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in the bond lengths, the maximum change being 
0.012 ~,  and the mean 0.007 /~. The revised values 
of the bond lengths are given in Table 7. The mean 
C-C distance in the benzene ring is thus 1.398 /~, 
compared with 1.391 /~ for the uncorrected co- 
ordinates. 
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The s tructure of trans-2,3-dichloro-l,4-dithiane has been determined from projections along [100], 
[010], and [101J by means of data obtained at about -180 °C with molybdenum radiation. The 
space group is Pn with 

a=7.174, b--7.511, c--6.726 A, fl--93.93 °, and Z=2 .  

The dithiane ring has the chair form with the chlorine atoms in axial positions. A comparison 
is made with similarly substituted 1,4-dioxanes. 

Introduction 

The present s tudy is an extension of the studies 
made in this laboratory on substituted cyclohexanes 
(Kwestroo, Meijer & Havinga, 1954; Wessels, 1960; 
van Dort, 1963), dioxanes (Alton~ & Romers, 1963a, b; 
Altona, Knobler & Romers, 1963a, b) and dithianes 
(Kalff & Havinga, 1962). 

We have been able to synthesize some 2,3-di- 
substituted (dichloro-, chlorobromo-, and dibromo-) 
and one 2,5-disubst i tuted (dibromo-)l ,4-dithiane 
(Kalff, 1964). Since the unit cell of the dichloro 
compound contains only two molecules and its 
absorption coefficient is the lowest, this compound 
was chosen for structure determination. 

* Part XI I I :  Mossel & Romers (1964)." 

Exper imenta l  

trans.2,3-Dichloro-l,4-dithiane was prepared by addi- 
tion of chlorine to 1,4-dithiene in chloroform (Kalff, 
1964). The compound crystallizes from hexane in 
small needle~, elongated along the a axi~ and twinned 
on the plane (001). A specimen used for collecting 
O/el data was obtained by cutting a twinned crystal. 
Crystals of a different habit  were obtained by slowly 
evaporating a solution in chloroform. The crystals 
from the latter solvent appeared in the form of 
plates with (010) as main face and again twinned 
according to (001). These crystals were used for 
collecting hO1 and hkh data. All specimens were sealed 
in dry Lindemann capillaries. 

Unit-cell dimensions (Table 1) were measured from 
zero level Weissenberg photographs about [100] and 
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Table 1. Unit-cell dimensions and standard derivations, densities (g.cm-3), and space groups 
of some 2,3-dihalogeno- l,4-dithianes 

Corn- Space 
pound a b c /~ (o) dexp dcalc T (°C) Z group 

Di-C1 7"174_+0"004 7"511 _+0"003 6"726_+0"004 93"93_+0"07 - -  1"75 -- 180 2 Pn 
Di-C1 7.30 7.60 6-88 93.67 1.68 1.66 + 20 2 Pn 
C1Br 7.40 7-60 6.96 93.50 2.03 1.99 + 20 2 Pn 
Di-Br 14.54 7.52 7.60 90 2.20 2.19 + 20 4 Pnam or 

Pna21 

[010], taken with unfi l tered Cu radiat ion (~t= 1.5418/~) 
at  - 1 8 0  °C. The photographs were superposed with 
A1 powder lines (a=4.9089 /~ at  26 °C) at  room 
temperature .  Unit-cell  dimensions and s tandard  
deviat ions calculated from 64 measured glancing 
angles 0 were refined with a least-squares procedure. 
Included in Table 1 are the unit-cell dimensions at  
room tempera ture  of the 2,3-dichloro, the 2-chloro- 
3-bromo, and the 2,3-dibromo compound. The room 
tempera ture  da ta  are less accurate since no cal ibrat ion 
with A1 powder lines and no least-squares procedures 
were applied. 

Zero layer Weissenberg photographs about  [100] 
and [101] (non-integrated photographs) and about  
[010] (integrated photographs) were taken with M o K a  
radiat ion at  - 1 8 0  °C by means of the l iquid-nitrogen 
adaptor  designed by  Altona (Altona, 1964a). The 
intensit ies of 0kl and hkh reflexions were es t imated 
visually.  The hO1 data  were measured par t ly  with 
a photometer  and par t ly  visual ly  (the weaker spots). 
The six strongest reflexions were correlated from 
corresponding spots on a different set of hO1 data  
tha t  had been taken  at a sl ightly higher temperature.  
The intensit ies were reduced to structure factor moduli  
(Geise, 1964) and the usual  Lorentz and  polarization 
corrections were made. The chosen crystals were 
sufficiently small  (largest dimension 0.5 ram) to 
permit  the absorpt ion effects (# < 13.3) to be neglected. 

The absence of reflexions with h + l  odd indicates 
tha t  Pn or P2/n are possible space groups. The 
densi ty  (1.68 g.cm -3) was determined by  the f lotat ion 
method. I t  follows tha t  the uni t  cell contains two 
molecules. Inspect ion of Table 1 shows tha t  the 
dibromo compound is orthorhombic.  The chlorobromo 
compound, however, is isomorphous with the dichloro 
compound. 

Patterson  functions 

Since the uni t  cell of the dichloro compound contains 
only two molecules, i t  follows tha t  the asymmetr ic  
uni t  consists of one molecule if the space group is Pn, 
and of half a molecule if the true space group is P2/n. 

A distinction between the al ternat ives  was made 
by  a successful in terpreta t ion of the Pat terson 
projections along [010], [101], and [100]. All Pat terson 
functions were calculated with Fourier  coefficients 
F 2 (sin s 0/~t 2) exp ( - 0 . 6 0  sin 2 0/~2). The P(uw) func- 
t ion was analysed first. 

Keeping in mind  tha t  the scattering power of 
sulphur  and chlorine atoms is about  the same, and 

neglecting the  contributions of the carbon and 
hydrogen atoms, there are two peaks with double 
weight and two with single weight if the space group 
is P2/n, and six peaks of about  equal weight if the 
space group is Pn. The lat ter  requirement  was met  
in our analysis  and we concluded tha t  the asymmetr ic  
space group was the true one. Approximate  x and  z 
parameters  of three heavy  atoms were found. The 
x and z parameters  of the fourth a tom (Cl(1)) (cf. 
Fig. 2 for the number ing  of the atoms) were arbi- 
t rar i ly  fixed at zero. The y parameters  of these four 
atoms were found from the Pat terson projection along 
[101] and checked wi th  those from the projection 
along [100]. 

Structure factors with the heavy  a tom contributions 
were calculated for the three projections mentioned.  
The rel iabi l i ty  index R was 0-24, 0.19, and 0.21 for 
the hOl, hlch, and Okl reflexions respectively. The 
positions of the carbon atoms were found from 
subsequent  electron densi ty  projections (see Fig. 1). 

Ref inement  

The ref inement  of the structure was carried out by 
several cycles of calculated structure factors, electron 
densi ty  projections and difference Fourier  maps.  At 
a later stage a least-squares method was used for the 
ref inement  (minimizing •w(Fo-  Fc) 2, and taking w = 1 
during all cycles). The ref inement  was stopped when 
the shifts were wi th in  the s tandard  deviations. The 
heavy  atoms were refined with anisotropic tempera- 
ture factors in all projections. All atoms in the [010] 
projection showed some anisotropy in the difference 
maps.  Therefore we introduced anisotropic tempera-  
ture factors for the carbon atoms also in this  projec- 
tion. No hydrogen atoms were introduced in the 
calculations, because only in the [101] difference map,  
calculated with reflexions with sin 0<0.35 ,  could 

Table 2. Final atomic coordinates 
(in fractions of cell edges) and standard deviations 

(10 -a A units) 
Atom x y z 
S(1)  0.3749 (6) 0.2037 (6) 0.2124 (6) 
S(2)  0.3302 (6) 0.3241 (6) --0.2880 (5) 
Cl(1) 0.0000 (5) 0.1575 (6) 0.0000 (5) 
C1(2) 0.3563 (6) 0.6200 (6) 0.0090 (6) 
C(1)  0.1778 (19) 0.3159 (24) 0.0886 (18) 
C(2)  0.2238 (20) 0.4327 (22 )  --0.0894 (19) 
C(3)  0.4709 (20) 0.0933 (26 )  --0.0020 (19) 
C(4)  0.5320 (20) 0.2172 (22 )  --0.1537 (19) 
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A t o m  B n 
S(1) 1.63 
S(2) 1.72 
CI(1) 1.42 
Cl(2) 1.49 
C(1) 1.29 
C(2) 1.'57 
C(3) 1.69 
C(4) 1.53 

THE CONFORMATION OF NON-AROMATIC RING COMPOUNDS. XIV 

T a b l e  3. Temperature factors B (A 2) and peak electron densities ~o (e.j~-~) 
[OLO] [loo] 

B33 2Bla ~o0 Biso B2~ B3a 2B23 ~o 0 
1.20 0-17 49 0"89 1.33 0.14 45 
1.02 0.36 48 0.81 1.42 0"04 42 
1.56 0.44 50 0.98 1.47 --0.20 44 
1.52 0.06 50 0.88 1.48 0.10 45 
1.09 0.37 15 1.16 12 
1.32 0"55 15 1.25 10 
1.56 1.44 14 1-28 71- 
1-41 0.22 14 1-13 l l  

Biso 

1.02 
1.02 
1.05 
1.02 

* In  projec t ion  [I01] a toms  C1(2) and C(1) par t ia l ly  overlap.  
t In  pro jec t ion  [100] a toms  Cl(1) and C(3) show h e a v y  overlap.  

[7Ol] 

B22 Baa" 2B2a" 
0.98 0.97 0.34 
1.13 0.97 --0-15 
1.00 1.05 --0.21 
0"89 1.21 --0.71 

Qo 
54 
56 
58 
60* 
19" 
15 
14 
17 

0 1A ~ o 

_J. 
O._~z ' 0 ÷¼ 0 --~z'O 

1 
- t -  

+_s +3  4 

I +-~ 

(a) 

t o 1A 

(c) +½ 

.Fig. I. E lec t ron  dens i ty  pro jec t ions  along (a) [I00], (b) [i01],  and (c) [010]. Contours  are dra~m at  5, 10, 15 . . . .  e .A -~ for 
the  su lphur  and  chlorine a toms  and a t  5, 7.5, I0 . . . .  e .A -'° for the  carbon atoms.  The coordinate  z'=x+z in (b). 
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Fig. 2. Atomic distances and bond angles in 
trans- 2,3-dichloro- 1,4- dithiane. 

three or four peaks possibly be assigned to hydrogen. 
The final R values, defined in the usual way (observed 
structure factors only) were 0-069, 0.061, and 0.081 
for the [010], [101] and [100] projections respectively. 
As can be seen from Fig. 1, only the [100] projection 
has two overlapping atoms (Cl(1) and C(3)). The final 
atomic positions are shown in Table 2. 

In  Table 3 the temperature factors for the three 
projections and the peak electron densities @o are 
given. 

D i s c u s s i o n  o f  t h e  s t r u c t u r e  

The electron density projection along [701] demon- 
strates tha t  the dithiane ring has the chair form; 
the chlorine atoms occupy axial positions. Fig. 2 
shows the distances and angles in the molecule. 
From a comparison of the corresponding bond dis- 
tances and bond angles it follows tha t  the molecular 
symmetry  is C2, a twofold axis running through the 
midpoints of C(1)-C(2) and C(3)-C(4). Therefore 
averaged bond distances and bond angles are cited in 
the discussion of the structure. The distances and 
angles found are listed in Table 4. 

The distances S(2)-C(4) and S(1)-C(3) with an 
average value of 1.84 /~ are possibly longer than the 
distances S(1)-C(1) and S(2)-C(2) with an average 
value of 1.79 /~. The distance C(3)-C(4) (1.47 /~) is 

Table 4. Intramolecular distances (A), angles (o) 
and estimated standard deviations 

Bond 
c(1)-cl(1) 
C(2)-CI(2) 
c(1)-c(2) 
c(3)-c(4) 
c(1)-s(1) 
c(2)-s(2) 
c(3)-s(i) 
c(4)-s(2) 

Non-bonded 
S(1). -- CI(1) 
S(2) • • • CI(2) 
S(1) . . .  S(2) 

Bonds 
c(i)-c(2)-s(2) 
c(2)-c(1)-s(1) 
C(1)-S(1)-C(3) 
C(2)-S(2)-C(4) 
C(3)-C(4)-S(2) 
C(4)-C(3)-S(I) 
C(I)-C(2)-C1(2) 
C(2)-C(1)-CI(1) 
S(1)-C(1)-Cl(1) 
S(2)-C(2)-C](2) 

Distance e.s.d. 10 -a 
1.81 22 
1-80 22 
1.54 28 
1.47 31 
1.80 21 
1.78 21 
1.84 22 
1.84 21 

2-98 8 
2.99 8 
3.48 8 

Angle e.s.d. 
116.6 1-4 
115.1 1.4 
99.9 0.9 

101.3 0-9 
110-8 1.4 
113.9 1.4 
107.2 1.4 
107.6 1.4 
110.9 1.2 
113.1 1.2 

not significantly shorter than the 'normal'  value of 
C(1)-C(2) (1.54 A). A smaller value (1.49 /~) was also 
found for the corresponding C-C distance in 1,4- 
dithiane (Marsh, 1955). The carbon-chlorine bonds 
(average value 1.805 /~) do not deviate from the 
accepted value for this type of bond distance. 

The C-S-C angle (100.6 °) has the expected value 
for divalent sulphur linked to two atoms (Abrahams, 
1956). 

The S-C-C angles (112.3 °) belonging to carbon 
atoms without chlorine atoms are significantly smaller 
than the corresponding S-C-C angles (115-8 °) belong- 
ing to carbon atoms at tached to the axial chlorine 
atoms. A comparison with 1,4-dithiane shows tha t  
the dihedral angle between the planes S(1)-C(3)-C(4) 
and S(2)-C(4)-C(3) has the 'normal'  value of 70-9 °. 
The corresponding dihedral angle between the planes 
S(2)-C(2)-C(1) and C(2)-C(1)-S(1) amounts to 58-7 ° 
and is about 10 ° lower than the dihedral angle in 
1,4-dithiane which is 68.9 °. The C(1)-CI(1) and 
C(2)-C1(2) vectors make an angle of 12.7 ° , and 
account, at least partially, for the observed dipole 
moment of 1.63 D (Kalff, 1964). The atoms CI(1)- 
C(1)-C(2)-C1(2) are non-planar. The dihedral angle 
between the planes Cl(1 )-C(1)-C(2) and C(1 )-C(2)-C1(2) 
is 13.3 ° . 

The conformational features of this molecule closely 
resemble those of trans-2,3-dichloro-l,4-dioxane and 
the corresponding dibromo compound (Altona & 
Romers, 1963b; Altona, Knobler & Romers, 1963b). 
A detailed account of these phenomena is given 
elsewhere (Altona, 1964b). 

In Fig. 3 a view of the structure is given along [001]. 
Only half the intermolecular distances are shown. 
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Fig. 3. A view of the structure along [001]. Only half the 
distances are given for the sake of dearness. Not showing 
is the distance S(1)-S(2) (8.52 A) of the molecules with 
parameters x, y, z, and x, y, z-- 1, respectively. 

Parameters  of the molecules: 

I x y z 
I I  x +  ½ ~ z +  ½ 
I I I  x+½ 1--y z + ½  
IV x +  1 y z 
V x--½ 1--y z+½ 
VI x y +  1 z 
VII  x-- -~- ~ z + ½ 

N o  h y d r o g e n  a t o m s  w e r e  d r a w n .  T h e  o n l y  d i s t a n c e  
n o t  s h o w i n g  in  t h e  f i gu re  is t h a t  b e t w e e n  S(1) a n d  S(2) 
(3.52 ~ )  of t h e  m o l e c u l e s  w i t h  p a r a m e t e r s  x, y, z a n d  
x, y, z - 1  r e s p e c t i v e l y .  

A c c o r d i n g  to  K i t a i g o r o d s k i i  (1960) t h e  space  g r o u p  
Pn will  o c c u r  w i t h  close p a c k i n g  o n l y  w h e n  c e r t a i n  
s p a t i a l  c o n d i t i o n s  a r e  fu l f i l led .  A p p a r e n t l y  th i s  is t h e  
case  in  th i s  s t r u c t u r e .  As c a n  be  seen  f r o m  Fig .  3 
t h e  m o l e c u l e  is s u r r o u n d e d  b y  14 n e i g h b o u r s .  

W e  wi sh  to  e x p r e s s  o u r  t h a n k s  to  Prof•  E.  H a v i n g a  
w h o  s u g g e s t e d  th i s  i n v e s t i g a t i o n ,  t o  Mrs  E .  V. M. 
R u t t e n - K e u l e m a n s ,  D r  H .  J .  V. H .  Geise  a n d  Mr  
B.  H e s p e r  fo r  he lp  w i t h  t h e  c a l c u l a t i o n s  a n d  t o  
Mr E ,  v ~ n  H e i j k o o p  for  t e chn i ca l  ~ssi~t~nc~. 

T h e  p r o g r a m  u s e d  for  c a l c u l a t i o n  of un i t - c e l l  
d i m e n s i o n s  w a s  d e v e l o p e d  b y  Miss J .  v a n  d e r  Be rg .  

Al l  c a l c u l a t i o n s  w e r e  c a r r i e d  o u t  on  t h e  X1  com-  
p u t e r  of t h e  U n i v e r s i t y  of L e i d e n .  

R e f e r e n c e s  

ABRA~AmS, S. C. (1956). Quart. Rev. Chem. Soc., Lond. 
10, 414. 

T a b l e  5. Calculated and observed structure .factors 
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