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dium atoms have different coordinations. These are 
indicated in Fig. 1. Table 3 gives the sodium-oxygen 
distances below 3.52 A. Since there are no distances in 
the range 3.13 to 3.52 A, the number of oxygen atom 
neighbours at 3.13 A or less are taken to be the coor- 
dination number of sodium. This number is 7, 6 and 8 
for Na(1), Na(2) and Na(3) respectively. The coor- 
dinating oxygen atoms do not surround the cations in 
a symmetrical fashion. The sodium-oxygen distances 
of the coordinating oxygens range from 2.237 to 3.130 
A. In comparison International Tables for X-ray Crys- 
tallography (1962) gives for sixfold coordinated sodium, 
the range 2.25 to 2.78 A derived from 16 determinations 
(The sodium-oxygen distances listed by Hyman, Per- 
loft, Mauer & Block (1967) for sodium tetraborate 
cannot be reconciled with their parameter list.) 

The present results reinforce the general impression 
that the cation sites in borate polymer networks de- 
pend strongly on the requirements of the polymer 
anion. 
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Crystals of cis-2-chloro-4-t-butylcyclohexanone are triclinic. The space group is P1 and Z =  2. The unit- 
cell dimensions are a=  8.294, b= 10.563, c= 6"366 A, e=  100"8, r =  97.4 and ?,=79"5 °. The structure 
has been solved by Patterson methods and direct methods and refined with a least-squares procedure 
using Mo Ke data measured with a three-circle diffractometer. The final conventional R value is 3.7 %. 
The cyclohexane ring has a chair conformation with the chlorine atom and the t-Bu group in the equa- 
torial positions. The staggering of the latter group with respect to the ring atoms is - 1-5 °. The thermal 
motion has been analysed in terms of a rigid body. Statistical tests indicate that the rigid body model 
without methyl groups cannot be rejected on a 5 % significance level and suggest a librational motion 
of the t-Bu group. 

Introduction 

This investigation forms part of the studies in this 
laboratory concerning the geometry of t-Bu groups. 
Fraterman & Romers (1971) (hereafter referred to as 
FR) showed that the C(CHa)s groups in the aromatic 
compound 2,6-di-t-butyl-4-(p-bromophenyl)imino-2,5- 
cyclohexadien-l-one have conspicuously high temper- 
ature factors and presumably suffer from restricted 
rotation (libration) about the central C-C bonds, or 
possibly show conformational disorder. This phenom- 
enon has not been encountered in other aromatic 
compounds with t-Bu groups (consult FR for liter- 

* Part LXXIII: Koer, de Kok & Romers (1972) 

ature) but might be present in analogous cyclohexane 
derivatives. Altona & Sundaralingam (1970) carried 
out empirical force-field calculations of a number of 
substituted cyclohexane compounds. Their calcula- 
tions indicate that the C(CH3) 3 groups do not occupy 
staggered positions relative to the ring bonds. The 
angle of twist with respect to the ideally staggered posi- 
tion (+  17 °) is concomitant with an asymmetrical dis- 
tortion of the cyclohexane ring. A very low barrier 
(300 cal.mole -I) separates the two equivalent forms 
and the authors suggest that in diffraction analysis the 
twisting phenomenon would reveal itself by unusual 
large temperature factors (disorder) of atoms of the 
t-Bu group and, to a less degree, of the ring atoms. 

So far no published experimental evidence is avail- 
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Fig. 1. Bond lengths (A,), valency and endocyclic torsional angles (decimal degrees) of CBC. The direction of largest libration 
axis L1 is indicated in the figure. 

able to support this view. The molecular structures of 
cis- and trans-4-t-butyl-l-chlorocyclohexane were in- 
vestigated by means of gas-phase electron diffraction 
(Dallinga & Toneman, 1969). In all models considered 
constraints of Cs symmetry and staggered conforma- 
tions were, however, maintained. The aim of the pres- 
ent X-ray diffraction investigation is to verify the above- 
mentioned prediction using accurate diffractometer 
measurements of the title compound (hereafter CBC). 

10 / 56.3 64.4 ~ 9  

3 A:f =-1.5 10 A~=4.2 HII01) 

8 A]'=-0.2 9 Ay=-5.5 
Fig. 2. Newman projections along the bonds C(7)-C(4)- 

C(8)-C(7), C(9)-C(7) and C(10)-C(7). The amount of 'off, 
staggering' indicates the average angle of twist (positive if 
clockwise, negative if counter-clockwise) required to restore 
ideal staggering. 

Experimental 

The compound CBC was prepared according to the 
description of Allinger, Allinger, Freiberg, Czaja & 
Le Bel (1960). Crystallization from a solution in 
heptane gave colourless needles elongated along a zone 
called [001]. Preliminary rotation and Weissenberg 
photographs indicated triclinic diffraction symmetry. 
The space group P1 was established by the Patterson 
analysis and subsequent successful refinement of the 
centrosymmetric structure. Approximate values of 
a*, b*, c*, a*, and 7" were obtained from crystals 
rotated about [100] and [001]. Precise values of the 
reciprocal lattice at 20 °C (Table 1) were measured on a 
three-circle diffractometer using orientations in which 
c, a and a* coincide with the ~ axis of the instrument. 
Cu K~ radiation (2= 1.54178 A) was used during these 
calibrations. 

The boundary planes of a carefully selected crystal 
with dimensions 0.36×0.24x0-30 mm were meas- 
ured with a binocular microscope. The crystal was 
mounted about [001] on a goniometer head of the crys- 
tal orienter. By means of zirconium-filtered Mo Ka 
radiation (2=0.71069 /k), employing the 0-20 scan 
technique and using a scintillation counter equipped 
with pulse-height discriminator, 1468 reflexions were 
measured at 20°C in a range between 3 and 25 °. An 
additional 421 reflexions having counts less than twice 
the standard deviation were considered as being non- 
observed. More details of the measurement technique 
have been given elsewhere (Portheine, Romers & 
Rutten, 1972). The reduction to structure factors was 
performed in the usual way by dividing by Lorentz, 
polarization and absorption factors. The latter factors 
were calculated according to a program designed by 
de Graaff (1972). 

A C 28B - 17" 
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Table 1. Crystallographic data of  CBC Structure refinement 
T h e  s t a n d a r d  d e v i a t i o n s  a r e  g i v e n  i n  p a r e n t h e s e s .  

cis-2-Chloro-4-t-butylcyclohexanone, CloH17OC1; melting Assuming the space group P-f, the structure was solved 
point 59°C; space group PI: by Patterson methods as well as direct methods. Since 

B r a v a i s - r e d u c e d  l a t t i c e  

d ( 1 0 0 ) =  8 . 1 1 4 3  ( 6 ) , 1 ,  
d ( 0 1 0 )  = 1 0 . 2 3 7 6  ( 1 0 )  
d ( 0 0 1 ) =  6 . 2 2 3 1  ( 8 )  

c~* = 8 0 " 3 5  (2 )  ° 
,8* = 8 4 " 3 4  ( 6 )  

y*  = 9 9 " 3 7  ( 4 )  

a =  8 . 2 9 4  ( 4 )  .~, 
b =  1 0 . 5 6 3  ( 5 )  
c =  6 . 3 6 6  ( 3 )  
~ =  1 0 0 " 8  ( 9 )  ° 

/ / =  9 7 " 4  (8 )  
y =  7 9 " 5  ( 7 )  

d o b s ( b y  f l o t a t i o n )  = 1" 15 g . c m  - 3 ,  d z  = 1" 1 6 8  g . c m - 3 ;  
V = 5 3 6 . 0  A 3 ;  Z = 2 ; / ~ ( M o  K c 0 = 3 " 1  c m - ~  

the two methods gave the same results and were carried 
out as a routine procedure, no details will be given 
here. The refinement with anisotropic temperature 
parameters for the heavy atoms and isotropic B values 
for hydrogen atoms was carried out successfully and 
was stopped after several cycles attaining a minimum 
R value of 3.7% (observed reflexions only). The 
weighted value R~ (omitting non-observed reflexions) 

Table 2. Absolute values of observed and ca/culated structure factors (FO and FC) of CBC on 100 times 
absolute scale 
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F i g .  3 .  N e w m a n  p r o j e c t i o n  a l o n g  C ( 2 ) - C ( 1 ) .  

for chlorine, oxygen and carbon were taken from 
International Tables for X-ray Crystallography ( 1 9 6 2 ) .  

Stewart, Davidson & Simpson's ( 1 9 6 5 )  s c a t t e r i n g  

values for hydrogen were incorporated during the final 
stages of  the refinement. The calculated and observed 
structure factors are listed in Table 2. 

The positional parameters of  the heavy atoms are 
listed in Table 3. The coordinates and isotropic B 
values of  the hydrogen atoms are to be found in Table 
4. The 'observed' U u values resulting from the least- 
squares refinement and the 'calculated' U u values (see 
next section) are listed in Table 5. Since the refinement 
was performed with 3 x 3 and 6 x 6 block matrices for 

is 3.9 % and the conventional R value including 421 the heavy atoms, the estimated standard deviations are 
non-observed reflexions is 7.1%. The scattering values too low, probably by 30 %. 
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Table 3. Fractional coordinates ( x  104) and standard 
deviations of  the non-hydrogen atoms in CBC 

x y z 
CI 3226 (6) 3746 (5) 2843(6) 
O -314 (13) 4647 (13) 2364 (12) 
C(1) 427 (17) 5555 (17) 2934 (15) 
C(2) 2272 (17) 5410 (16) 3390 (16) 
C(3) 2990 (15) 6246 (16) 2160 (16) 
C(4) 2217 (15) 7685 (15) 2680 (14) 
C(5) 362 (16) 7798 (16) 2129 (17) 
C(6) -395 (17) 6947 (19) 3291 (19) 
C(7) 3028 (16) 8608 (16) 1669 (16) 
C(8) 2289 (21) 10025 (18) 2460 (21) 
C(9) 2777 (20) 8325 (21) -785 (18) 
C(10) 4866 (19) 8440 (20) 2379 (21) 

Table 4. Fractional coordinates ( x  10 a) and B values 
(A 2) of  the hydrogen atoms in CBC with standard 

deviations 

x y z B 
H(21) 250 (14) 565 (14) 492 (14) 4-67 (33) 
H(31) 280 (14) 592 (14) 59 (14) 4.89 (34) 
H(32) 412 (14) 614 (14) 250 (14) 4.94 (34) 
H(41) 240 (13) 791 (13) 422 (13) 4-24 (32) 
H(51) 15 (15) 756 (15) 56 (14) 5.19 (35) 
H(52) - 1 4  (16) 867 (15) 248 (15) 6.00 (39) 
H(61) -153 (17) 699 (17) 286 (17) 7.04 (43) 
H(62) - 3 0  (17) 724 (17) 484 (17) 6.96 (42) 
H(81) 114 (17) 1020 (17) 203 (18) 7.55 (45) 
H(82) 287 (20) 1059 (20) 198 (19) 8.94 (52) 
H(83) 234(18) 1023 (18) 403 (18) 8.00 (47) 
H(91) 325 (18) 744 (18) - 135 (17) 7.98 (47) 
H(92) 328 (16) 892 (16) -137 (17) 7.19 (45) 
H(93) 165 (17) 846 (17) - 129 (16) 7.06 (43) 
H(101) 509 (17) 857 (18) 396 (18) 7.88 (47) 
H(102) 532 (18) 907 (17) 197 (17) 7.52 (46) 
H(103) 541 (17) 759 (17) 176 (16) 7.24 (44) 

T h e r m a l  m o t i o n  

The thermal  motion of  the molecule was analysed 
according to the method described by Schomaker  & 
Trueblood (1968). Omitt ing the hydrogen atoms in all 
calculations different groups of  a toms contributing to 
the assumed rigid body were inspected. The model 
without the methyl carbon atoms gave the best fit 

between observed and calculated Ut~ values (Table 5) 
and is slightly better than the rigid body composed of  
all heavy atoms. Inspection of  these models with 
Hamil ton 's  ratio test (1965) on a significance level of  
5 % (Table 6) indicates that  the 12-atom rigid body can 
be rejected. On the other hand,  the 9-atom rigid body 
cannot  be rejected in favour of  the zero hypothesis 
(i.e. no constraints on thermal parameters) .  

Table 6. Numerical data for the Rw ratio tests 

The symbols are explained in Hamilton (1965). Significance 
level ~ = 0.05. 

Model I Model II Model III 
No constraints on Fixed U~fls for Fixed U~fls for 

thermal parameters 12 heavy atoms 9 heavy atoms 
R 0"0373 0-0491 0"0439 
Rw 0.0385 0.0525 0.0462 
n 1468 1468 1468 
rn 177 105 123 
b 0 72 54 

Rw(II)/Rw(I) = 1-364 
Rb, n-,n,~ = R72,1291,0"05 = 1 "332 

Rw(III)/Rw(I) = 1.200 
R54, 1 2 9 1 . 0 . 0 5  = 1.240 

The test, of  course, does not  give a verdict upon the 
validity of  the libration effect. For  the 9-atom model  
the U~j values were also calculated for the methyl 
carbon atoms (Table 5). Since a number  of  calculated 
U~j values of  these atoms are larger than the corre- 
sponding observed ones riding motion of  the a toms 
can be excluded. The positions of  all hydrogen atoms 
obtained by the least-squares refinement, are well- 
defined. Moreover,  all C - H  distances (Table 9) are 
found in the range between 0.91 and 1.00 A. Hence we 
may conclude that  the presumed effect, if present, is 
very small and that  more accurate diffraction data  at  
different temperatures are needed to clarify this 
problem. 

The thermal parameters  of  the 9-atom rigid body are 
listed in Table 7. The translational part  of  the motion 
is nearly isotropic, the principal axes 7"1, 7"2 and T3 
being nearly equal. The direction of  the largest w i n  ° 

Table 5. Observed and calculated Utj values o f  non-hydrogen atoms in CBC at 20 °C 

The units are 10 -4/~2 and the crystallographic axes are the reference system. The temperature factor is defined as 
exp ( -  2rc2~t J hthja~*aj* Ut~). 

U11 022 U33 2 Us 2 2 U23 
obs calc obs calc obs calc obs calc obs calc obs 

C1 1181 1206 (5) 516 541 (6) 1236 1237 (5) 182 136 (5) 481 500 (6) 602 
O 1018 1013 (8) 873 882 (9) 603 611 (8) -991 -989 (15) 190 266 (13) 74 
C(1) 694 697 (12) 717 659 (11) 466 497 (10) -445 -443 (17) 276 152 (16) 150 
C(2) 716 689 (12) 483 517 (9) 575 543(11) -88  -143 (15) 198 212 (15) 133 
C(3) 485 515 (10) 552 521 (9) 614 620 (10) - 9 2  -29  (15) 213 193 (15) 114 
C(4) 526 497 (9) 511 495 (9) 416 450 (9) -147 -131 (14) 92 119 (14) 6 
C(5) 513 472 (10) 588 635 (10) 738 750 (12) - 1 6  -23  (15) 294 378 (17) 153 
C(6) 551 569 (11) 789 771 (12) 926 833 (14) - 181 - 142 (18) 390 344 (21) 330 
C(7) 582 613 (10) 573 580 (10) 574 557 (10) -328 -342 (15) 249 218 (16) -51 
C(8) 958 1066 (15) 578 531 (12) 1066 737 (17) -381 -372 (21) 326 207 (21) 28 
C(9) 830 962 (14) 936 732 (14) 648 548 (12) -511 -693 (21) 544 254 (20) 88 
C(10) 665 632 (t3) 888 964 (14) 983 1075 (15) -660 -683 (21) 495 675 (23) -133 

2U13 
calc 

608 (7) 
73 (13) 

148 (16) 
62 (17) 

167 (15) 
- 14 (14) 

85 (17) 
434 (19) 

-53  (16) 
98 (24) 

124 (19) 
- 239 (21) 
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cipal libration axis Lz approximately coincides with the 
largest dimension of the molecule (Fig. 1) and has an 
orientation of 62, 28 and 95 ° with a, b and c, respec- 
tively (Fig. 4). 

Molecular geometry 

Taking into account the errors in cell edges as well as a 
30 % increase of positional standard errors the estim- 

Table 7. Rigid-body thermal parameters of CBC 
Origin defined at (fractional coordinates) x=0.1774, y=0-5803, z=0.2640. 

Axes of reference are the directions a, e x a and e*. Estimated standard deviations are given in parenthesis. Consult formula (20) 
of Schomaker & Trueblood (1968) for reduced T. 

Principal axes of reduced T Principal axes of L 
r.m.s, r.m.s. 

amplitude (A) direction cosines amplitude (°) direction cosines 
T1 0.23 -0.519 -0.824 0.228 L1 7.8 0-471 0.836 -0.282 
T2 0.21 0.826 -0.552 -0.116 L2 4.1 0.150 0.239 0.959 
T3 0.20 0.222 0.728 0.967 L3 2.2 0.869 - 0.494 - 0.012 

Tensor components of T (10 3 ~2) Tensor components of L (sg degree) 
59.8 (1.3) -0 .2  (1.1) -2 .7  (1.3) 17.5 (1.6) 22.4 (1.3) -10.4 (1-6) 

51.3 (1.1) 0.6 (1.4) 44.6 (4.4) -5 .7  (1.2) 
44-0 (2.1) 20.4 (1.1) 

Displacements of libration axes Effective screw translation (A) 
from intersecting (A) 

Parallel to Lz 0-21 -0 .32 Parallel to Lx 0.008 
Parallel to L2 1 .51 -0.25 Parallel to L2 0.021 
Parallel to L3 0.71 -0.43 Parallel to L -0.048 
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Fig. 4. Projection of the crystal structure along [001]. Dashed lines indicate intermolecular contacts, Roman numerals are 
explained in the next, 
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ated standard deviations of bond lengths are 0.002 A 
for C(2)-C1, 0.004 A for distances involving the methyl 
carbon atoms, 0.003 A for all other heavy-atom dis- 
tances and 0.03 A for the C-H distances. The average 
standard deviations of valence and torsional angles not 
involving hydrogen atoms are 0.2 and 0.3 ° . Finally, 
the standard errors of valency angles involving hy- 
drogen atoms are 2 ° . The bond distance, valency and 
endocyclic torsional angles are corrected for thermal 
motion according to a procedure proposed by Cruick- 
shank (1956). We used a peak-breadth parameter of 
0.10 A for these corrections. It should be stated that 
the e.s.d.'s of the distances corrected for thermal mo- 
tion are higher than those of the uncorrected distances. 
The extra uncertainty might be in the range of 0.001 to 
0.003 A, resulting in e.s.d.'s of 0.004 to 0.006 A in the 
C-C bonds. Uncorrected and corrected bond lengths are 
listed in Table 8, the corrected distances, valency and 
torsional angles are also depicted in Fig. 1. Finally, 
bond lengths and angles involving hydrogen atoms are 
tabulated in Table 9. 

Table 8. Bond lengths (A) in CBC 

u and c refer to values uncorrected and corrected for thermal 
motion 

lu lc lu lc 
C(1)-C(2) 1-505 1"520  C(2)-CI 1"781 1"792 
C(1)-C(6) 1.493 1-501 C(I)-O 1-207 1.213 
C(2)-C(3) 1-523 1 - 5 2 9  C(4)-C(7)  1.551 1.554 
C(5)-C(6) 1.525 1 . 5 3 0  C(7)-C(8) 1.527 1.536 
C(3)-C(4) 1.530 1 . 5 4 2  C(7)-C(9)  1.528 1.541 
C(4)-C(5) 1.521 1 . 5 3 4  C(7)-C(10) 1.521 1.533 

Table 9. Bond lengths and bond angles 
involving hydrogen atoms 

C-H C-C-H C-C-H 
2-21 0.97/~ 1-2-21 106.6 ° 7- 9- 92 110.2 ° 
3-31 1.00 2-3-31 109.3 7- 9- 93 113.1 
3-32 0.93 2-3-32 109 .3  7-10-101 112.0 
4-41 0"97 3-4-41 105"4 7-10-102 109.8 
5-51 0"99 4-5-51 108"1 7-10-103 111"0 
5-52 0.94 4-5-52 110 .1  (C-C-H) 110 
6-61 0.94 5-6-61 111.2 a (C-C-H) 2 
6-62 0.97 5-6-62 111 .9  H-C-H 
8-81 0.95 3-2-21 111-9 3 I-3-32 106.8 
8-82 0.94 4-3-31 110 .0  51-5-52 105.9 
8-83 0.98 4-3-32 110.2  61-6-62 105.7 
9-91 0.97 5 -4 -41  106 .9  81-8-82 111.2 
9-92 0.97 7-4-41 105-5 81-8-83 103.5 
9-93 0.94 6-5-51 110.9  82-8-83 107.9 

10-101 0 . 9 9  6-5-52 109.3 91-9-92 108.0 
10-102 0 . 9 2  1 -6 -61  109.3  91-9-93 109.2 
10-103 0 . 9 5  1-6-62 106 .2  92-9-93 106-3 
(C-H) 0 . 9 6  7-8-81 112.1 101-10-102 104.9 

o'(C-H) 0 . 0 2  7-8-82 109.4 101-10-103 109.4 
7-8-83 112.5 102-10-103 109.5 
7-9-91 111.7 (H-C-H) 107 

a (H-C-H) 2 

Accepting equivalence of all C-H distances their 
mean value (0.96 A) agrees quite well with the values 
usually determined for this distance in X-ray investiga- 

tions. The standard error (0.02 A) is in accord with the 
least-squares prediction. The mean values of the C - C - H  
and H - C - H  angles (110 and 107 °) agree quite well with 
observations made by Portheine et al. (1972) (110 and 
106 °) and by Braun, Hornstra & Leenhouts (1969) 
(109 and 108°). 

Inspection of the endocyclic torsional angles (Fig. 1) 
indicates the chair conformation of the ring. The mean 
absolute value(56.5 °) shows that CBC is slightly more 
puckered than cyclohexane for which Geise, Buys & 
Mijlhoff (1972) report a value of 55.9 °. The distribution 
of individual endocyclic valency and torsional angles 
suggests Cs symmetry of the ring skeleton. There is, 
however, a small difference in length between the 
bonds C(1)-C(6) and C(1)-C(2): A=0 .019A with 
e.s.d, tr(A)<0.008 A. This probably significant dif- 
ference might be due to the different exocyclic bonds of 
C(2) and C(6). The lack in Cs symmetry of the ring is 
also reflected in the conformation of the C(CHa)a 
group. In agreement with Altona & Sundaralingam's 
(1970) prediction the t-Bu group is indeed 'off- 
staggered' (see Fig. 2). The mean deviation from the 
ideally staggered position (-1.5°) ,  although signifi- 
cant, is, however, rather small and in agTeement with 
the small or absent extra libration effect (see previous 
section). Faber & Altona (1971) report values of 11.2 
and 6.1 ° for the 'off-staggering' of t-Bu groups in the 
more asymmetrically substituted compound cis-trans- 
2,5-di-t-butylcyclohexanol tosylate. A Newman pro- 
jection along the bond C(2)-C(1) is drawn in Fig. 3. It 
can be seen than the oxygen atom is nearly eclipsed 
with respect to the chlorine atom. 

The valency angles hardly need comment. The mean 
value of endocyclic valency angles (111.3 °) barely 
deviates from the values reported by Geise et al. (1972) 
for cyclohexane (111-1 °) and methylcyclohexane 
(111.3°). Owing to the carbonyl group the valency angle 
C(6)-C(1)-C(2) (112.8 °) is slightly larger than the 
average, while the opposing angle C(3)-C(4)-C(5) 
(108.7°), adjacent to the C(CH3) 3 group is slightly 
smaller. In the tosylate compound the endocyclic 
valency angles adjacent to the C(CH3)3 groups are 
108.4 and 109.1 ° . 

The mean value of the bond lengths C(1)-C(6) and 
C(1)-C(2) is 1.510A and agrees with the accepted 
value (1.505 A) for sp3-sp 2 hybridization (Lide, 1962). 
The average of the four sp3--sp 3 ring-bond distances 
(1.534 A) can be compared with the recently deter- 
mined value (1.528 A) by Geise et al. for cyclohexane 
and methylcyclohexane. The mean distance of C(7) to 
the methyl carbon atoms (1.537 A) does not differ 
significantly from the average sp3-sp 3 ring distance. 
Its length may also be compared with the single bond 
C-C distance in open chains (1.533 A) observed by 
Bartell & Kohl (1963). 

The bond length of C(4)-C(7) (1.554 A) differs 
significantly from the accepted open chain value. Its 
lengthening is due to overcrowding by the methyl 
groups. Dallinga & Toneman (1969) found values of 
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1.574 and 1.547/~ for this bond distance in la- and le- 
chloro-4-t-butylcyclohexane, while Faber & Altona 
(1971) report values of 1.543 and 1-549 ~. Bartell 
(1966) calculated a value of 1.573 ~ for the central 
bond distance in hexamethylethane. 

T h e  p a c k i n g  

A projection of the structure along [001] is shown in 
Fig. 4. The reference molecule I (x,y,  z) is surrounded 
at a distance less than 4.20 ~ by fourteen molecules 
(II-XV) having the following coordinates. 

+ 1 + x y z (II, III) 
x + l + y  z (IV, V) 
x y _+ 1 + z (VI, VII) 

- x  1 - y  - z  (VIII) 
- x 1 - y 1 - z ( I X )  

1 - x 1 - y - z ( X )  

1 - x  1 - y  1 - z  ( X I )  

- x  2 - y  - z  (XII) 
- x  2 - y  1 - z  (XIII) 

1 - x 2 - y - z ( X I V )  

1 - x 2 - y 1 - z ( X V )  

The packing is governed by three types of interaction: 
1. Dipole-dipole interactions between antiparallel 

carbonyl groups opposite to centres of symmetry at 
0,2,2.1 x We notice short distances for C (1 ) . . .O '  
C(1) . . .C ' (1)  and O . . . O '  (3.06, 3.28 and 3.29/k, 
respectively). The same phenomenon is observed in 
the packing of cyclohexane-l,4-dione (Mossel & 
Romers, 1964) where a C-O vector perpendicular to a 
screw axis interferes with its symmetry-related neigh- 
bour at corresponding distances for C-O' ,  O. • • O' and 
C . . . C '  (3.12, 3.30 and 3.20/k, respectively). Very 
short intermolecular distances in the range between 
2.96 and 3.17 fit between carbon and carbonyl oxygen 
are also observed in the crystal structure of fl-chloro- 
glutaric anhydride (Koer et al. 1972). 

2. Contacts between chlorine and hydrogen atoms. 
The chlorine atom is surrounded by 14 hydrogen 
atoms (three of which are intramolecular contacts) at a 

mean distance of 3.42/~. The shortest intermolecular 
C1. . .  H contact being 3.14 A, the largest 4.12/~,. 

3. H. • • H interactions which are mainly formed in a 
range between 2.70 and 3.20 A. The shortest H...H 
contacts are H(103). . .  H(61) (2.54 /~) and 
H(93). . .H(81) (2.52 A). 

All calculations were performed on the IBM 360/50 
computer of the Central Computing Laboratory of the 
University of Leiden. We acknowledge the assistance 
of Dr G. J. Verschoor during the measurements. 

R e f e r e n c e s  

ALLINGER, N. L., ALLINGER, J., FREIBERG, L. A., CZAJA, 
R. F. & LE BEL, N. A. (1960). J. Amer, Chem. Soe. 82, 
5876. 

ALTONA, C. (~ SUNDARALINGAM, M. (1970). Tetrahedron, 
2 6 ,  925. 

BARTELL, L. S. & KOHL) D. A. (1963). J. Chem. Phys. 3 9 ,  
3097. 

BARTELL, L. S. (1966). Trans. Amer. Cryst. Assoc. 2, 143. 
BRAUN, P. B., HORNSTRA, J. & LEENHOUTS, J. I. (1969). 

Philips Res. Rep. 24, 427. 
CRUICKSI-IANK, D. W. J. (1956). Acta Cryst. 9, 757. 
DALLINGA, G. & TONEMaN, L. H. (1969). Rec. Tray. Chim. 

8 8 ,  1221. 
FABER, D. H. & ALTONA, C. (1971). Chem. Commun. In 

the press. 
FRATERMAN, H. A. & ROMERS, C. (1971). Rec. Tray. Chim. 

90, 364. 
GEISE, H. J., BuYs, H. R. & MIJLHOFF, F. C. (1971). 

J. Mol. Struct. 9, 577. 
GRAAFF, R. A. G. DE (1972). To be published. 
HAMILTON, W. C. (1965). Acta Cryst. 18, 502. 
International Tables for X-ray Crystallography (1962)~Vol. 

III, p. 202. Birmingham: Kynoch Press. 
KOER, F. J., KOK, A. J. DE & ROMERS, C. (1972). Rec. Tray. 

Chim. In the press. 
LIDE, D. R. JR (1962). Tetrahedron, 17, 125. 
MOSSEL, A. & ROMERS, C. (1964). Acta Cryst. 17, 1217. 
PORTHEINE, J. C., ROMERS, C. • E. W. M. RUTTEN (1972). 

Acta Cryst. B28, 849. 
SCHOMAKER, V. (~ TRUEBLOOD, K. N. (1968). Acta Cryst. 

B24, 63. 
STEWART, R. F., DAVIDSON, E. R. & SIMPSON, W. T. (1965). 

J. Chem. Phys. 42, 3175. 


