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The Structure of 4-Methyl-1,2-Dithia-4-Cyclopentene-3-Thione

By W. L. KeaL axp G. A. JEFFREY*
Gulf Research & Development Company, Pittsburgh 30, Pa. U.S.A.

(Received 12 May 1958)

The compound 4-methyl-1,2-dithia-4-cyclopentene-3-thione is a member of a large class of com-
pounds of a general type which have been obtained from reactions of olefins and sulfur. The crystal
structure was solved for the well-resolved c-axis projection by the Harker—Kasper inequalities
method, and was refined first by difference syntheses on the (hk0) data, and then by least-squares
and differential syntheses on the 680 observed (hk!) reflections. The two three-dimensional refine-
ments gave results differing by as much as 0-09 A in the position of one of the carbon atoms, and
the differential synthesis method gave the atomic parameters which are more consistent with a
planar molecule and with chemical theory. The observed bond lengths indicate that the five-
membered ring has some aromatic character, since within the ring the two C—S bonds are shorter
than single bonds, while the two C—C bonds are intermediate in length between single and double
bonds. This z-bonding does not, however, appear to include the S—S link which has a normal single
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bond length. The molecules lie in planes inclined at approximately 25° to the (001) plane.

Introduction

Since 1947 a large number of compounds of the general
type, I, have been obtained from reactions of olefins
with sulfur. Several variations in name have been
used to describe these compounds; that recommended
by Patterson & Capell (1940) for I is 4-R;-5R,~1,2—
dithia-4-cyclopentene-3-thione. The parent compound,
C;H,S,, was first obtained from the reaction of pro-
pylene and sulfur by Bottcher & Liittringhaus (1947),
who assigned to this class of compounds the trivial
name of trithiones. Subsequent papers by these and
many other workers (e.g., review by Bauer, 1951)
suggest that there is no limit to the variation for
R, and R,, including fused ring systems such as I
prepared by Lozac’h & Legrand (1951).
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Related series of compounds based on III and IV
are also known, e.g.:
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* Chemistry Department, University of Pittsburgh, Pitts-
burgh 13, Pa.
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III with R;=R,=H from Baumer & Fromm (1897),
IV with R;=R,=H from Challenger & Emmott
(1951).

The crystal structure of 4-methyl-5-phenyl-1,2-
dithia-3-thione, I with R, =CHj, Ry=CzHj, was studied
by Zaslovskii & Kondroshov (1949) who showed that
four molecules based on configuration I with reason-
able assumed dimensions could be fitted to the wunit
cell and space group to give a qualitative agreement
with some seventy observed X-ray intensities.

The 4-methyl-1,2-dithia-4-cyclopentene- 3 -thione
(C,H,S;) used in this work was isolated from the
reaction products of heating isobutylene with sulfur
at 170 °C. in a high pressure bomb by Spindt, Stevens
& Baldwin (1951). Previously, Friedmann (1951) and
Selker & Kemp (1947) had considered alternate
structures for these derivatives and the initial pur-
pose of the X-ray crystal structure analysis was to
provide confirmatory evidence of the ring structure
assigned by Spindt, Stevens & Baldwin (1951) to that
particular compound. This was obtained at an early
stage in the structure analysis by means of a well-
resolved Fourier projection (Fig. 2) and was reported
by Jeffrey, Kehl & Wahl (1951).

The common occurrence of the 1,2-dithiacyclo-
pentene ring as the product of several different
cyclizing reactions suggests that this system is reso-
nance stabilized; the parent compound C,H,S,, for
example, was also prepared by Challenger, Mason,
Holdsworth & Emmott (1953) from the reaction of
acetylene and sulfur at 450 °C.* It was therefore of
interest to determine by bond length measurements
from a complete structure analysis the conjugative
interactions of the three groups, S—8, C=C, C=S,

* The reaction may be due to the formation of propylene
from acetone with which the acctylene was contaminated.
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each of which has n-type electronic orbitals relative
to the plane of the dithiacyclopentene ring.

Crystal data

Orange lath-shaped crystals (m.p. 41 °C.) suitable for
X-ray study were obtained from an ethyl ether and
pentane solution. The following data were measured:
orthorhombie,

a=1235+002, b= 12441002, ¢ = 4:11+0:01 &,
U= 6314 A3, D, = 1560g.cm.”3, Z =4,

Dy = 1-559 g.cem.—3,

Fig. 1.

STRUCTURE OF 4-METHYL-1,2-DITHIA-4-CYCLOPENTENE-3-THIONE

F(000) = 304; space group P2,2,2, from systematic
extinetions.

Experimental

The unit-cell dimensions were obtained from Weissen-
berg photographs taken about [100] and [001] with
the film in the Straumanis position using unfiltered
Cu K radiation, (4., = 1'5405, A,, = 15443, 4, =
1-3922 A).

The intensity data were obtained by visual estima-
tion from multifilm Weissenberg photographs which
were made for the zero, first and second layers about
[001], zero through fourth layer about [010] and zero

(b)

(d)

Fourier projections on the x, ¥ plane corresponding to the four sign combinations from

Harker-Kasper inequalities (computed on X-RAC).

{a) a+,b4
(b) a—,b—

(¢) a4, b—
(d) a—, b+
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through ninth layer about [100]. The 680 observed
intensities were converted to structure amplitudes by
the usual angle factors and the appropriate scale and
overall temperature factors were obtained graphically
from a Wilson plot of the observed structure ampli-
tudes.

The structure determination

From the cell dimensions the c-axis projection was
that most likely to give a resolved or partly resolved
electron-density distribution. Since several of the
reflections in this zone had unitary structure factors
greater than 0-4, the Harker-Kasper inequalities
method for phase determination was used. The results
are summarized in Table 1. The sign of (600) was given

Table 1. Unitary structure factors and sign determination
from inequalities

L0 100U hk0 10007
140* {34 600 — 55
250* —32 670* b 45
360+ b 48 7201 a, b 38
380 —a 49 740 —47
4107 a 22 850 + 56
440* a 39 910 —49
4,10,0% b 38 10,4,0 —a b0

* Sign assumed.
+ Borderline case, sign determined by Zachariasen’s method
(1952).

uniquely from the inequality for 2,2,,
4Uhge < {I +(—1)FHE] Usp,o,0+Uo,2x,0+ Usn, 21,01}

and those of the other reflections were given either
uniquely or in terms of two variables, a, b, from the
relationship

(UpgtUpP<(1tUpgp)1+Ug_p).

The four syntheses corresponding to the sign com-
binations for @ and b were computed on X-RAC and
are shown in Fig. 1. Although it was not immediately
obvious which was the correct solution, a choice was
made by using as a criterion the (530) reflection which
had a large unitary structure factor, 0-42, but could
not be correlated through the inequalities. With the
aid of a Bragg-Lipson chart it was found that only the
combination @ = —, b = +, Fig. 1(d), would lead to
an assignment of atomic position to satisfy this re-
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flection. The refinement of the projection on X-RAC
gave a well-resolved electron-density map, Fig. 2, and

Fig. 2. Electron-density distribution for whole unit cell
projected onto the x, y plane (computed on X-RAC).

a disagreement index of R = 018 for the 150 Ak0
structure factors.

The z,y coordinates and isotropic temperature
factors were further refined by the difference syntheses
of this projection with a reduction in R to 0-150, These
parameters are given in Table 2. The atoms are
numbered as in I, with R, as the methyl group (C);
the thione sulfur is S;. The approximate z coordinates
were obtained from the completely unresolved (010)
projection by assuming a planar model for the mole-
cule with bond lengths S-8 ~ 2.0, C-8 ~ 18,
C-C =~ 15, C=C ~ 14 A. However, the projection
was too complex to resolve satisfactorily by difference
synthesis, and the subsequent refinement showed that
there were large errors in the initial z coordinates.

The structure refinement

A three-dimensional refinement of the atomic para-
meters and isotropic temperature factors was first
carried out by the least-squares minimization proce-
dure described by Friedlander, Love & Sayre (1955)

Table 2. Fractional atomic coordinates and isolropic temperature factors

Difference refinement

Least-squares refinement

Differential refinement

xla y/b B (A?) xla y/b
S, 0-150 0-441 4-19 0-1511 0-4414
S, 0-012 0-391 4-19 0-0108 0-3897
Sy —0-031 0-176 4-19 — 00313 0-1785
C, 0050 0265 525 0:0560  0-2620
C, 0-163 0-242 5-25 0-1618 0-2386
Cy 0-216 0-326 b5+25 0-2171 0-3240
Ce 0215 0126 525 0-2152 0-1259

zle B (AZ) xfa y|b zlc B (A?)
0-500 4-63 0-1512 0-4416 0-4982 4-73
0-288 4-47 0-0111 0-3898 0-2832 4-57
0-007 510 0-0313 0-1780 0-0087 520
0-177 413 0-0537 0-2618 0-1908 4-22
0-203 497 0-1601 0-2391 0-3027 5:08
0-462 4-96 0-2126 0-3228 0-4575 506
0-261 7-03 0-2131 0-1323 0-2551 7-13
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and computed through five cycles on the observed
(hkl) reflections by the International Business Ma-
chines Corporation using a 704 computer. The para-
meter shifts on the final cycle were less than 0-005 A.
The final atomic parameters and isotropic temperature
factors are shown in Table 2. The overall R factor
for ithe observed (hkl) reflections was 0-208. For the
(hk0) reflections alone it was 0-197, which compares
rather unfavorably with the 0-15 obtained by dif-
ference synthesis refinement of the (%%0) data alone.
This could be ascribed to the use of isotropic tempera-
ture factors in the least-squares refinement of the
three-dimensional data. The corresponding bond
lengths are shown in Table 3. An unexpected feature

Table 3. Bond lengths calculated from refined atomic

parameters

Least-squares Differential
Bond Refinement Refinement
S,-8, 2:04 A 2:04 A
S,-Cg 1-75 1-72
Cy=S, 1-66 1-66
Cs-C, 1-42 1-42
C—C; 1-44 1-38
C—Cq 1-55 1-49
GC5-S, 1-68 1-67

of these results is that within the ring the formal
double bond C,-C; is 0-02 A longer than the formal
single bond C;—C,. The large deviations from planarity
of the molecule, Table 4, led us further to suspect the
accuracy of the refinement.

A composite set of parameters obtained by using
the difference refinement of the (hk0) data for « and y
and the IBM 704 calculations for the z coordinates
gave a significantly different set of bond lengths for
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the C-C bonds which, although chemically more
satisfactory, could not be regarded with any more
confidence.

Starting with the coordinates and temperature
factors from the least-squares refinement, a three-
dimensional Fourier differential synthesis refinement
was carried out on an IBM 650 computer using a
program written by Shiono (1957). The shifts in sulfur
atom positions were very small, being less than
0:006 A in the z and y parameters and less than
0-012 A in 2. Significant differences appeared, how-
ever, in the light atom positions and were as large as
0-09 A for Cg, for example. There was a small improve-
ment in the overall R factor to 0-17, excluding non-
observed amplitudes.

The atomic coordinates are given in Table 2, and
the corresponding bond lengths and planarity in
Tables 3 and 4. Both with respect to consistency with
the chemical theory and the planarity of the molecule,
these results are preferable to those obtained from the
least-squares refinement. Without being prepared, at
present, to analyze the reasons for the discrepancy
between the results of the two methods beyond noting
the omission of weighting factors in the least-squares
calculations, we regard the differential refinement data
as the final results for the isotropic analysis.

The observed and calculated shifts of the atomic
parameters obtained from the slopes and curvatures
of the differential synthesis are shown in Table 5.
A 1-5 back-shift was used to obtain the final coor-
dinates corrected for termination of series.

The peak heights and the ratio of observed and
calculated peak heights are shown in Table 6. The
slopes and curvatures are shown in Table 7. These
values give a very clear indication of anisotropic

Table 4. Deviations from the plane determined by atoms S,, Sg and C, for atomic coordinates
from both the least-squares and the differential refinement

Least-squares refinement

Atom d (A)y*
S, 0-021
Cy 0-066
C, —0-061
c, —0-144

Differential refinement
d (A)*
0-030
—0-023
0-022
—0-011

Equation of plane

2-2112+2-227y —6-0502—3-855 = 0

* Positive values correspond to atom above plane.

2-4302-+2-038y —6-0382—3:350 = 0

Negative values correspond to atom below plane.

Table 5. Observed and calculated shifts of atomic parameters (in A) obtained from the slopes and
curvatures of the differential synthesis

Ex &y &z
obs, calc. obs. cale. obs. cale.
S, —0-0062 —0-0062 0:0025 0-0000 —0-:0012 0-0033
8, 0-:0012 —0-0012 0:0000 0-0000 -—-0-0148 —0-0021
S, 0-0012 0:0012 0-0012 0-0050 0-0021 —0-0062
LN 0-0037 0-0235 0-0199 0-0224 0-0777 0:0390
C, —0-0136 0:0000 0-0174 0:0137 0-0074 —0-0193
C, —0-0519 —0:0148 —0-0286 —0-0187 —0-0144 —0-0029
Cs —0-0469 —0-0284 0-0274 —0-0261 0-0016 0-0181
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Table 6. Peak heights, ratio of observed and calculated g BB e SR
peak heights and ratio of observed and calculated 3 T RRIIIEE
curvatures =
8 oanlf22
Qobs. Qcale. Qobs. Ann Ak 4_‘1_11 | 8 & d0db %
Atom e.A3 e. A8 Qcale. Anpy Apr Ay 0 K¥FINIMA
S, 232 241 0960 1-04  0-886  0-807 S
S, 236 244 0967 107  0-897 0-773 g vao3B52
S, 217 226 0962 104 0892  0-832 «d O¥SBINF
C, 68 7-0 0974  1:06 0865  0-777 & ° o~
C, 64 67 0960 102 0877  0-847 K oo w
Cs 66 69 0952 102 0918 0726 ® oy 2n2eeRd
Cq 5-0 51 0-976 0-998 0-936 0-734 < 0D H W
Mean: 0-964 1-03 0-896 0-785
s SonSRTFS
thermal motion of the molecule as a whole, least in % 3 3 §§ 5583
the z direction and greatest in the z direction. The >
more elaborate computation with anisotropic tem- ¥ cws3l3F
perature factors has not yet been attempted. While I g § EE 838
this would improve the R factor it is doubtful whether
’qle .I:esulting small parameter qhanges would be s tamoase
significant relative to the experimental errors. It &3 3358832
should also improve the accuracy of the atomic para- {7 o T77°9
meters as calculated by the method of Cruickshank T om0 0010
R ¢ ORI FOD
(1949, 1950), which gave r.m.s. standard deviations | £ 38F=5F3

of o(S) = 0009, ¢(C) = 0-03, ¢(CH;) = 0-05 A. These
values, although in the correct relative sequence,
appeared to be larger than would be expected from

N
s (38
the self-consistency checks on the results. S° Socmadnw
> 1
. . ® g SUISEER
Discussion of the structure | g EoROY¥oq

The literature on the stereochemistry of sulfur com-

Table 7. Observed and calculated slopes and curvatures of electron-density peaks

pounds has been summarized recently by Abrahams 5 S E§ % ‘é g gg -
(1956). The bond lengths and angles found from the T8 IASTEER =
present work are shown in Fig. 3. The S-S length is S L
By 2203588 2
s 204A | S BSE®¥Hao g
SHMANONMAN
2 —— .S = T4
97°5 93-6°
167A R eSiLSSS
S
(35}
119-2° 1131 120%°" | 4 BR85383
127'3
's 1+42A 138°A AT
3 o 'C S EYOoBAND
12201 e o8 2222528
. 3 =
S P
=7}
. S
o |4 2528528
° 35554
‘c, RERREN
Fig. 3. Structure of the C,H,S; molecule, showing % E § ,_.EQ °§ ‘é’ E § T
the bond angles and bond lengths. 8 ° ~o cl> ,—14 SO~ o
S [
the same as that in Sg and close to the average value T s SS383nS é’
of 208 A for the 43 S-S bond lengths listed by Abra- °© Lo Sa~ P
bams (1956). These results show therefore that bond- Lyt
ing between the sulfur atoms is little affected by form- g
ing part of the ring system in which there is appreci- g BELSTTTS

able conjugative m-bonding. In contrast, the ring C-S
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bonds of 172 and 167 A are significantly shorter
than the 1-83 A associated with the carbon-sulfur
single bond. They may also be shorter than the 1-74 A
bonds in thiophene for which it is proposed that the
sulfur 3d orbitals are used for valence bond structures
such as V (Longuet-Higgins, 1949),

HC — CH s— s
/N [\
HC CH HC C==S§
N s 7 \c/
ch,
A% \%1
+ts —s s — st
/N V7
HC c—§ HC c—35
N N\,
o ,
VIL VIII

On the basis of the bond order vs bond length curves
proposed by Cox & Jeffrey (1951) and Abrahams
(1956), 1-72 and 1-67 A correspond to about 50% and
76% double bond character, respectively. The thione
bond is also 1-67 A and is longer than the extra-
polated value of 1:61 A for the double bond, indicating
intermediate bond character. The ring carbon to
carbon bonds are intermediate in length between
single and double bonds, in agreement with the
aromatic character of the compound and usual effects
of conjugation to decrease the length of the formal
single bonds and increase that of the double bonds.

These results can be interpreted in terms of the
resonance structures VI, VII and VIII in the ratio
5:4:1. This accounts qualitatively for the observations
that S,—C; is shorter than Sy~C;, and C,~C; is shorter
than C3-C,, but it may not adequately describe the
thione group.

Fig. 4. Structure of C,H,S; viewed along b.

STRUCTURE OF 4-METHYL-1,2-DITHIA-4-CYCLOPENTENE-3-THIONE

The carbon to methyl bond length is 1-49 A, which
is shorter than the standard 1-54 A. Although the
accuracy of the analysis does not permit too much
weight to be put on this observation, it does, however,
agree with the rationalization of C-CH, bond lengths
on the basis of primary, secondary and tertiary sub-
stituted carbon atoms proposed by Stoicheff,* i.e.,

Neo
/C CH,
1-54 A

>C—CH3
1-50 A

=C—-CH,
146 A

The bond angles in the ring show the well-known
tendency for the divalent sulfur valency angle to lie

between 90° and 100°. The angles at the sulfurs are
less than the 108° for a regular pentagon while those

Table 8. Intramolecular interatomic distances in
C,H,S; (non-bonding distances)

CyC;s 2:37 A Cs—S, 272 A
C3—Cs 2:56 Cs-S, 3:97
CyS, 2-84 Cs-S, 4-05
-8, 2-65 Cs—S, 4-06
Cy-S, 2:63 C—S, 3-23
C-S, 2:76 S8, 4-46
C;-C, 2:51 S-S, 2:92

Table 9. Intermolecular interatomic distances shorter
than 5 A in C;H,S,

CyC, 476A I Cs-S; 3854 1II
Cs-C, 3-89 I C,-S; 4-96 v
Cy—C, 3:68 I CeCs  3-99 1r
Cy—C;, 4-58  III"” Ce-S, 431 III
C;—C; 461 I CeS, 415 IIU’
Cy—Cs 477 I Cg-S, 410 v’
Cy-Cg 496  III” CeS, 436 I
Cy-S;, 381 I CeS; 409 III
CyS, 478 v’ Cq-S; 497 IIr
Cs—S, 480 I S,-8, 351 II
Cs3—S, 408 I S-S, 372 I’
Cy—S, 470 v’ S-S, 481 II
Cy;-S; 367 I S,-S; 450 I
C—C; 490 I S-S, 468 III
C,—C; 3-68 I~ S;-S; 466 I
C—C; 418 I S;-S; 329 v
C—Cs 456 I~ S-S,  4-01 I’
Ci—S; 416 I S,—S; 485 v
Ci-S;, 477 v S,-S;  3-69 v
Ci—S, 482 I

Ci—S, 494 I I z,Y, 2

Ci—S, 492 v I z,y, 142z
C—S, 485 v’ I ®,y, —1+2
04'83 382 I II =1, y, 3tz
Ci-S; 415 III I’ }—x,7, —3+2
C,—S; 4-86  III’ 111 t+2,4—y,2
Ci—C;, 495 \'A 1Ir 34z, t—y, 1—2
Cs—Cy 404 I I —34z,3—y,1—2
Cs—S, 4-59 I Ir” —i+z,4—y,z
C,—S, 428 I v Z, 3ty 3—2
Cs—S, 3:87 v v’ T, —3ty, t—2
C,-S;, 405 A% v~ Z,}+y, —3—2
Cs-S, 429 I’ A\ }—z,1—y, — 342
Cs—S, 466 III v’ t—z,1—y,1+2
Ci—Sg 418 kT v bt -y, 1—2
Ce—S; 370 III

* Private communication.
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at the carbons are greater. The thione bond is un-
symmetrically oriented with respect to the adjacent
carbon bonds. This could arise either from repulsion
by the methyl group in the same molecule or by a
sulfur atom in an adjacent molecule at a distance of
329 A (S,-S;, IV, in Table 9).

The spatial arrangement of the molecules is shown
in Fig. 4. It consists of rows extending in the b-axis
direction with the plane of the molecules in adjacent
rows tilted with respect to the a-axis in such a way
as to form a herringbone-like pattern when projected
onto the z—z plane. This is a common form of packing
for small planar organic molecules with weak inter-
molecular forces.

The non-bonding intramolecular distances are shown
in Table 8 and the intermolecular distances shorter
than 5 A are given in Table 9. These distances were
computed using an IBM 650 program prepared by
Templeton (1957).

The authors wish to thank Prof. Ray Pepinsky for
the use of X-RAC, Mr R. Shiono for the IBM 650
differential synthesis and structure factor calculations,
and Dr Blaine B. Wescott, Executive Vice President,
Gulf Research & Development Company for per-
mission to publish this paper.
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1. Introduction

In high speed computers with large memories, the storage
of atomic scattering factors presents little difficulty. If
100-160 values of the scattering factor for each atomic
species, at 0-006 intervals in sin 6/4, can be stored, simple
table-searching without interpolation yields the desired
functions with 1% accuracy (Sparks, Prosen, Kruse &
Trueblood, 1956). Greater accuracy is obtained by inter-

*  Address,
Pasadena, Calif.

1958: California Institute of Technology,

polation in tables of f versus sin? 6 (Ahmed & Cruick-
shank, 1953; Lavine & Rollett, 1956; Rollett, 1957):
in this case, 48 to 100 values are stored for each atomic
species, adequate accuracy being achieved by linear
interpolation even in the 48-values tables if the intervals
of tabulation are chosen so as to make successive incre-
ments in f approximately equal.

In other computers, a limited memory makes the
storage of entire f-tables an impossibility. To this class
belongs SILLIAC (the Sydney University version of the
University of Illinois Automatic Computer), which at



