicat-
ing enantiotropy.

4) Solution-mediated transition: The conversion of the
yellow vy crystals into the orange 3 crystals in the presence
of solvent at ambient temperature indicates that the y form
is metastable at this temperature, whereas the f§ form is
stable.

Notably, we cannot reliably apply the rule based on IR
studies (rule 5), as it was reported by Biirger and Ramberg-
er®! that there is significant deviation and uncertainty in its
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application to carbamides;*" thus, we made the assumption
that this most likely also applies to thioamides.

In contrast, the a and y polymorphs are considered to be
monotropically related. The a polymorph is more stable and
less soluble than the y form regardless of temperature (Fig-
ure 11a). This conclusion is supported by the following argu-
ments:

1) Enthalpy-of-fusion rule: As the higher-melting-point
polymorph (o) has a higher enthalpy of fusion (Table 5)
than the lower-melting-point y polymorph, the relationship
between them is monotropic.

2) Density rule: The o polymorph with the higher melting
point also has a higher density than the y polymorph, so
they represent a case of monotropy.

Finally, we considered the possible transition between o
and f. At room temperature, yellow o (and vy) crystals
slowly converted into the orange f§ crystals in the presence
of solvent, thus indicating that the [ form is the most stable.
According to the energy diagram (Figure 11a), after the p—
y conversion point the most stable conformation is a. Theo-
retically, the relationship between o and § forms should be
enantiotropic, with the a form more stable at higher temper-
atures; it is clear from the DSC data that the o form is
indeed the most stable from 74 °C until it melts, which raises
the question of why no interconversion was observed be-
tween the a and B forms in the DSC experiments. The
answer may lie in the torsion of the brominated ring with re-
spect to the thioamide required to convert between these
forms. The transition from 3 to a requires a rotation in the
dihedral angle S1-C1—C2—C3 from about 3° (—3°) to about
135°(—135°). The molecule cannot do this without rotating
through 40° (—40°), which corresponds to the y form
(Figure 12). Therefore, direct solid-phase transition of the o
phase to the  phase, and vice versa, must be mediated by
the v phase.

Computational Study

Ab initio calculations were performed by using the Gaussi-
an 03 suite of programs.””) Geometry optimizations were
performed with the Moller—Plesset second-order perturba-
tion, MP2/631G(d,p), and density functional theory at the
B3LYP/63114 G(d,p) level. In each case, structures were
computed for single molecules, so that the data obtained re-
lates to the intrinsic conformational preferences in the ab-
sence of intermolecular interactions. Computed properties
are summarized in Table 6. A key geometric parameter that
distinguishes the conformers is the dihedral (torsion) angle
S1-C1—C2—C3, related to the angle between planes 1 and 2
in Table 3, which defines the planarity of the thioamide
group with respect to the Br-substituted phenyl group. Re-
laxed-potential-energy scans reveal two distinct potential-
energy minima (and two that are equivalent by symmetry)
with S1-C1-C2—C3 twisted some 40° from planarity
(Figure 12). These minima correspond very closely to the
values of SI—C1—C2—C3 found in crystal structures of con-
formers o and vy, with the a form preferred by around
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Figure 12. Relaxed potential energy versus a) tgcce (S1-C1—C2—C3) and
b) teene (Copno—C8—N1-C1; C,,,, is the C atom ortho to the thioamide
group and closest to the methyl group) at the MP2/6-31G(d,p) (e) and
B3LYP/6-311+G(d,p) (o) levels. The values of tgccc corresponding to
the a, B, and y isomers are marked.

2 kJmol™ at both levels of theory. The barrier to planarity
of S1—C1—C2—C3 is considerable, around 16 kJmol™! at the
MP2/6-31G(d,p) level or 10 kJmol ' at the B3LYP/6311+4G-
(d,p) level. This is a significant result given that the crystal
structure of the 3 conformer has a near-planar arrangement
with the S1-C1—C2—C3 angle at —3°. To compute properties
of the B conformer, it was necessary to constrain S1—Cl—
C2-C3 to —3°.

The dihedral angle that defines planarity of the thioamide
group with respect to the methoxy-substituted C8—C13 ring
is C1-N1—-C8—C9 or C1-N1-C8—C13. The relevant relaxed-
potential-energy scans are shown in Figure 12b. The values
of Tcene corresponding to potential minima at the MP2 level
are around 40-50° degrees from planarity, which is very
close to those of the crystal structures. The agreement with
the B3LYP values is not so favorable, but both levels of
theory indicate that the barriers to planarity are insignifi-
cant, in marked contrast to the situation with the Br-substi-
tuted ring.

The crystal structures of the a and y forms are very close
to the computed potential-energy minima of the isolated
(gas-phase) molecules, whereas the B (orange) structure has
around 15 kJmol™" (MP2 level) of “strain” associated with
the planar S1-C1—-C2—C3 arrangement. For the § form to
be thermodynamically competitive, it must have more-favor-
able intermolecular interactions owing to crystal-packing
considerations. In particular, it is evident that m—sm stacking
is optimal in the B form (the distance between rings is
around 3.42 A; compare the separation between layers of
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graphite of 3.35 A). Stronger intermolecular forces imply
that low-frequency vibrations (both lattice and molecular
modes) are more hindered, and therefore the vibrational en-
tropy is smaller for the  form. This explains the observed
enantiotropic behavior and the preference for the yellow a
and vy forms at higher temperatures.

Electronic spectral properties were computed by using
time-dependent density functional theory (TD-DFT) at the
B3LYP/6-31G(d,p) level. These are single-point calculations
performed at the ground-state geometries, as specified in
Table 6. The S;<S, and S,«S, origin transitions of the a
and y conformers are virtually identical. The key finding,
however, is that these transitions are shifted to lower energy
(higher wavelength) in the 8 structure relative to the o and
y conformers by around 37 and 28 nm, respectively. These
¥ transitions are associated with the Br-substituted
ring. The underlying reason for the spectral shifts is the in-
creased planarity of the thioamide group with respect to the
Br-substituted ring, and the enhanced & conjugation that re-
sults. In contrast, the planarity of the thioamide group with
respect to the methoxy-substituted ring has very little influ-
ence on the spectrum, as may be seen by comparison of the
TD-DFT results for MP2- and B3LYP-optimized a and vy
structures in Table 6.

UV/Vis Spectra

The diffuse reflectance spectra of the o and f§ polymorphs
of TBA ground with dried KBr are shown in Figure 13. The
long-wavelength transition is shifted to lower energy by
about 50 nm in the orange § form with respect to the yellow
a form. The band origins predicted from TD-DFT calcula-
tions are also shown in Figure 13. Their positions and the
red shift observed for the 3 polymorph are consistent with
the observed spectra. The color difference between the f§
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Figure 13. Diffuse reflectance spectra of the o and § polymorphs. The
square symbols represent the theoretically calculated transition wave-

lengths (TDDFT B3LYP/6-31G(d,p) carried out at MP2/6-31G(d,p)-opti-
mized geometry) for each polymorph.
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polymorph and the o and y forms may therefore be attribut-
ed to conformationally based spectral shifts.

Conclusions

We have discovered three polymorphic forms of N-(4'-
methoxyphenyl)-3-bromothiobenzamide and conclude from
both experimental and computational studies of the three
polymorphs (a, , and vy) that they represent conformational
polymorphism. The main difference between the conforma-
tions is in the dihedral angles S1-C1—C2—C3. In the f§ form,
the C=S bond is almost coplanar with the Br-substituted
phenyl ring. All three polymorphs display different crystal
packing arising from various hydrogen-bonding modes (N—
H--S, C—H--O) and other nonclassical weak covalent inter-
actions (;t—m stacking and C—H--xt). The  form, which dis-
plays the greatest degree of planarity, is the most dense and
efficiently packed form. The conformational and packing
differences revealed by the crystal data were confirmed by
FTIR (ATR) and FT Raman experiments, showing the dis-
tinct variations in the N—H stretching region and the vibra-
tions of the thioamide group. The thermodynamic rules es-
tablished for polymorphic crystals and the DSC data
showed that the o (m.p. (103.54+0.4)°C) and vy (m.p.
(100.0+0.2)°C) forms are monotropically related, with the
o form being more stable and less soluble. In contrast, the §
and y forms are enantiotropic. The y form is more stable
than the  form above the thermodynamic transition point
and vice versa. Due to geometrical constraints, the transition
between the f and o forms has to be mediated by the vy
phase. Ab initio calculations correlated well with the ob-
served experimental results. The S1-C1—C2—C3 dihedral
angle of the a conformer is in good agreement with the po-
tential-energy minimum calculated for the isolated, gas-
phase molecule, whereas the corresponding dihedral angle
for the y conformation represents another energy minimum
that is less favorable by about 2 kIJmol . The dihedral angle
found in the f form (3°) is very close to the potential-energy
maximum at 0°, that is, 10-15kJmol™" higher in energy.
However, the experimental evidence demonstrates that the
orange 3 form is the most stable crystalline phase at room
temperature. Therefore, TBA is one of the rare examples of
the systematic effects of crystal-packing forces favoring a
different form from the stable gas-phase conformation. The
observed color differences between the yellow o and y
forms and the orange [} form can be explained by the copla-
narity of the C=S group and the Br-substituted phenyl ring,
which results in enhanced conjugation of molecular orbitals
and a consequent red shift of the w*«m absorption bands.
According to the variations in structure and physical proper-
ties, the thermochromic color change upon melting can plau-
sibly be explained by an increase in 7 interactions,”* ex-
citonic coupling via head-to-tail orientation of transition-
dipole moments, or the stabilization of the more-polar f3
conformation in the melt.
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Experimental Section

Single-crystal X-ray diffraction studies of the o, (3, and y forms of TBA
were performed on a Bruker Apex II CCD diffractometer by using mon-
ochromated Moy, radiation (4=0.71073 A). Data collection was under-
taken at 123 K. The structures were solved by using direct methods with
SHELXS-97%"! and refined by use of the X-seed interface for SHELX-
97.5% All non-hydrogen atoms were located and refined anisotropically.
The H atoms on N were located and refined isotropically. All other hy-
drogen atoms were included at geometrically estimated positions and in-
cluded in the final least-squares refinement. CCDC-630391-630393 con-
tain the supplementary crystallographic data (excluding structure factors)
for this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK (fax: (+44)1223-336-033; email: deposit@ccdc.cam.ac.uk) or at
www.ccde.cam.ac.uk/data_request.cif.

UV/Vis spectra of solutions in methanol were recorded on a Varian
model Cary 100 Bio UV/Vis spectrophotometer. ATR-IR spectra were
recorded in the range 3500-600 cm™' on a Bruker IFS 55 FTIR spectrom-
eter by using a Specac single reflection ATR system fitted with a single-
bounce diamond top plate. On the latter instrument samples were record-
ed as solids pressed against a diamond crystal. Raman spectra were ob-
tained on a Renishaw RM2000 spectrometer equipped with a 35-mW
HeNe laser-excitation source and a Linkam FTIR hot/cold stage. DSC
measurements were conducted with an STA 1500 instrument (Rheomet-
ric Scientific) under nitrogen atmosphere (50 mLmin~") between 25 and
120°C with a temperature-ramp rate of 2.5°min"'. The instrument was
calibrated by using four melting points (indium, tin, lead, zinc), and alu-
minium pans were used in all experiments. NMR spectra were recorded
with a 300 MHz Bruker DPX-300 spectrometer, as solutions in the deu-
terated solvents specified. Chemical shifts (0) were calibrated against the
residual solvent peak. Mass spectra were recorded on a Briiker BioApex
FT-ICRMS (Fourier Transfer Ion Resonance Mass Spectrometer) with an
Analytica ESI source. Elemental analysis was performed by The Camp-
bell Microanalytical Laboratory (Dunedin, New Zealand).

Synthesis: The bulk synthesis of TBA as an amorphous powder was car-
ried out according to the described literature procedure.”! Yield 73 %;
'HNMR (300 MHz, [D]dimethyl sulfoxide ([D¢]JDMSO), 30°C): 6=
11.73 (brs, 1H, H1), 7.96 (s, 1H, H3), 7.81 (d, J=7.8 Hz, 1H, HS5), 7.74-
7.70 (m, 3H, H7, H10, H12), 7.42 (t, J=7.9 Hz, 1H, H6), 6.99 (d, /=
89Hz, 2H, HY9, H13), 3.79ppm (s, 3H, HI14A-H14C); “CNMR
(75 MHz, [D¢]DMSO): 6=55.3 (C14), 113.6 (C10, C12), 121.1 (C4), 125.5
(C9, C13), 126.5(C(7)), 129.8 (C8), 130.1 (C6), 132.8 (C3), 133.0 (C5),
144.4 (C2), 157.3 (C11), 194.5 ppm (C1); MS (ESI, +ve, MeOH): m/z
(%)=344.0 [C,H;,BrNOS+Na]* (100), 322.0 [C,H,,BrNOS+H]*
(50.66), 378.0 [C,H,,BrNOS +Na+MeOH]* (26.97); elemental analysis:
caled (%) for C,,H;,BrNOS: C 52.2, H 3.8, N 4.4; found: C 52.2, H 3.8,
N 43.
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