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The Crystal and Molecular Structure of Azobenzene-2-Sulphenyl Cyanide
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Azobenzene-2-sulphenyl cyanide, C¢HsN:NCsH4SCN, crystallizes in the orthorhombic space group

P2,2,2, with four molecules in the unit cell of dimensions a=12:99, b=22-01 and ¢=3-79

A. The

structure has been determined from two-dimensional X-ray intensity data. The approximate structure
has been obtained by optical-transform methods in conjunction with a Patterson projection and has
been refined by Fourier and difference Fourier syntheses. The non-ionic nature of the S-CN linkage in
the crystalline state of azobenzene-2-sulphenyl cyanide has been established, supporting the findings of
the absorption spectra of the compound in the ultraviolet and visible regions. The refined structure has

shown that the molecule is non-planar.

Introduction

Important features of structural interest in azobenzene-
2-sulphenyl derivatives, which form a special group of
compounds within the ortho-mercaptoazo compounds,
have been pointed out by Burawoy, Liversedge, Vellins,
Bartindale & Farrow (1954). A detailed analysis of
ultraviolet and visible-light absorption spectra of these
compounds made by these workers, using different
solvents, has suggested structure (I) for non-ionic, and
structure (II) for ionic members of the series. It is also
suggested that in the case of halides there are indica-
tions of an equilibrium between ionic and non-ionic
isomers in solution. These findings, however, do not
throw any light on the structures of azobenzene-2-
sulphenyl derivatives in the solid state. With the ex-
ception of a preliminary study of the structure of
azobenzene-2-sulphenyl chloride (Burawoy et al., 1954:

O=~
SX
(1

O X

(1
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Woolfson, 1957), no detailed analysis of any mem-
ber of this series appears to have been reported. It has
therefore been considered worth while to undertake
X-ray analysis of the compounds, and crystallographic
data for some of these have already been reported by
several workers in this department (Chaudhuri, Kakati
& Bhattacharyya, 1963; Bhattacharyya, Talukdar &
Chaudhuri, 1964; Barman & Chaudhuri, 1967). The
detailed analysis of azobenzene-2-sulphenyl cyanide is
reported here.

Experimental details

Crystals of azobenzene-2-sulphenyl cyanide suitable
for X-ray study were obtained by slowly cooling a
saturated solution of the compound in warm ethanol.
They were needle-shaped and elongated along the c-
axis. The density was measured by flotation in aqueous
potassium iodide and unit-cell dimensions were meas-
ured from oscillation and Weissenberg photographs
which had been calibrated against powder lines of
silver (¢=4-0862 A). The crystal data are:

Formula, C¢HsN:NC¢H,SCN, M=239-4, m.p.=99°.
Orthorhombic, a=12-99+0-03, 5=22-01+0-05, c=
379 +0:02A, Dp=1-39g.cm=3, Z=4, D,=1-42g.cm3,
F(000)=496. Space group, P2,2;2;. Absorptlon coef-
ficient for X-rays (A=1-542 A) p=24-5cm-1. Absent
spectra: 00 when 4 is odd, 0k0 when k is odd and 00/
when / is odd.

Reflexions #k0 and 0k/ were recorded on multiple-
film Weissenberg photographs with copper Ko radia-
tion; the cross-sections of the specimens perpendicular
to the axes of rotation were 0-14 mm x 0-07 mm for the
c axis and 0-12 mm X 0-09 mm for the « axis. Inten-
sities were measured by visual comparison with crystal-
reflected calibration spots of known relative exposures.
In this way intensities of 212 hk0 and 73 Ok/ reflexions
were estimated. Absorption correction was considered
unnecessary owing to the small sizes of the crystal
specimens chosen, but Lorentz and polarization factors
were applied.

Structure analysis

Projection along [001]
Determination of trial xy coordinates

Approximate x and y coordinates were obtained by
optical-transform methods (Hanson, Lipson & Taylor,
1953) supported by a Patterson projection along [001].
Inspection of the 4k section of the weighted reciprocal
lattice of azobenzene-2-sulphenyl cyanide (Fig.1),
drawn with weights propomonal to approximate unit-
ary structure factors, showed six distinct groups of
strong reflexions lying very nearly in the benzene circle
(Taylor & Lipson, 1964). These satisfied the necessary
geometrical condition, conforming to six characteristic
peaks in the transform of a benzene ring, and gave an
indication that, in the projection of the unit cell con-
tents along the c-axis, the benzene rings had very nearly

STRUCTURE OF AZOBENZENE-2-SULPHENYL CYANIDE

parallel orientations even though the plane group pgg
of the projection contained four molecules of different
orientations. Such a situation arose in the case of 5-
methoxy-2-nitrophenol (Crowder, Morley & Taylor,
1959). The final analysis of the structure of azobenzene-
2-sulphenyl cyanide showed that all the benzene rings
in the projections are not exactly parallel, but the
departure from exact parallelism was very small.

The recognition of the approximate orientation of
the benzene-ring configuration revealed the approx-
imate shape and orientation of the representative
molecule in the projection. Assuming standard bond

i' o "-1
E Cafgel SN
Bk e
g

Fig. 1. kO section of the weighted reciprocal lattice of azoben-
zene-2-sulphenyl cyanide with weights proportional to
approximate unitary structure factors.
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Fig.2. (a) Patterson projection on (001). (b) Patterson projec-
tion on (100).
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lengths and bond angles, a molecular model was even-
tually obtained by comparing the #k0 weighted recip-
rocal lattice section with the optical transforms of a
few trial models of the molecule. Both cis and trans
configurations of the molecule were tried, but the cis
form was very easily discarded.

A Patterson projection [Fig.2(a)] along [001] dis-
played S-S rotation peak A4 at (2x,2y) and glide-
reflexion peaks (Buerger, 1959) B and C at (3—2x,%)
and (4,3 —2y), corresponding to the fourfold position
of the sulphur atom in the plane group pgg. The frac-
tional parameters (x/a=0-19 and y/b=0-12) of the re-
presentative sulphur atom of the equivalent set of four
atoms were easily identified. A two-dimensional
Fourier series was summed with phases based on the
parameter of the sulphur atom. The resulting electron-
density distribution was, however, not found to be
good enough for recognizing the sites of the light
atoms. From the location of the sulphur atom and of
the molecule whose shape and orientation was already
known from optical-transform considerations, a trial
structure was postulated; it was tested optically and
the match between the optical transform and the /k0
section of the weighted reciprocal lattice was considered

Mio

Fig.3. Electron-density projection on (001). Contours are
drawn at intervals of 0-5 e.A~2; the 1 e.A-2 contour is dot-
ted.
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reasonable enough for refining the structure by Fourier
methods.

Refinement of the projection along [001). Hydrogen
atoms

In the initial stages of refinement the phase angles
were determined optically (Hanson et al., 1953) to cut
down computational work. This procedure eventually
permitted inclusion of 180 reflexions in the synthesis
which revealed clearly all the atoms in the electron-
density projection.

Fig.3 gives the final (fourth) F,(4k0) synthesis which
includes all the 216 experimentally observed reflexions
with phases determined from calculated structure fac-
tors. In calculating 4kO structure factors, the origin
of coordinates is chosen on the screw axis at (14,0,
0) referred to the origin adopted in International
Tables for X-ray Crystallography (1952), since this
choice places the origin at the centre of symmetry of
the projection along [001]. The values of the final
atomic coordinates in Table 4 refer to this origin.
(However, for evaluating electron density distributions
of the g-axis projection, the phases of the 0k/ structure
factors, as given in Table 3, are calculated taking the
origin of coordinates at (0, —b,0) with respect to the
origin of the c-axis projection.) The agreement residual
derived at this stage using the same isotropic tempera-
ture factor, 4-1 A2, for all the atoms is 21%, the ac-
cidentally absent reflexions being excluded. The agree-
ment between the hkO weighted reciprocal lattice sec-
tion and the optical transform of four molecules with
coordinates derived from the final F,(hk0) synthesis is
demonstrated in Fig.4. The atomic scattering factors
used for structure factor calculation throughout the
work are those of Berghuis, Haanappel, Potters, Loop-
stra, MacGillavry & Veenendaal (1955).

A difference Fourier synthesis (Fig.5) based on all
the observed hk0O reflexions suggested small adjust-
ments in the coordinates of a few atoms. The calculated
shifts (Cochran, 1951) were 0-062, 0-041, 0-069, 0-093,
0-062 and 0-054 A for the positions of the atoms N(1),
N(2), N(3), C(3), C(8) and C(10) respectively. More-
over, the (¢, —0¢) map showed some peaks which could
be attributed to the hydrogen atoms, as the peaks ap-
peared where the hydrogen atoms were expected. The
positions of H(1), H(2), H(3), H(4), H(5), H(7) and
H(8) were postulated taking the (¢o— gc) map as guide
and assuming a C-H distance of 1-09 A. Two out of
a total of nine hydrogen atoms in the single molecule
of azobenzene-2-sulphenyl cyanide were not revealed
in the map. Their positions were postulated assuming
normal C-H distances. A quick test of the correctness
of the location of the hydrogen atoms was made by
the optical-transform technique (Pinnock & Lipson,
1954) in which the transform of the hydrogen atom
configuration alone was compared with a weighted
reciprocal-lattice section drawn with weights propor-
tional to (F,— F¢) values, taking only the low-angle
reflexions. The inclusion of the hydrogen-atom param-
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Fig.4. The optical agreement with coordinates derived from final Fy(hk0) synthesis. On the left is the optical transform of the
contents of a unit-cell projected along [001]; on the right Fig. | is superimposed.
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eters in the structure-factor calculation and the minor
adjustments in the coordinates of the atoms as sug-
gested by the difference electron density map reduced
the agreement residual to 18%. McWeeny’s (1951) scat-
tering-factor curve for hydrogen was used and the
same isotropic temperature factor as that of the heavy
atoms was chosen. Adjustments of individual isotropic
temperature factors for some atoms were also suggested
and the pattern of the difference map around the sul-
phur atom appeared to be quite characteristic of an-
isotropic thermal motion (Cochran, 1951), indicating
the direction of maximum vibration to be inclined at
an angle of nearly 35° to the a-axis. The values of the
temperature coefficients are given in Table 1. The ad-
justment of individual isotropic and anisotropic tem-
perature factors further reduced the R index to 17%.

Table 1. Temperature coefficients used in the
final calculation of hk0 structure factors

B(A2) B(A2)

S max. 3-4 C9) 49

min. 1-8 C(10) 41
(1) 41 C(11) 51
@) 41 c(12) 4-6
Cc(3) 41 C(13) 50
C(4) 41 N(1) 41
C(5) 47 NQ) 41
C(6) 50 N(3) 41
e 41
C(8) 41

For a few strong low-angle reflexions the calculated
structure factors were found to be consistently higher
than the observed values, indicating a secondary ex-
tinction effect. These reflexions are listed in Table 2.
An empirical correction for secondary extinction was
applied to these reflexions, as described by Pinnock,
Taylor & Lipson (1956). With this correction the over-
all agreement came down to 15%. The unobserved
reflexions were also included in the R index calculation,
with a given value of half the least observable value
in their respective regions. The values of observed and
calculated structure factors are shown in Table 3.

Table 2. Reflexions affected by extinction

hkO F. Fo
120 57 41
200 78 54
230 69 48
330 70 49
490 47 37

The projection along [100]
Determination of the trial z coordinate

As in the case of the [001] projection, the approx-
imate structure of the [100] projection was deduced
from optical-transform methods in conjunction with
a Patterson projection. Assuming normal bond dis-
tances and angles, a wire model of azobenzene-2-sul-
phenyl cyanide of zrans configuration was constructed

STRUCTURE OF AZOBENZENE-2-SULPHENYL CYANIDE

and the model so orientated that its shadow, cast on
the electron-density projection along [001] by a beam
of light parallel to the [001] axis, fitted fairly well. The
shadow produced by a second beam of light parallel
to the [100] axis then gave the approximate shape of
the molecule on the (100) plane. Out of a few alter-
native models that were obtained in this way, corre-
sponding to different possible orientations of the ben-
zene rings, one was selected that gave an optical trans-
form showing the best match with the Ok/ weighted
reciprocal-lattice section. The problem of locating the
molecule was solved by Patterson synthesis. Inspection
of the Patterson projection [Fig.2(b)] along [100] indi-
cated 0250 and O as the possible approximate values
of the z parameter of the representative sulphur atom,
corresponding to glide-reflexion peaks P and Q dis-
played on the line y=%. Assuming the y parameter
from the [001] projection, these locations were sub-
jected to an optical-transform test of four molecules
and the sulphur position (0-361, 0-250) was readily
selected. A structure factor calculation with this model
gave an agreement residual of 31% ; the y parameters,
however, had been assumed from the [001] projection.

5
2

Fig.5. Difference electron density projection on (001), showing
the resolution of the hydrogen atoms and anisotropy in the
thermal vibration of the sulphur atom. Contours are drawn
at intervals of 0-1 e.A-2, Negative contours are dotted.
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Table 3. Observed and calculated structure factors (origin on 2; axis parallel to the ¢ axis for hkQ structure factors
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As stated earlier, in calculating the Ok/ structure fac-
tors, the origin of the coordinates was taken at
(0, —3b,0) with respect to the origin chosen for the
c-axis projection.

Refinement of the projection along [100]

Refinement by Fourier and difference Fourier syntheses
brought the R index down to 21%. The interpretation
of the difference electron-density map did not help in
the adjustment of individual temperature factors and
location of hydrogen atoms. The same isotropic tem-
perature parameter B=4-1 A2 was therefore used for
all the atoms and the z coordinates of the hydrogen
atoms were calculated from x and y coordinates ob-
tained from the [001] projection, assuming C-H dis-
tances to be 1-09 A. Inclusion of the hydrogen param-
eters in the structure factor calculation reduced the R
index to 20%.

The observed and calculated structure factors are
listed in Table 3 and the final F, synthesis of the 0k!/
reflexions is shown in Fig.6.

Atomic coordinates and estimation of accuracy

The final atomic coordinates are listed in Table 4.

Table 4. Final atomic coordinates

x (&) ¥ Q) z (A)

C() 2:213 4-045 0-388
C(2 4-075 2:839 1-575
C(3) 4-750 4-015 1-450
C@4) 6-000 4-138 2:135
C(5) 6:725 3-138 2:700
(6 6:095 1-975 2863
C( 4-825 1-788 2:213
C(8) 2:550 —0-838 1-988
C(%) 1:363 —1-038 1-288
C(10) 0740  —2225 1-288
C(11) 1-425 —3-388 1-800
C(12) 2-595 —3-138 2-463
C(13) 3-250 —1-950 2-558
N(1) 1-825 5055 —0-123
N(2) 4-388 0-475 1-920

0 1A

e ag
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Table 4 (cont.)

x Q) y &) z(A)
N(3) 3-250 0-365 2:345
S 2:530 2-550 0-983
H(1) 417 491 1-21
H(2) 6-47 507 2-42
H(3) 7-81 3:26 2-80
H(4) 671 1-09 3-00
H(5) 0-84 —0-14 0-95
H(6) —-0:30 —-2:34 0-98
H(7) 0-99 —4:34 1-49
H(8) 311 -3:97 2:93
H(9) 4-29 —1-82 2-87

“The standard deviations in the coordinates have been
estimated from the differences between observed and
calculated F values using the method described by
Cruickshank (1949). The average values of o(x) and
o(y) for the carbon atoms are calculated from well-
resolved peaks. Owing to poor resolution of theelectron-
density projection along [100], the average a(z) for the
light atoms has been obtained only from three resolved
carbon atoms. The o(z) value is thus a definite under-
estimate. The standard deviations obtained are:

ox)  a(y) (@)
C 0017 0020 0026
N 0013 0016 0026
S 0004 0004 0021

The intramolecular bond lengths and bond angles
are listed in Table 5; the indicated errors in bond
lengths are the standard deviations estimated accord-
ing to the formula of Ahmed & Cruickshank (1953).

Table 5. Values of bond lengths and bond angles

Bond lengths Bond angles

NDH)=CQ) 1:204+0-03 A N1)=C(1)—S 148°
C(1)—S 1-89+0-02 C(1)—S———C(Q) 97
S——C(2) 1-68 +0-02 S——C(2)—C(@3) 124
C(2)—C(3) 1-:3640-05 C(2)—C@3)—C(4) 117
C(3)—C(@)  1-44% 003 C3)—CH—C() 126
C(4)—C(5) 1:36 +0-03 C@)—C(5)—C(6) 119
C(5)—C(6) 1-33 +0-03 C(5)—C(6)—C(7) 118
C(6)—C(7) 1-44 +0-03 C(6)—C(7)—C(2) 124
Cg

i

Lo

z NG

WU/

0

Fig. 6. Electron density projection on (100). Contours are drawn at intervals of 1 e.A~2 at the carbon and nitrogen atoms and
. those at the sulphur atoms at intervals of 2 e.A-2.
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Table 5 (cont.)

Bond lengths Bond angles

C(H—CQ) 144+003 C(6)—C(—N@) 120
C(H—N(2) 142%003 C(N—N@2)=N@3) 107
N@2)=N@3) 1-22+0-02 N@2)=N@3)—C(@8) 116
NG3)—C@®B)  1-44+0-02 N(3)—C(8)—C(9) 131
C(8)——C(9)  1:39+0-03 C(13)-C(8)—C(9) 120
C(9)—C(10) 1-34+0-03 C(8)—C(9)—C(10) 121
C(10)-C(11) 1-44+0-03 C(9)-—C(10)-C(11) 119
CU11)-C(12) 1-37+0-03 C(10)-C(11)-C(12) 115
C(12)-C(13) 1:36+0-03 C(11)-C(12)-C(13) 127
C(13)-C(g) 1-43+003 C(12)-C(13)-C(8) 115

The configuration of the azobenzene-2-sulphenyl
cyanide molecule and the arrangement of the molecules
in the crystal lattice are indicated in Fig.7. The pack-
ing is consistent with intermolecular binding by van
der Waals forces, the shortest intermolecular approach
being 3-52 A.

Geometry of the azobenzene-2-sulphenyl cyanide molecule

The equations to the best plane through the aromatic
rings C(2)C(3)C(4)C(5)C(6)C(7) and C(8)C(9)C(10)-
C(11)C(12)C(13), derived by the method of least-squares
are respectively:

—0:720x+0-546y + 1-512z=1
—0-362x—0-007y+0-877z=1.

The displacements of the atoms in the aromatic rings
from their corresponding mean planes are shown in
Table 6.

The atoms in the ring C(2)C(3)C(4)C(5)C(6)C(7) are
very close to the mean plane, whereas in the case of
the ring C(8)C(9)C(10)C(11)C(12)C(13) the displace-
ments of the atoms C(8), C(9) and C(12) are appre-
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Table 6. Perpendicular distances of the atoms in the
aromatic rings from their corresponding mean planes

Distance Distance
A A)
C(Q2) —0-002 C(8) —-0-196
C(3) —0-002 C(9) -0-375
C4) 0-094 C(10) —0-129
C(5) —0-003 C(11) 0-091
C(6) 0-001 Cc(12) 0-256
C(7) —0-086 Cc(13) 0-084

ciable. However, the accuracy of the atomic coordi-
nates, particularly of the z coordinates, does not permit
any emphasis to be placed on the distortion of the
rings. The calculated angles of inclination of the rings
C(2)C)CHAC(S)C()C(T) and CB)YCNHC(10)C(11)-
C(12)C(13) to the (001) plane are 31° and 23° respec-
tively in the same sense. This definitely indicates that
the molecule of azobenzene-2-sulphenyl cyanide is not
planar.

The authors wish to thank Dr I.M.Das, Mr P.C.
Barman and Mrs S. Hannan for checking some of our
calculations and Professor P.C.Mahanta for his inter-
est and encouragement.
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The Crystal Structure of D,L-Arabinitol

By F.D.HUNTER* AND R.D.ROSENSTEIN
Crystallography Laboratory, University of Pittsburgh, Pittsburgh, Pa. 15213, U.S.A

(Received 30 November 1967)

The crystal structure of D,L-arabinitol, CsH;(OH)s, was derived from the three-dimensional E2—1
Patterson function by means of minimum functions. The structure was refined anisotropically by least
squares to an R value of 0-037 for 557 reflections. The lattice parameters are a=9-213(1), b=4-855(2)
and ¢=15-490(2) A (Z=4). The p and L molecules are related by glide planes in the space group
Pna2;. The molecule has a planar zigzag carbon chain with oxygen atoms above and below the plane.
All oxygen atoms are involved in a three-dimensional hydrogen-bonding scheme consisting of chains

coiled around the screw axes.

Introduction

Arabinitol (lyxitol) is an acyclic polyalcohol formerly
known as arabitol. Since D-arabinitol is 40-60% as
sweet as sucrose, and experiments have shown that
little or none is assimilated in the body, this substance
has been suggested as a sugar substitute in foods (Crick,
1958). .

The D form occurs in lichens (Lindberg, Misiorny &
Wachtmeister, 1953) as the free carbohydrate and also
as the galactoside, umbilicin. Neither L- nor D,L-
arabinitol is found naturally. The L form is prepared
by the catalytic reduction (Prince & Reichstein, 1937)
of f-L-arabinose, which is obtained from mesquite gum
(Anderson & Sands, 1929), and crystallization of a
solution of an equimolar mixture of the enantiomorphs
yields D, L-arabinitol.

As can be seen from the Fischer formulas below
(with the terminal hydroxyls turned to the right by
convention), arabinitol lies in a configurational se-
quence of increasing chain length between erythritol
(meso-erythritol) and mannitol and also between
threitol and galactitol. The terminal hydroxyls in these
polyols are found in two different staggered conforma-
tions. The hydroxyl either continues the carbon chain
to give an ‘extended’ conformation or it turns away
from the chain in what might be called a ‘flexed’ con-
formation. Erythritol and mannitol are flexed at both
ends. Threitol has not been studied, but the hydroxyls
at both ends of galactitol are extended, as is the ter-

* Present address: W. R. Grace and Company, Research
Division, Washington Research Center, Clarksville, Md.
21029, U.S.A.

Fig.1. p-Arabinitol molecule, showing atomic identification
and thermal ellipsoids.



