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Conformational preferences in 2-nitrophenylthio-
lates: interplay between intra- and intermolecular
forces; structures of (F)-1-(4-methyl-2-nitroben-
zenethiolato)-2-phenylethene, S-(2-nitrophenyl)-
benzenecarbothiolate and 1-(2-nitrophenylthio)-

2,5-pyrrolidinedione

In (E)-1-(4-methyl-2-nitrobenzenethiolato)-2-phenylethene,
CsH3NO,S (1) (orthorhombic Pbca), the nitro group is
almost coplanar with the adjacent aryl ring, but the dihedral
angles between the nitro-aryl and styryl fragments is ~121°.
The molecules are linked by paired C—H---O hydrogen
bonds in a chain of rings. In S-(2-nitrophenyl)benzene-
carbothiolate, C;3HoNO3S (2) (monoclinic P2,/a), the nitro
group is rotated by 33.0 (2)° out of the plane of the adjacent
aryl ring and the thiobenzoate group is strongly twisted away
from the plane of the disubstituted aryl ring. The molecules of
(2) are linked into chains by C—H- - -O hydrogen bonds, and
each chain is linked to two neighbouring chains by means of
aromatic - - -7 stacking interactions. In 1-(2-nitrophenylthio)-
2,5-pyrrolidinedione, C;oHgN,O,4S (3) (monoclinic P2,/a), the
nitro group is again almost coplanar with the adjacent aryl
ring, but the pyrrolidinedione unit is almost orthogonal to the
O,NC¢H,SN plane. There are three types of C—H:--O
hydrogen bond in the structure, and these link the molecules
into a two-dimensional net. The conformations of these
molecules have been investigated by SCF calculations and two
energy minima have been identified for each: the molecules of
(1) and (3) adopt conformations in their crystals which are
close to those at the overall energy minima calculated for
isolated molecules, while molecules of (2) adopt a conforma-
tion in the crystal close to that calculated for the local energy
minimum. Comparisons are made with the structures of some
related compounds and it is concluded that, while the nature
of the two conformational minima is determined by intramo-
lecular forces, the choice between them is determined
primarily by intermolecular forces.

1. Introduction

In nitrobenzene the molecules are highly polar, with signifi-
cant negative charge on the O atoms, and in the minimum-
energy conformation the atoms are coplanar (Hgg et al., 1971;
Domenicano et al., 1990; Boese et al., 1992). Hence, when an
electropositive atom X is placed ortho to the nitro group, it is
to be expected that there will be an attractive electrostatic
interaction between X and the neighbouring O atom. For
example, when X is S, it is commonly observed that the
shortest intramolecular S- - -O distance is significantly shorter
than the sum of the van der Waals radii (Aupers et al, 1999;
Kucsman et al., 1984; Kucsman & Kapovits, 1985).

On the other hand, it has been convincingly demonstrated
(Domenicano et al, 1990) that the mesomeric interaction
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Table 1
Experimental details.

) @) ©)
Crystal data
Chemical formula C;sH;3NO,S C;;HgNO,;S C, H3yN,O,S
Chemical formula weight 271.32 259.27 252.24
Cell setting Orthorhombic Monoclinic Monoclinic
Space group Pbca P2, /a P2, /a
a(A) 21.595 (3) 7.51 (5) 7.918 (5)
b (A) 14.518 (2) 21.16 (5) 13.132 (5)
¢ (A) 7.9530 (7) 7.66 (5) 10.983 (5)
B() 90 92.043 (10) 110.7 (3)
V (A%) 2493.4 (5) 1216 (12) 1068.5 (9)
Z 8 4 4
D, (Mg m™?) 1.446 1.417 1.568
Radiation type Mo Kua Mo Ka Mo Kua
Wavelength (A) 0.71073 0.71073 0.71073
No. of reflections for cell parameters 25 25 25
0 range (°) 9.40-16.53 9.64-16.89 8.06-18.61
u (mm~) 0.256 0.265 0.307
Temperature (K) 293 (1) 294 (1) 294 (1)
Crystal form Plate Block Needle
Crystal size (mm) 0.42 x 0.29 x 0.08 0.42 x 0.24 x 0.24 0.42 x 0.15 x 0.11
Crystal colour Colourless Yellow Yellow

Data collection

Diffractometer

Data collection method

Absorption correction
T

min

Tmax
No. of measured reflections
No. of independent reflections
No. of observed reflections
Criterion for observed reflections

int
Omax (°)
Range of h, k, [

No. of standard reflections
Frequency of standard reflections
Intensity decay (%)

Refinement

Refinement on

R[F*>20(F?)]

WR(F?)

S

No. of reflections used in refinement
No. of parameters used

H-atom treatment

Weighting scheme

(D))o,

Appay (e A7)

Apin (€ A7)

Extinction method

Source of atomic scattering factors

Computer programs
Data collection
Cell refinement
Data reduction

Structure solution
Structure refinement

Preparation of material for
publication

Enraf-Nonius CAD-4
0/20 scans
Gaussian
0.9351

0.9820

2877

2877

1237

1>20(1)
0.000

27.43

28 > h—> 0
0—> k— 18
0—>[—10

3

Every 120 min
0.1

FZ

0.0655

0.1441

0.910

2871

173

H-atom parameters constrained

w = 1/[c*(F,?) + (0.0596P)?],
where P = (F,% + 2F.?)/3

0.000

0.274

—0.270

None

International Tables for Crystallo-
graphy (1991, Vol. C)

CAD-4 (Enraf-Nonius,
1992)

SET4, CELDIM (Enraf-Nonius,
1992)

DATRD2 in NRCVAX96
(Gabe et al., 1989)

SHELXS97 (Sheldrick, 199)

NRCVAX96 and SHELXL97
(Sheldrick, 1997)

NRCVAX96, SHELXLYT,
WordPerfect macro PREP8
(Ferguson, 1998)

Enraf-Nonius CAD-4
0/20 scans
Gaussian
0.8876

0.9571

2418

2251

1348

1> 20(])
0.009

25.60

-9 —>h—>9
0— k— 25
0—>1—9

3

Every 180 min
0

FZ

0.0441

0.1522

0.917

2251

163

H-atom parameters constrained

w = 1/[c*(F,?) + (0.1000P)?],
where P = (F,> + 2F,?)/3

0.000

0.301

—0.280

None

International Tables for Crystallo-
graphy (1991, Vol. C)

CAD-4-PC Software
(Enraf-Nonius, 1992)

SETA4, CELDIM in CAD-4-PC
Software (Enraf-Nonius, 1992)

DATRD?2 in NRCVAX96
(Gabe et al., 1989)

SHELXS97 (Sheldrick, 1997)

NRCVAX96 and SHELXL97
(Sheldrick, 1997)

NRCVAX96, SHELXLYT,
WordPerfect macro PREPS
(Ferguson, 1998)

Enraf-Nonius CAD-4
6/26 scans
Gaussian
0.9510

0.9702

2733

2452

1649

1> 20(])
0.008

27.42
—10—>h—>9
00— k— 17
0—>1— 14

3

Every 180 min
0

FZ

0.0352

0.1215

0.858

2452

154

H-atom parameters constrained

w = 1/[0?(F,?) + (0.0972P)],
where P = (F, + 2F,?)/3

0.001

0.256

—0.244

None

International Tables for Crystallo-
graphy (1991, Vol. C)

CAD-4-PC Software
(Enraf-Nonius, 1992)

SETA, CELDIM in CAD-4-PC
Software (Enraf-Nonius, 1992)

DATRD?2 in NRCVAX96
(Gabe et al., 1989)

SHELXS97 (Sheldrick, 1997)

NRCVAX96 and SHELXL97
(Sheldrick, 1997)

NRCVAX96, SHELXL97,
WordPerfect macro PREPS
(Ferguson, 1998)
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between the nitro group and the aryl ring is rather small in
nitrobenzene, so that the C—N bond is to all intents and
purposes a single bond with a correspondingly small barrier to
rotation (Hgg et al., 1971; Carreira & Townes, 1977; Dome-
nicano et al., 1990). Hence, in the solid state quite modest
intermolecular interactions could, if sufficiently specific,
perturb the nitro-aryl moiety from its planar conformation.

Here we report the molecular and crystal structures of three
nitro-aryl derivatives of general type 2-O,NCsH,SR, (E)-1-(4-
methyl-2-nitrobenzenethiolato)-2-phenylethene, C;sH;3NO,S
(1), S-(2-nitrophenyl)benzenecarbothiolate, C;zHoNO;S (2),
and 1-(2-nitrophenylthio)-2,5-pyrrolidinedione, C;oHgN,O,S
(3), which illustrate the subtle interactions between inter- and
intramolecular interactions in these systems.

CH,
NG, ; “NO, o NO,
S S
N e
o]
1 2) 3

Figure 1
The asymmetric unit of (1), showing the atom-labelling scheme.
Displacement ellipsoids are drawn at the 30% probability level.

Figure 2
The asymmetric unit of (2), showing the atom-labelling scheme. Atoms
are depicted as in Fig. 1.

2. Experimental
2.1. Synthesis

Compound (1) was prepared as previously described
(Wardell, 1975). Compounds (2) and (3) were prepared by the
reaction of 2-O,NC¢H,SH with either benzoyl chloride, for
(2), or N-bromosuccinimide, for (3), in CCly solution in the
presence of Et;N as base. Analyses: (2) found C 60.4, H 3.4, N
5.4%; C;3HoNO;S requires C 60.2, H 3.5, N 5.4%; (3) found C
475, H 3.4, N 11.3; C;(HsN,O,S requires C 47.6, H 3.2, N
11.1%. Melting points: (1) 131-133°C [lit. (Wardell, 1975) 130-
132°C]J; (2) 45-47°C [lit. (Morgenstein et al., 1969) 47-49°C];
(3) 223-225°C [lit. (Furukawa et al., 1972) 210°C]. For each
compound, crystals suitable for single-crystal X-ray diffraction
were grown by slow evaporation of solutions in EtOH.

Figure 3
The asymmetric unit of (3), showing the atom-labelling scheme. Atoms
are depicted as in Fig. 1.

)

a

7

Figure 4

Part of the crystal structure of (1), showing the C(6) [R,%(7)] chain of
rings running parallel to [010]. For the sake of clarity, H atoms in the
methyl and PhCH=CH groups are omitted. Acceptor atoms marked
with an asterisk and donor atoms are in molecules related by the 2, screw
axis along (, y, 1.
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2.2. Data collection, structure solution and refinement

Details of cell data, data collection and refinement are
summarized in Table 1 (Enraf-Nonius, 1992; Gabe et al., 1989;
Ferguson, 1998; Sheldrick, 1997; Spek, 1998). The space
groups Pbca for (1) and P2;/a for both (2) and (3) were

~.

C

Figure 5

Part of the crystal structure of (2), showing C(7) parallel to [100]. For the
sake of clarity, H atoms in the PhC(O)S group are omitted. The acceptor
atom O7 marked with an asterisk is in the molecule at (} + x, 1 — y, 2).

E

c12 C10
CI13 k)
S1
Figure 6

Part of the crystal structure of (2), showing the 7- - -7 stacking interaction
between two molecules related by a centre of inversion. For the sake of
clarity, all H atoms are omitted.

uniquely determined from the systematic absences. The
structures were all solved by direct methods using NRCVAX
(Gabe et al, 1989), and refined with all data on F° using
SHELXL97 (Sheldrick, 1997). A weighting scheme based
upon P = (F,> + 2F.*)/3 was employed in order to reduce
statistical bias (Wilson, 1976). All H atoms were located from
difference maps, and all were included in the refinements as
riding atoms. The methyl H atoms in (1) were disordered and
were modelled using two sets of sites, offset by a 60° rotation
about the exocyclic C—C bond and each with 0.50 occupancy.
The diagrams were prepared with the aid of PLATON (Spek,
1998). Figs. 1-3 show the molecular structures of (1)-(3) and
Figs. 4-10 show aspects of the crystal structures. Figs. 11 and 13
were drawn using coordinates retrieved from the Cambridge
Structural Database (Allen & Kennard, 1993); Figs. 12 and 14
were drawn using coordinates given by Aupers et al. (1999).
Selected molecular dimensions are presented in Tables 2 and
3, calculated net charges in Table 4, and details of the
hydrogen bonding in Tables 5 and 6.

2.3. Molecular modelling

Computations of molecular geometry and energy were
made using the AM1 method (Dewar et al., 1985), as imple-
mented in MOPAC version 6 (Stewart, 1990). Each stationary
point was characterized by calculation of the force-constant

Figure 7

Part of the crystal structure of (3), showing the two C(7) motifs forming a
ladder of R,*(26) rings parallel to [100]. For the sake of clarity, H atoms in
the pyrrolidinedione group are omitted. Atoms marked with an asterisk
or hash symbol are in molecules at (1 + x, y, z) and (} + x, § — y, 2),
respectively.
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Figure 8

Part of the crystal structure of (3), showing the centrosymmetric R,>(16)
and R,*(26) rings. For the sake of clarity, H atoms in the pyrrolidinedione
group are omitted. Atoms marked with an asterisk or hash symbol are in
molecules at (1 + x,y,z)and (1 —x,1 —y, 1 — z), respectively.

matrix. Selected conformational data are given in Table 3 and
calculated net charges in Table 4.!

3. Results and discussion
3.1. Molecular structures of (1)—(3)

3.1.1. Molecular conformations. In crystals of (1)—(3) the
molecules all lie in general positions and hence have no
symmetry imposed upon them. All adopt conformations of C,
symmetry, and hence all the molecules are chiral. Since,
however, each compound crystallizes in a centric space group,
equal numbers of each enantiomer are present in the solid
state.

In the molecules of (1) (Fig. 1 and Table 3) the nitro group is
virtually coplanar with its neighbouring aryl ring, and the
styryl fragment comprising the aryl ring C9-C14 and the
adjacent C7—C8 double bond is also almost planar. However,
the dihedral angle C1—S1—C7—C8 of —121.0 (4)° means
that the nitro-aryl and styryl fragments are by no means
coplanar: moreover, this twist around the S1—C7 bond, which
is the origin of the molecular chirality, means that the two
faces of the nitro-aryl ring are no longer equivalent.

! Supplementary data for this paper are available from the IUCr electronic
archives (Reference NA0092). Services for accessing these data are described
at the back of the journal.

By contrast with (1), in the molecules of compound (2) (Fig.
2 and Table 3) the nitro group is rotated away from the plane
of the adjacent aryl ring by 33.0 (2)°. The thiobenzoate frag-
ment PhC(O)S—C is, however, virtually planar, having the
nitro-aryl substituent in the cisoid conformation usual for
esters of type RCOOR'. This thio-ester fragment is not
coplanar with the disubstituted aryl ring, as indicated by the
torsional angle C2—C1—S1—C7 of —66.9 (3)°. Thus, while
the major twist in (1) is around the S1—C7 bond, in (2) it
occurs around the S1—C1 bond, when it is accompanied by a
disrotatory twist about the C2—N2 bond (Fig. 2).

The conformation of (3) (Fig. 3 and Table 3) shows some
similarity with that of (1). Again the nitro group is almost
coplanar with the adjacent aryl ring, and again the non-
planarity arises from rotation about the S1—N7 bond,
analogous to the S1—C7 bond in (1) (Figs. 1 and 3). In
compounds containing an open-chain C,NSC fragment, in
which the N and S atoms are three- and two-coordinate,
respectively, the C—N—S—C torsional angles show that the
lone pairs on N and S are mutually orthogonal, or nearly so,
regardless of whether the N coordination is planar [as in (3)]
or pyramidal (Sato et al., 1975; Moss & Jacobson, 1981; Iwasaki
& Masuko, 1986; Ruostesuo et al., 1989; Rodriguez et al., 1992;

Figure 9

Part of the crystal structure of (3), showing the C,%(15) chain parallel to
[010]. For the sake of clarity, H atoms in the pyrrolidinedione group are
omitted. Atoms marked with an asterisk or hash symbol are in molecules
at(1—x,1—y,1—z)and ¢ — x,1+y, 2), respectively.

62 John N. Low et al. + 2-Nitrophenylthiolates
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Table 2 .
Selected bond lengths and angles (A, °).

(1) @) 3)
Cl—C2 1353 (4) 1392 (5) 1.401 (3)
2-C3 1.374 (5) 1.374 (5) 1383 (5)
C3—C4 1.310 (4) 1.370 (9) 1.379 (4)
C4—C5 1331 (5) 1.381 (6) 1372 (3)
C5—C6 1.369 (5) 1.380 (5) 1.376 (5)
C6—Cl1 1315 (4) 1.387 (9) 1.394 (3)
C1-s1 1761 (4) 1.767 (5) 1.766 (6)
C2—N2 1.383 (4) 1.476 (9) 1452 (3)
N2—01 1217 (4) 1213 (4) 1222 (5)
N2—02 1189 (4) 1.229 (4) 1214 (3)
S1— X7+ 1.667 (4) 1788 (12) 1701 (2)
Cl1—-C2-C3 125.3 (3) 122.1 (4) 123.0 (3)
C2—C1—C6 111.6 (3) 116.6 (3) 116.0 (3)
01-N2—02 126.3 (3) 122.9 (4) 1232 (3)
C1—S1— X7+ 104.0 (2) 100.8 (1) 99.7 (2)

+ X7 =CT7in (1) and (2), and N7 in (3).

Sudha et al., 1996; Jones et al., 1996; Aupers et al., 1999). The
heterocyclic ring in (3) is slightly non-planar, doubtless as a
consequence of the perfectly eclipsed C—H bonds which
would occur in a strictly planar pyrrolidinedione ring.

3.1.2. Molecular dimensions. In all three compounds the
internal angles of the nitro-aryl ring show significant devia-
tions from 120° (Table 2). For (2) and (3) the observed values
of the C—C—C angles are reasonably consistent with those
predicted from the additive use of substituent constants
(Domenicano & Murray-Rust, 1979), but in (1) the deviations
are far bigger than can reasonably be accommodated using
such a model. For example, the internal C—C—C angles ipso
to S and to NO, in (1) are 111.6 (3) and 125.3 (3)°, respec-
tively, while the angle C3—C4—CS5 (para to S and meta to
NO,) is 113.6 (3)°. These extreme values are associated with
significant bond fixation within this ring, where the C3—C4
and Cl1—C6 distances are very much shorter than the
remainder (Table 2), and with a C2—N2 distance of only
1.383 (4) A: the mean value of the C(aryl)—NO, bond length
is 1.468 A, with upper and lower quartile values of 1.476 and
1.460 A, respectively (Allen et al., 1987). By contrast, in (2)
and (3) the C—C distances in the nitro aryl rings are
reasonably uniform and the exocyclic C—N distances,
1.476 (9) and 1.452 (3) A, respectively, are normal. In addi-
tion, the angle O—N—O is significantly larger in (1) than in
either (2) or (3). These data indicate that in (1) the canonical
form (la) (Boese et al., 1992) is more significant than the
corresponding forms in (2) and (3).

CH3

\;/07 (la) R= w
|

SR &

The other covalent bond lengths are all typical of their types
(Allen et al., 1987). In particular, the S—N bond length in (3),
1.701 (2) A, is close to the mean value, 1.710 A, for systems
X—S—NJX, containing planar N, but is far shorter than the
corresponding value, 1.765 A, with pyramidal N: the sum of
the bond angles at N7 in (3) is 359.4 (3)°.

Figure 10
Part of the crystal structure of (3), showing the 7- - -7 stacking interaction
within the R,?(16) motif. Atoms are depicted as in Fig. 6.

Figure 11

Part of the crystal structure of (phthalimido)SC¢H,NO,, showing the
linking of the C(6) [R,%(10)] chain of rings into a (100) net built from
R,%(36) rings. Atoms marked with an asterisk or hash symbol are in
molecules at (x, y, 1 + z) and (2 — x, =3 + y, 2 — z), respectively.

Figure 12

Part of the crystal structure of O,NC4H,SSnPh; showing the C(9) chain
parallel to [010]. The atom O11 marked with an asterisk is in the molecule
at(1—x,i+y1-2).
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Table 3

Molecular conformations: comparison of observed and calculated dihedral angles (°).

Compound (1)

Compound (2)

Compound (3)

Calculated Calculated Calculated Calculated Calculated Calculated
Observed (global) (local) Observed (global) (local) Observed (global) (local)
Cl—-C2—N2-01 0.8 (5) 172.3 99.0 —32.2 (4) -3.0 —25.6 —4.6 (2) —0.1 52.6
Cl—-C2—N2—02 —~178.5 (3) -75 —787 148.6 (3) 177.0 151.8 1752 (2) 179.9 —1242
C2—Cl1—S1—X7t —1759 (3)  —1682 47.9 —669 (3)  —175.0 —48.0 —1774 (1)  —179.7 —27
Cl1—-S1—X71—C8 —121.0 (4) —147.9 —168.5 —174.6 (2) —179.8 —179.9 100.7 (2) 94.2 —94.1
S1—-X7t—C8—C9 —172.9 (3) —172.0 —178.3 159.2 (3) 155.1 147.8 171.7 (1) 169.6 —178.2
X7t—C8—C9—C10 3.7 (6) —20.1 27.2 -1794 (3)  -179.1 -179.8 6.5 (2) 1.6 3.0
¥ X7 =CT7in (1) and (2), and N7 in (3).
Table 4 Common features in the calculated charge distributions for
Calculated atomic charges. (1)-(3) are the very polar N—O bonds (Table 4), and the
) ) 3) strongly positive S atoms: in (1) and (3), atoms C7 and N7,
respectively, carry large negative charges, but C7 in the thio-
a(N2) +0.57 +0.57 +0.56 ester (2) carries a positive charge. Any close contacts between
q(O1) —0.36 —0.35 —0.36 S1 and the O f the ni heref d
q(02) 035 0236 034 and the O atoms 0' the nitro group z'ire theretore expecte
q(S1) +0.52 +0.39 +0.62 to be strongly attractive on electrostatic grounds, as are any
‘I%’%T —0.43 *g;g —0.34 close contacts in (2) between N2 and O7 or between C7 and
q - —0. -

+t X7 =CT7in (1) and (2), and N7 in (3).

Of the non-covalently bonded dimensions within the
molecules, the most important are the S---O distances: these
are generally found to be significantly less than the sum of the
van der Waals radii, 3.3 A (Bondi, 1964). Thus, in (1) and (3),
where the nitro groups are almost coplanar with the adjacent
aryl ring, the shortest intramolecular S---O distances are
2.490 (2) and 2.505 (2) A, respectively, associated with C—
S---O and N—S---O angles of 173.9 (2) and 175.8 (3)°,
respectively. It may be noted here that the S- - -O distances in
(3) which involve the O atoms of the pyrrolidinedione frag-
ment are significantly longer, 3.031 (3) and 3.044 (3) A, but
still less than the van der Waals sum. By contrast, in (2), where
the nitro group has rotated out of the plane of the adjacent
aryl ring, the shortest intramolecular S- - -O distance involving
the nitro group is 2.96 (2) A, much longer than the corre-
sponding distances in (1) and (3), although still much less than
the van der Waals sum of 3.3 A. Rotation of the nitro group
about the C—N bond necessarily increases the shortest S- - -O
distance.

3.2. Modelling the molecular structures of (1)—(3)

For each of (1)-(3), free optimization of the structures for
isolated molecules, using the AMI1 semi-empirical SCF
method, led to a global minimum in which the nitro group was
essentially coplanar with the adjacent aryl ring and where the
torsional angle C2—C1—S1—X [X = C7 in (1) and (2); N7 in
(3)] is close to 180° (Table 3). At these global minima the
remainder of each molecule is not coplanar with the near-
planar O,NC¢H,SX fragment; Table 3 lists the key dihedral
angles for both the experimental solid-state structures and the
computed gas-phase structures. For (1) and (3) it is clear that
the conformation observed in the crystal structures is close to
the minimum energy conformation of the isolated molecules.

O1. The purely electrostatic nature of these interactions is
demonstrated by the negligibly small bond orders calculated
for these atom pairs.

The near-orthogonality in (3) between the C1—S1—N7 and
C8—N7—C11 planes, which persisted throughout all compu-
tations, must be ascribed to the mutually repulsive effect of the
lone pairs on S and N normal to these two planes, which
themselves seek to become orthogonal in order to minimize
their mutual overlap and resonance integrals.

For each molecule a second local minimum was identified
by systematic variation of the dihedral angles C2—C1—S1—X
and C1—S1—X—C8 [X = C7 in (1) and (2); N7 in (3)],
followed by full optimization once this minimum had been
approximately located. In (1)—(3) these minima were 7.3, 8.2
and 6.9 kJ mol !, respectively, above the global minima with
energy barriers above the global minima of 12.8, 13.4 and
15.9 kJ mol ', respectively. All of the rotations about the S1—
C1 bonds are associated in the local minima with a disrotatory
motion of the nitro group, about the C2—N2 bond and out of
the C1—C6 plane. The barriers to rotation are all calculated to
be small, less than 20 kJ mol™", and in (1) and (2) they are
actually calculated to be smaller than the barrier calculated for
nitrobenzene itself. While an enforced rotation about the C1—
S1 bond always leads to a correlated rotation about the C2—
N2 bond, the reverse is not so: driving the nitro group
conformation from coplanar with the aryl ring to perpendi-
cular effects only a modest perturbation of the conformation
of the rest of the molecule, and no genuine energy minimum is
located on this pathway. To this extent the orientation around
the C1—S1 bond of the alkene, thio-ester or pyrrolidinedione
units in (1)—(3) determines, or at least limits, the conforma-
tional possibilities for the nitro group. For (2), the observed
conformation in the crystal is close to that computed for the
local minimum (Table 3).

It may be noted here that the barriers calculated for a 90°
rotation of the nitro group about the C—N bond are actually
smaller for (1) and (2), and for 2-O,NC¢H,SCH; than the
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Table 5 .
Hydrogen-bond dimensions (A, °).

3.3.1. Compound (1). In (1) the molecules are linked
by C—H-:-O hydrogen bonds into a chain of rings

Compound (1)

cs...01 3362 (4)  Hs5---01 252 C5—H5---01
C6---02' 3.155(4)  H6---02 234  C6—H6.--02
Compound (2)

C3...07" 3.11 (2) H3...07" 251 C3—H3-.-07"
Compound (3)

a: C3---011' 3355(3)  H3---011f 254  C3—H3...011%
b: C5---01" 3203 (4)  HS---O1Y 250  C5—HS---01Y
¢ C6---08! 3261 (3)  H6---0O8" 252  C6—H6.--O8"

(Bernstein et al., 1995) running parallel to [010] (Fig. 4).
151 The aromatic C5 and C6 atoms in the molecule at (x, y,
146 z) act as donors to the O1 and O2 atoms, respectively, at
123 (—x,3+y,3—z), while C5and C6 at (—x,3+y,5 —z) in
" turn are donors to Ol and O2 at (x, 1 + y, z). The
13 interactions between C—H bonds polarized C°~ —H*"
137 and N—O bonds strongly polarized N** —O°~ give rise

() —x3+yi—zn()i+xi—y @)l —x1—-y1—-z(@(v)1+xyz

barrier calculated for nitrobenzene itself, while that for (3) is
only marginally larger than the nitrobenzene barrier. This
suggests that the short S---O distances found at the global
energy minima for molecules of this type do not themselves
confer or imply any significant thermodynamic stabilization.
For such polar molecules as these [calculated dipole
moments are (1) 2.95 D; (2) 5.39 D; (3) 4.78 D; cf. nitro-
benzene calculated dipole moment 5.25 D, experimental 4.21
D], capable of forming fairly strong hydrogen bonds where the
donor sites, but particularly the acceptor sites, carry large
residual charges, it is improbable that the observed molecular
conformations result exclusively from the influence of intra-
molecular forces. Instead, the observed conformations result
from the subtle interplay of intra- and intermolecular forces.

3.3. Supramolecular structures of (1)—(3)

The nitro group is a well established acceptor of hydrogen
bonds which occurs in a variety of supramolecular synthons
(Desiraju, 1995). Its role as an acceptor in C—H---O
hydrogen bonds is well exemplified in the structure of nitro-
benzene itself (Boese et al., 1992), where the molecules are
linked into cyclic centrosymmetric dimers by paired C—
H. - -O hydrogen bonds forming an R,%(10) motif (Bernstein et
al., 1995). Similarly, C—H- - -O hydrogen bonds are observed
in the structures of both the 1,2- and 1,3-isomers of
dinitrobenzene (Herbstein & Kapon, 1990; Trotter & Will-
iston, 1966), although not in the 1,4-isomer (Tonogaki et al.,
1993); in the structure of 1,3,5-trinitrobenzene (Choi & Abel,
1972); and in both the 2,2~ and 4,4’- isomers of dinitrobiphenyl
(Sekine et al., 1994; Boonstra, 1963). Hence, is it reasonable to
expect the occurrence in (1)-(3) of C—H---O hydrogen
bonds? In the event, (1) and (3) exhibit C—H- - -O hydrogen
bonds utilizing the nitro-group O atoms as acceptors, while in
(2) it is the O atom of the thio-ester group which acts as the
acceptor.

Table 6

First- and second-level graph-set descriptors for (3).

Hydrogen bonds labelled 4, b, ¢ are defined in Table 5.

a b c
a R,%(16) R,*(26) C,2(15)
- () R,*(26)
c - - c(7)

to C—H- - -O hydrogen bonds (Table 5) which are short,

and presumably therefore strong, for their type

(Desiraju, 1991), and propagation by means of the 2,

screw axis along (0, y, §) gives a C(6) [R,*(7)] chain of
rings: four such chains run through each unit cell. The chain-
of-rings motif is constructed entirely from the nitrophenyl
groups, with the PhCH=—CH — units pendent from this chain
in a stem-and-leaves motif (Ferguson et al., 1998).

3.3.2. Compound (2). As in (1) the molecules of (2) are
linked into chains by C—H---O hydrogen bonds (Fig. 5).
However, it is the O7 atom of the thio-ester functionality
which acts as the hydrogen-bond acceptor and, in (2), the nitro
group plays no part in the hydrogen-bonding arrangement.
Aromatic C3 in the molecule at (x, y, z) is a donor to O7 at (3 +
x,1—y,z) while C3 at (3 + x,3 — y, z) similarly acts as a donor
to O7 at (1 + x, y, z), so forming a markedly zigzag C(7) chain
running parallel to [100] and generated by the glide plane at
y =1 Two independent chains of this type run through each
unit cell, and each chain is linked to two neighbouring chains
by means of 7 --m stacking interactions to form a two-
dimensional sheet.

The aryl ring C8-C13 in the thiobenzoate portion of the
molecule at (x, y, z) forms a - - -7 stacking interaction with
the corresponding ring of the molecule at (1 —x,1 —y,1 — z).
The rings are necessarily parallel and the interplanar spacing is
3.65 (1) A; the distance between the ring centroids is
3.85 (1) A, so that the centroids are offset by 1.22 (1) A. These
dimensions are almost ideal for strong = - -7 stacking inter-
actions (Hunter, 1994). The molecule at (3 + x, 3 — y, z), which
is hydrogen-bonded to that at (x, y, z), similarly forms a 7- - -7
stacking interaction with the molecule at 3 — x, =3 +y, 1 — 2),
which forms part of the hydrogen-bonded chain generated by
the glide plane at y = —0.25, and the molecule at (1 — x,1 — y,
1 — z), which is 7- - -r stacked with that at (x, y, z) forms part
of the hydrogen-bonded chain generated by the glide plane at
y = 0.75. In this manner a chain running parallel to [010] is
generated, with links between adjacent molecules in this chain
alternating between hydrogen bonds and m---m stacking
interactions (Fig. 6).

3.3.3. Compound (3). There are three types of C—H---O
hydrogen bond in (3) whose combined effect is to link the
molecules into a two-dimensional network. The donors are
three of the aromatic C atoms in the nitro-aryl group, and the
acceptors are the two O atoms of the pyrrolidinedione frag-
ment together with one of the O atoms of the nitro group.

Atom CS5 at (x, y, z) acts as a donor to nitro-group O1 at (1 +
X,V, 2), so generating a C(7) chain running parallel to the [100]
direction (Fig. 7), with four such chains running through each

Acta Cryst. (2000). B56, 58—67

John N. Low et al. « 2-Nitrophenylthiolates 65



research papers

unit cell. Atom C6 at (x, y, z) acts as hydrogen-bond donor to
the pyrrolidinedione O8 atom at (} + x, 3 — y, z), with C6 at (3 +
X,% —y, z) in turn acting as donor to O8 at (1 + x, y, z). Thus,
two of the C(7) chains generated by translation are cross-
linked by a spiral C(7) motif generated by the glide plane (Fig.
7). These two types of hydrogen bond thus generate a ladder
built from a single type of R,*(26) ring (Fig. 7). The third type
of C—H---O hydrogen bond links these ladders into a
continuous two-dimensional net. Atom C3 at (x, y, z) acts as a
donor to the other pyrrolidinedione O atom, O11, at (1 — x,

Y e o N

o\,

Figure 13

Part of the crystal structure of (2-O,NC¢H,),S, showing part of the (001)
net built from R,*(32) rings. Atoms marked with an asterisk or hash
symbol are in molecules at (1 + x, y, z) and (—1 + x, —1 + y, 2),
respectively.

Figure 14

Part of the crystal structure of (O,N),C¢H3SCsH,NO,, showing the (001)
net built from R,*(32) rings formed by the type 2 molecules. Atoms
marked with an asterisk or hash symbol are in molecules at (x, 1 + y, z)
and ( + x,3 — y, 1 — 2), respectively.

1—y,1—z)andC3at(1 —x,1 —y,1 — z)acts as a donor to
O11 at (x, y, z), so generating an R,*(16) motif centred at (3, 3,
1) (Fig. 8). Between successive R,*(16) rings centred at (n +1,1,
1) (n = zero or integer) there are R,*(26) rings centred at (n, 1,
1) (n = zero or integer; Fig. 8). In addition to these motifs it is
possible to identify a C,2(15) chain running parallel to the
[010] direction (Fig. 9): all four symmetry-related molecules
within the unit cell form part of this chain, so that only one
such chain runs through each unit cell.

Within the pairs of molecules forming the centrosymmetric
R,*(16) rings there are aryl - - -7 stacking interactions (Fig.
10): the planes of the parallel aryl rings are separated by
3.331 A and their centroids are offset by 1.412 A, effectively
the radius of such a ring. The C,%(15) chains can thus be
envisaged as linking these 7-- -7 stacked R,%(16) dimers by
means of the 2, screw axis along (3, y, 1) (Fig. 9).

3.4. Comparisons with related compounds

The findings described above (§§3.1-3.3) for (1)-(3) prompt
re-evaluation of the conformational properties of closely
related species, retrieved in many cases from the Cambridge
Structural Database (Allen & Kennard, 1993). Both 2-
O,NC¢H,SNMe, (Ruostesuo et al, 1989) and 24-
(O,N),CsH3SNMe,; (Aupers et al., 1999) adopt conformations
in the solid state which are identical, in the case of the mono-
nitro compounds, and close to, in the case of the dinitro
derivative, the global energy minimum; there are no inter-
molecular hydrogen bonds in either compound. N-(2-Nitro-
phenylthio)phthalimide (Iwasaki & Masuko, 1986) is a close
analogue of (3), and the entire molecule is virtually planar
except for the near-orthogonal phthalimido group, corre-
sponding to the global minimum; nonetheless, there is exten-
sive intermolecular hydrogen bonding involving both the
phthalimido O atoms and one of the nitro-group O atoms, just
as in (3). The molecules are linked by paired C—H---O
hydrogen bonds, utilizing both O atoms of the phthalimido
group as acceptors, into a C(6) [R,%(10)] chain of rings running
along [010], and these chains are linked by a third type of C—
H---O hydrogen bond, with a nitro O atom as an acceptor,
into sheets parallel to (100) and built from R,*(36) rings (Fig.
11).

There are also several recently reported structures for
related molecules which have conformations remote from that
corresponding to the global energy minimum: in every case
these conformations are associated with well developed
intermolecular interactions, particularly the formation of C—
H- - -O hydrogen bonds. Thus, in 2-O,NC4H,SSnPh; (Aupers
et al., 1999) the conformation is close to that of the local
energy minimum, with the nitro group rotated out of the plane
of the adjacent aryl ring by ~50°, associated witha C—C—S—
Sn torsional angle of ~68°: the molecules are linked into C(9)
chains by means of C—H---O hydrogen bonds (Fig. 12). In
both 2.2'-nitrodiphenyl sulfide (Kucsman et al., 1984) and
2,2’ 4-trinitrodiphenyl sulfide (Aupers et al., 1999) only one of
the nitro groups ortho to the S atom is approximately coplanar
with its aryl ring. In the dinitro compound there are C—H- - -O
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hydrogen bonds, involving both nitro groups, which link the
molecules into a two-dimensional net built from R,*(32) rings
(Fig. 13). The structure of the trinitro compound contains two
molecules in the asymmetric unit and, in both, the nitro group
acts as an acceptor of C—H---O hydrogen bonds; the inter-
actions between molecules of type 2 again leads to the
formation of a two-dimensional network built from Z-shaped
R,*(32) rings (Fig. 14).

3.5. The influence of intermolecular forces on the molecular
conformations

As noted earlier (§3.2), the molecular conformations of (1)
and (3) observed in the solid state are very close to those
calculated for isolated molecules of these compounds at their
global energy minima, whereas the observed conformation of
(2) is similar to that calculated for the secondary conforma-
tional minimum. While the detailed conformations observed
doubtless reflect minor perturbations from the minimum
energy conformations of isolated molecules, it is striking that
not only (1)—(3) but also the related compounds discussed in
§3.4 adopt conformations in their crystals corresponding to
one or other of the two energy minima. The choice of which of
these two minima is actually adopted in any given case will be
determined by the competing effects of the intramolecular
energy difference between the minima and the intermolecular
forces, particularly the hydrogen bonds, the aromatic n-- -
stacking interactions and the dipole—dipole interactions. It
appears in general that whenever the observed molecular
conformation for a compound of this type departs significantly
from that associated with the global energy minimum for the
isolated molecule, specific and directed intermolecular forces
are responsible.

4. Conclusions

Compounds containing the 2-nitrobenzenethiolate fragment
generally exhibit two well defined conformational minima. In
the solid state both conformations are observed, and occur-
rences of the conformation associated with the secondary
energy minimum are generally associated with specific and
directed intermolecular forces, in particular C—H---O
hydrogen bonds involving the O atoms of the nitro group as
hydrogen-bond acceptors.
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