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equally well be accounted for if, instead, we considered 
chlorine atoms as occupying a corner of the symmetry- 
bound tetrahedron around the same (b) points and 
swinging from one corner to the other. Although experi- 
mental data at our disposal are not sufficient to warrant 
a decision between these two versions, the Fourier 
projection of electron density of high-boracite (Fig. 2) 
is rather suggestive of the latter picture. The contour 
around chlorine atoms (overlapped by magnesium 
atoms in (100) projection) indicates conspicuous lumps 
just where chlorine atoms might be temporarily sta- 
tioned in their swinging motion. 

Should this be the real state of affairs, the a-t? inver- 
sion would be adequately explained as due to the moving 
chlorine atoms simply coming to a standstill. At the 
transition temperature chlorine atoms may not shift 
from one definite position to another as we conceive 
ordinarily. I t  would be, indeed, difficult to understand 
why the inversion is accompanied by no observable effect 

on the lattice dimensions if a change in positions of 
certain atoms, and of their environment, had actually 
taken place. 
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The crystal structure of a pentachloroeyclohexene, prepared from the g-isomer of CoHeCI e by treat- 
ment with alkali, has been determined by Fourier projections, lines and selected sections. The posi- 
tion of the double bond has been fixed unambiguously. The steric course of elimination in the case of 
~-C6HeCI e has been established by this investigation. 

Introduction 
In  the course of an extended investigation on the 
kinetics of olefin elimination from the isomers of hexa- 
chlorocyclohexane (Hughes, Ingold & Pasternak, un- 
published; see also Cristol, 1945) intermediate products 
of the formula CoHsC15 could be isolated in the case of 
the y- and 8-isomers. Whereas the former was obtained 
as a viscous liquid, the latter crystallized from petrol 
ether. In order to clarify the steric course of elimination 
the X-ray analysis of this compound was undertaken. 

Physical and X-ray data 

C6HsCI~ (m.p. 69 ° C.) is very soluble in organic solvents. 
I t  crystallizes from light petrol ether in conglomerates 
of badly developed crystals, which are suitable neither 
for optical nor for X-ray measurements. Single crystals, 
however, occasionally appear at the wall of the crystal- 
lization flask as thin plates. Under the polarizing micro- 
scope they show a very high birefringence and are 
biaxial negative. The principal index, l?, lies in the plane 
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of the plate; the other two are inclined to it. From the 
X-ray measurements it was found tha t  the crystals 
were monoclinic, the b axis being parallel to/?. The face 
of the plate was chosen as (001). 

Samples for the X-ray investigations were prepared 
by cutting such plates by a razor blade down to about 
equal dimensions (0.01-0.03 cm.). They were mounted 
in lithium borate tubes, as they deteriorated in the open 
air. Most of them were distorted and had to be rejected, 
but ultimately some fairly good crystals were found. 

The unit-cell dimensions, determined from rotation 
and Weissenberg photographs, are 

a=7.54,  b=18.2(8), c=7.01A.;  /?=105.(1) °. 

Density (calculated for four molecules per unit cell), 
1.811g.cm.-3; density (measured), 1.80g.cm.-L Re- 
flexions (0k0) and (hO1) are missing for k and h odd, 
respectively. The space group is therefore P21/a. 

Weissenberg photographs were made of the (0kl)- 
(3kl), (hkO)-(hk3), (hO1)-(h6l) layer lines with CuK~ 
radiation, using the multiple-film technique. The rela- 
tive intensities were estimated visually. They were 
corrected for Lorentz, polarization and inclination 
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factors. No absorption correction was applied: it would 
have been difficult on account of the irregular shape of 
the samples, and it  seemed unimportant  because of 
their small size. This was verified by comparing the 
relative intensity of a number of identical reflexions 
from two different crystals and from different layer 
lines also. The small size of the crystals, however, had 
the disadvantage of reducing the intensity of the 
photographs. An intensity range of not more than 
1-500 could be realized with exposures of 30-60 hr. 

Structure analysis 

The analysis of such a structure may in principle be 
rather difficult, because the way in which the five heavy 
atoms of the molecule can be arranged in space is very 
little restricted. However, the knowledge of the struc- 
ture of its mother substance, c?-C6H6C16 (Bastiansen, 
Ellefsen & Hassel, 1949; Bijvoet, private communica- 
tion), combined with theoretical arguments on the 
mechanism of elimination (Hughes, Ingold, Dhar, 
Mandour, Maw & Woo]f, 1948), made an approximately 
planar arrangement of the atoms probable. Furthermore, 
the orientation of the molecule was indicated by the 
fact tha t  the (20i) reflexion was by far the strongest of 
all those observed and was, in addition, accompanied 
by a pronounced diffuse spot in Laue photographs. 
These facts pointed to a layer structure parallel to this 
plane (Lonsdale, 1941), an interpretation confirmed by 
the Patterson projection on (010), which consisted of 
rather sharp, high ridges along the (201) planes with 
deep valleys between them. Also, the arrangement of 
the four molecules in the unit cell was now quite obvious, 
taking into consideration the dimensions of the cell. 
They lay two by two in the (201) planes or in planes 
h a l l w a y  between these, lined up along the b axis. 

I t  seemed most promising to begin the detailed 
analysis with the (100) projection. This projection 
represents the molecule seen nearly perpendicular to 
its plane, because the (100) and (20Y) planes are almost 
equally inclined to the a axis (75 and 73°). An important 
advantage of this view is its small sensitivity to dis- 
tortion of the molecule caused by the double bond. Thus 
one can assume as first approximation that  one has to 
do with the flat, saturated compound. One may  of 
course also expect the best resolution in this projection, 
at  least if no overlapping of atoms from different 
molecules occurs. 

Actually it was possible to fit a flat molecule into the 
(100) Patterson map in such a way tha t  ortho chlorine 
atoms lay on lines nearly parallel to the c axis. No other 
position agreed satisfactorily with the complex peaks. 
With this result as starting point, approximate co- 
ordinates were found without difficulty by trial and 
error. The structure factors were calculated by using 
the simple device of Vand (1948). Already the first 
Fourier synthesis, made with about 40 terms, showed 
clearly the entire molecule. Three chlorine atoms were 
well resolved and four carbon atoms were indicated. 

However, the two remaining chlorine atoms overlapped 
with their counterparts from a second molecule, and 
the two carbon atoms were also masked by another 
molecule. After two consecutive syntheses this pro- 
jection was abandoned for the time being, as no better 
resolution could be obtained and refinement became 
more difficult. 

The (001) projection proved to be much more in- 
volved, as the molecule is seen sideways, possible dis- 
tortions being most pronounced in this view. The peaks 
in the Patterson projection were of course very complex 
and could not be interpreted. Direct trial-and-error 
methods, too, did not give the right answer, part ly 
because the carbon atoms were neglected in the calcula- 
tion of the structure factors, their positions being very 
uncertain. This made the agreement between measured 
and calculated structure factors very poor for some 
important low-order reflexions, even in nearly correct 
trials. At last, three-dimensional Patterson line 
syntheses parallel to the a axis were undertaken through 
the end-points of those C1-C1 vectors which promised to 
give clear maxima. They led unambiguously to one set 
of co-ordinates, surprisingly near to the final values, the 
maximum deviation being only 0.08A. (An ordinary 
Harker-Pat terson section in y = ½ would not have given 
good resolution for this layer structure parallel to b.) 

The signs of the stronger (hk0) reflexions were now 
determined and a Fourier synthesis was made. The 
chlorine atoms were all well resolved, whereas the 
carbon atoms masked each other completely, the plane 
of the ring being seen at  too small an angle. As it was of 
special interest to locate the carbon atoms as well, this 
projection was not refined further, but immediately 
some three-dimensional work was initiated. The signs 
of the structure factors of important general reflexions 
were determined, still neglecting the carbon atoms. As 
the atoms all lie near to (201), a simple transformation 
of co-ordinates was carried out to make this the (100) 
plane, and a bounded section was calculated (Booth, 
1948) parallel to it within the boundaries x =  +_ ~ .  All 
atoms but one chlorine atom were included and clearly 
resolved, and thus approximate y and z parameters for 
all of them were found. Line syntheses parallel to a 
through their centres gave the x parameters also. 

With this complete set of co-ordinates all structure 
factors were calculated, this time taking also the carbon 
atoms into account. Before going further, the (100) 
projection was completed (Fig. 1). 

As no mechanical calculating device was available, 
the three-dimensional refinement consisted only in one 
single section parallel to (010) through the centre of 
each atom, followed by a line synthesis parallel to b.* 

* Booth's method of projected sections (Booth, 1948, 
pp. 40, 43), which was very tempting at first sight, turned out to 
be useless, as its hidden principal assumption is never fulfilled 
in a real case. It implies that only this section, which 
is supposed to go through the atom, has a positive electron 
density around the atom in the projection, and all other sections 
show there an electron density exactly equal to zero. 
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In  the case of one carbon a tom a difference of about  
0.3 A. was found between the y co-ordinate t aken  for 
the section and tha t  obtained from the line synthesis.  
The section was therefore recalculated a t  the new value 
of the parameter .  The change in the x and z co-ordinates 

I I I 
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Fig. 1. Electron density projected on (100). Contours at 
intervals of about 4 e.A. -2 for the chlorine atoms and 
2 e.A. -2 for the carbon atoms. Lowest contour at 2 e.A. -~. 
The crosses indicate the final atomic positions. 
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Fig. 2. Fourier sections parallel to (010) through the carbon 
atoms. Contours at intervals of about 1 e.A. -~. Lowest 
contour at 2 e.A. -s. The y co-ordinates of the sections are: 
(a) 0.042, (b) 0.166 (broken line at 1 e.A.-8), (c) 0.093, 
(d) 0-114. 

amounted  to 0.04 and 0.02 A. respectively. As the other  
sections were all placed within 0.15A. from the final 
y parameter ,  it was not  found necessary to repeat  them. 
Finally,  doubtful  s t ructure factors were redetermined 
and the  sections and lines corrected for the few changed 
signs. In  Fig. 2 the sections through the carbon atoms 

N T A C H L O R O C Y C L O H E X E N E ,  C8H5C15 

are reproduced. As m a y  be noticed, the peaks are on the 
whole fairly circular. 

The measured and the calculated s t ructure  factors for 
the  (h/c0) and the (0/cl) reflexions gave for the  quan t i t y  
z I Fob .-F  o I/z 1Fo  . I values of 0-200 for the (h/c0) 
and 0.185 for the  (0/cl) reflexions. 

The average accuracy of atomic parameters  (Table l) 
is est imated to be about  0.02 A. for each co-ordinate of 
the chlorine atoms. For  the  carbon atoms an error up 
to 0.05 A. m a y  be reasonable. 

Table 1. Atomic parameters 
x/a y]b z/c 

CI~ 0.276 -- 0.053 0.566 
C18 0.448 0.079 0.848 
C14 0.237 0.235 0.727 
C15 0.125 0.265 0.258 
CI~ - 0.038 0"115 0.006 
C z 0.201 0.048 0.297 
C~ 0.240 0.040 0.476 
Ca 0"246 0"094 0"635 
C 4 0.272 0" 167 0.556 
C 6 0.125 0-174 0-369 
Cs 0.164 0" 122 0-220 

D i s c u s s i o n  o f  the  s tructure  

In  Fig. 3 the a r rangement  of the a toms and  the  bond 
lengths are given. The C1-C distances are as a whole 
somewhat  too long and the  C-C distances too short  
compared with the s tandard  values. P robab ly  these 
deviations are not  real, bu t  originate most ly  from the 
inaccuracy in the parameters  of the  carbon atoms. One 
would have expected, however, a r andom distr ibution 
of the  errors. 

5 
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/ 
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Fig. 3. Model of the molecule. Bond lengths 

are given in .~mgstrSm units. 

Other impor tan t  distances are those between chlorine 
a toms in the ortho position: 

3.17 for C12-C18, 3.27 for Cla-C14, 

3.21 for C14-C1 s and 3.32 A. for C15-C16. 

The nea£est intermolecular C1-C1 distance was 3.55 A. 
The double bond can be located with cer ta in ty  

between C1 and C~. I t  is not  only the  short  bond length 
which indicates it, but  also the fact  t h a t  in the  common 
section through both a toms the  electron densi ty between 
them is much higher t han  in a similar section through 
C s and Cs (see Fig. 2 (a) and (b)). This difference is 
believed to be real. The bond angles also point  to the  
same thing (Table 2). The angles a t  the  bond C1-C~ have 
values around tha t  expected a t  a double bond, whereas 
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all other bo.nd angles are nearer to the te t rahedral  
angle. Final ly,  the atoms Cl2, C1, C2, C a and C a lie 
approximate ly  in one plane, the biggest deviat ion being 
0.04A. (Table 3). The atoms C~ and C~, which are not 
expected to be in the plane, are actual ly  much far ther  
away from it. The plane has been chosen so as to go 
through CI~ and to give the least-square deviat ion for 
the four carbon atoms. 

Table 2. Bond angles 

Clz-C2-C a 113 ° c2-ca-c4 107 ° 
Cls-Ca-C4 106 ca-c4-c 5 106 
Cls-Ca-C ~ 110 c4-c5-c 6 108 
c14-c4-c 6 108 cs-c6-ct 113 
c1~-c4-c8 i l l  
Cls-Cs-C e 106 Cl~-C2-Ct 117 
c15-c5-c 4 112 ce-c,-c~ 118 
CI~-C~-Ct 107 C~-C~-Ca 130 
Cls-C6-C~ 110 

Table 3. Distances of the atoms from 
the plane of the molecule 

C12 C1 C2 
0 + 0"00(7) + 0"04(4) 

C6 Ca C5 
-0"01(4) + 0"33(7) -0"39(6) 

C14 C15 C16 
+0"08(8) +0.06(2) -- 1.25(3) 

+ = above; -- = below the plane. 

C 3 

--0.01(2) 

C13 
+1.18(2) 

The steric relation between our compound and its 
mother substance 3-C6HsC16 can now be seen readily. 
The lat ter  has the structure shown in Fig. 4. When  it is 
treated with alkali, Cll, the only chlorine atom in an 
e-position (Bastiansen et al. 1947) is removed together 
with a proton from C~ (or from the equivalent  a tom C6). 
Simultaneously with the formation of the double bond, 
C 2 and C12 have to move in one plane with C1, Ca and C 6, 
as is possible without  large displacements of these 
atoms. The bond angles would assume the values 121 ° 
at  C 1, 123 ° at C2 and 116 ° at C a, i f a  movement  of C~ took 
place alone. However, some adjus tments  must  also 
occur, because the distance between Cl~. and Cla would 
get very short (2.89 A.). Thus the C~-C 6 and the C2-C a 
bonds are twisted, so as to lower C1 s and to lift C13 
relative to the plane of the molecule. By  these dis- 
placements the distances C15-C1 s, C13-C14 and especially 

C12-C1 s are increased. The twist  undoubtedly  also causes 
a movement  of C4 and C 5. Nevertheless, the relative 
atomic positions within the group C14-C4-C5-C15 seem 
to remain unchanged,  as the distance C14-C15 is approxi- 
mate ly  the same as expected for the undistor ted struc- 
ture (3-18 A.). 

6 ~ 4 

I 1 "2 

Fig. 4. Model of 3-CeH6C16. 

As for smaller displacements,  however, and especially 
for possible distortions of bond angles, the present 
results are not accurate enough to be conclusive. A more 
exact X-ray  analysis of a simpler derivative of cyclo- 
hexane would be desirable to clarify it. 
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