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Cyelohexane-l,4-dione is monoclinie with space group P21 and Z = 2 .  The cell dimensions at  
- 1 4 0  °C are: a=6-65,  b=6-21, c=6-87 A; fl=99 ° 49'. The structure has been determined with 

three-dimensional copper reflexion data  at  - 1 4 0  °C and refined by the method of least-squares. 
The molecule is a deformed boat and consists of two planar acetonyl groups making an angle of 
38 ° with each other. The mean values of the C-C distances are 1.536 and 1.515 A, corresponding 
to the sp~-sp a and the sp~-sp 3 bonds respectively. The mean value of the carbonyl bond is 1.210 A. 

Introduction 

The present study was undertaken in connection with 
investigations in this laboratory concerning the stereo- 
chemical features of non-aromatic ring compounds 
(Kwestroo, Meyer & Havinga, 1954; van der Linden, 
1958; Altona, Romers & Havinga, 1959; Wessels, 
1960; Geise, Romers & Hartman, 1962; Romers & 
Altona, 1963; van Dort & Havinga, 1963). The 
molecular structure of cyclohexane-l,4-dione has been 
under discussion for several years. This compound 
shows in solution a dipole moment of 1.3 D (Le F~vre 
& Le F@vre, 1935) which has been interpreted in 
terms of an equilibrium between chair and boat forms 
(Le F~vre & Le F~vre, 1955) as well as a predominant 
existence of flexible forms (Oosterhoff, 1949; Haze- 
broek & Oosterhoff, 1951; Allinger & Freiberg, 1961). 
The similarity of the infrared spectra in the solid 
state and in solution seems to indicate that the 
compound has the same conformation in both the 
solid and the solution. In order to establish this 
conformation the structure has been determined by 
means of X-ray diffraction analysis. A preliminary 
paper about this work (Mossel, Romers & Havinga, 
1963) was published at almost the same time as a 
short communication by Groth & Hassel (1963) on 
a two-dimensional analysis of the crystal structure 
of cyclohexane-1,4-dione using room temperature data. 

Experimental 

Cyclohexane-l,4-dione crystallizes from light petro- 
leum, b.p. 40o-60 °, in the form of colourless trans- 

* Part XII: Mossel, Romers & Havinga (1963). 

paren t  needles. I t s  densi ty,  de termined by  means of 
the  f lotat ion method,  is 1.28 g.cm -a. The crystals  are 
optically positive (n r > nz>n~,) with n~ paral lel  to 
[010], n~ approx imate ly  paral lel  to [101] and  n r 
approx imate ly  paral lel  to [101]. 

X - r a y  diffract ion da t a  of single crystals  were 
collected with Mo K a  radia t ion  a t  room tempera tu re  
and with  Cu K~  rad ia t ion  both a t  room tempera tu re  
and a t  - 1 4 0  °C. The s y m m e t r y  of the  crystals  is 
monoclinic and  no discontinuous phase t rans i t ion  
occurs between 30 °C and  - 1 4 0  °C. The needle 
direction coincides with the unique axis which was 
conventionally called the b axis. The unit-cell dimen- 
sions (Table 1) a t  - 1 4 0  °C were de termined with 
the aid of zero-layer Weissenberg exposures wi th  
copper radia t ion  (~=  1.5418/~) about  [010] and  [001]. 
The glancing angles 0 of high angle reflexions sui table 
for measurements  were cal ibrated by  means of 
a luminum powder reflexion lines (a=4 .0489  A a t  
20 °C) superposed on the Weissenberg photographs.  
F rom the dimensions and the  dens i ty  it  can be con- 
cluded t h a t  the uni t  cell contains two molecules. 

Equi- incl inat ion Weissenberg photographs  (un- 
f i l tered copper radiat ion)  were made about  [010] and  
[001] for the  layers k , / = 0 ,  1 , . . . ,  5 in both zones 
a t  - 1 4 0  °C. The non- integra ted reflexion intensit ies 
were es t imated  visual ly and  reduced to s t ruc ture  
factors af ter  mult ipl icat ion with Lorentz,  polarizat ion 
and  spot shape factors.  Because the l inear absorpt ion 
coefficient # is 8 cm -1 no absorpt ion correction was 
applied. The s t ruc ture  factors were pu t  to a common 
scale by correlation of common reciprocal layer  lines 
belonging to the two zones. The to ta l  number  of 
independent  reflexions within  the copper sphere is 

M & R  
M & R  
G d c H  

Table 1. Unit-cell dimensions 
The number s  in the  th i rd  row refer to va lues  s t a ted  b y  Groth  & I-Iassel 

a b c /5 T e m p e r a t u r e  

6"73 A 6"38 A 6"90 A 99 ° 20 °C 
6"65___0"02 6"21 +0"01 6.87___0"01 99 ° 49'___11' -140 °C 
6"73 6"34 6"96 99 ° 20 °C 
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739, but only 669 reflexions were recorded inclusive 
of 11 that  were too weak to be observable. 

Determinat ion  of the space group 

The rotation diagram about [010] has a mirror plane 
perpendicular to b*. Precession photographs of h/c0 
and 0Icl reciprocal lattice layers (collected with Mo Ks  
radiation), as well as higher layer Weissenberg photo- 
graphs about [001], show that  the reflexions 0k0 with 
k odd are absent. 

Possible space groups are P21/m and P21. Since the 
cell contains two molecular units it is necessary for 
the molecule to possess an inversion centre or a 
symmetry plane coinciding with a centre or a mirror 
of the unit cell, as the case may be, if the true space 
group is P21/m. Taking into account the length of b 
(6-2 /~) it is impossible to find a favourable packing 
of two molecules in the centrosymmetric cell. 

The statistical analysis of reflexion data (Howells, 
Philllips & Rogers, 1950), excluding hO1 reflexions, 
indicates (Fig. 1) that  the acentric space group P21 
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Fig. 2. (a) The sharpened Patterson function .P(uw). (b) The 
calculated corresponding vector diagram. The peak mul- 
tiplicities are indicated by numbers in the circles. 
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Fig. 1. The intensity distribution of reflexions 
in cyclohexane- 1,4-dione. 

is the correct one. Since only molecules without 
inversion centres can occur in acentric space groups 
(Kitaigorodskii, 1957), it can be concluded that  solid 
cyclohexane-l,4-dione does not possess the chair 
conformation. 

in Fig. 2(b) in an orientation which makes an angle 
of 42 ° with the c axis. 

The problem remains to find the position of its 
'centre' with respect to the origin of the unit cell. 
The [010] projection has planar group symmetry p2. 
A nearly centric molecule with a pseudo-hexagonal 
ring of six carbon atoms (Fig. 2(b)) gives rise to a 
strong peak surrounded by six weaker peaks in a 
hexagonal pattern in Patterson space. There are two 
candidates at x--0.278, z=0-333 and at x=0.375, 
z=0.500, respectively (see Fig. 2(a)) which answer to 
this description. Trials of structure factors F(h00) and 
~'(00/) for h, l= 1, 2, . . . ,  7 indicated t h a t  the latter 
peak corresponds with the molecular 'centre' at 
x=0.188 and z=0.250. Subsequent calculation of 
structure factors F(hO1) gave an agreement index 
R = 27.3 %. After a few cycles of Fourier and difference- 
Fourier synthesis and structure factor calculations 
the agreement index decreased to 15.8% after which 
the two-dimensional refinement was stopped. The 
final electron density projection ~(yz) (Fig. 3) indicates 
that  the boat, but not the chair, conformation fits 
this projection. 

The [010] projection 
In order to calculate a sharpened Patterson projection 
P(uw) the Fourier coefficients F2o(hO1) were multiplied 
by sin ~ 0 exp ( - 1.40 sia~ 0). This Patterson projection 
(Fig. 2(a)) reveals that  the 'plane' of the molecule is 
approximately oriented parallel to (010), because it is 
not composed of continuous ridges, but of scattered 
peaks in a hexagonal pattern. The projection of such 
a molecule (Fig. 2(b)) should be nearly centrosym- 
metric, not withstanding its real conformation. The 
vector diagram of this projected molecule is indicated 

The y-parameters 
In order to find the y parameters a sharpened Patter- 
son function P(uvw) was calculated at a grid having 
spacings 1/40 those of the three cell edges. The 
sharpening function was the same as the one used for 
the calculation of P(uw). The key to the solution was 
the detection of the intramolecular vector O(1)-O(2) 
(see Fig. 4 for the numbering of the atoms). Its 
direction was derived from the known x and z para- 
meters and a constructed wire model of the molecule. 
The peak sought was found in Patterson space at 
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Table  2. Calculated and observed structure factors F(hki) of cyclohexane-l,4-dione at -140 °C 

h k I IF I IFoI h k ' IF I IFoI h k ' IF I IFoI h k ' IF¢I IFol 
+ 1 + 0 + 0 11. 7 11.5 -- 5 1.9 2.2 + I 7.0 8.1 
+ 2 18.7 18.8 - 4 
+ 3 22.7 24.0 - 3 
+ 4 %0 8.8 - 2 

+ 5 4.2 4.8 - I 

+ 6 .0 .9 + 0 
+~ 4.2 4.~ + 1  

2.3 2.3 + 2 
--8+0+I I. 5 1.7 +3 
-7 3.3 3.2 -6+0+8 
-- 6 1.7 1.1 - 5 
- P 6.3 6.5 - 4 

- 16.5 19.3 - 3 
- ,  3 13.6 15.1 -- 2 
-- 2 6.8 7.I -- I 

-- I ~6.9 31.8 + 0 
+ 0 .3 .I + 1 
+ I 7-2 8.6 + 2 

3.3 3.3 + 2 6.5 6.4 - 3 ~ ~:~ 
2.2 2.4 + 3 11.3 1o.3 - 1 5.1 
1 . 0  -9 + 4 2.6 2.4 + 0 7.8 
1.2 I .~ + 5 1.1 1.0 + I 8.1 
• 9 1.1 + 6 3.2 2.~ + 2 6.9 

2.3 2.4 -- 6 + I + 7 1.8 1"5 + 3 5.4 
• 7 .4 -- 5 1.0 1.2 + 4 3.9 

~ 3.5 - 4 2.2 2.3 + 5 2.1 
2.2 -- 3 1.0 .7 -- 6 + 2 + 6 5.4 

5. 4 7.3 - 2 2.~ 2.4 -- 5 4.2 
2.2 2.7 -- I 1.9 1.7 -- 4 3.1 
• 1 .I + 0 2.3 2.4 -- 3 5.6 

9.2 11. 5 + I 2.4 2.3 -- 2 2.1 
1.7 2.0 + 2 2.9 2.9 -- I 8.8 
1.6 2.2 + 3 1.3 1.2 + 0 9.2 
2.2 2.7 + 4 2.1 .8 + I 9.5 
• 7 1.3 -- 4 + I + 8 6.1 6.1 + 2 3.6 

+ 2 9.8 
+ 3 8.1 
+ 4 4.4 5.0 + 2 
+ 5 2.4 2.1 + 3 
+ 6 2.3 2.5 + 4 
+ 7 3.4 3.3 + 5 
+ 8 3.1 3-5 + 
--8+0+2 1.6 2.1 +7 
- 7 1 . 6  1 .2  + 8 

-6 5.0 5.2 -8+ I + I 
-- 5 I .I I .~, -- 7 
--4 1.6 ~.1 --6 

3 134 1~0 5 
- 2 17.1 18.1 ~, 
-- I 1o.1 13.5 - 3 
+ 0 11.6 I "c-8 -- 2 

+ 1 5.2 5.1 -- 1 
+ 2 2.2 3.2 + 0 
+ 3 11.8 12.5 + 1  
+ 4  8.0 8.~ + 2  
+ 5 17.2 18.0 + 3 
+ 6 3.5 3.5 + 4 

+ 7 1.8 ~.2 + 5 
-8÷0+3 .6 .6 +6 

~ ~:~ 9~  + 7 

- 5  
- 4  
- 3  
- 2  
- I  
+ 0  
+ I  
+ 2  
÷ 3  
+ 4  
+ 5  
+ 6  

10.0 +3 2.4 3.3 --3 1.6 
9.1 +I+I+0 33.2 23.9 --2 4.6 

25.4 23.3 -- I 8.2 
10.7 10.9 +0 2.4 2.4 -4 
3.3 3.6 +I 1.8 1.9 -3 
7-9 8.2 +2 I.o 1.o -2 
7.2 7.4 +0+2+0 ~.3 40.1 --1 
3.6 3.3 +I 37.8 33.1 +0 
2.0 1.8 +2 10.4 10.1 +I 
3.2 2.9 +3 15"0 14,9 +2 
4.6 4.0 +4 7.7 
4.2 4.0 + 
2.4 28 + ~ ~:~ 
5.4 5.5 + 7  1.2 

13.5 14.9 + 8 2.4 
13.0 13.3 --8+2+I 3.6 
8.6 8.7 - 7  .9 

~.5 18.6 -6 
9.5 9.2 -~ 
13.1 13.6 
4.0 4.0 -3 
1.6 2.0 -- 2 
1.8 1.8 - I 

• 9 I.I + 0 
• 5 1.1 + 1 

1 . 2  + 3 4.3 
4.8 + 4 3.5 
8.5 --5+2+7 1.0 

1.6 
4.3 
-9 

1.3 
3.0 
2.6 
1.7 
3.4 
1.1 
5.1 
4.4 
2.1 
2.2 
1.9 

5.4 4.6 + I + 3 ÷ 0 1.8 
1.7 2.4 + 2 12.8 
7 .6  7 .3  + 3 9 .5  
16.1 16.4 + 4 ~:~ 
11.6 12.7 + 5 
18.1 18.9 + 6 7.6 
22.7 20.8 + 7 1.1 
10.6 9.6 -- 7 + 3 + 1 3.6 

5.4 + 8 1.3 -9 + 2 7.1 6.3 -- 6 
• 3 .I -- 8 + I + 2 2.7 2.9 + 3 9.0 8.8 -- 5 

18.2 19.8 -- 7 4.0 4.1 + 4 .4 .8 -- 4 
5.8 7.I --6 3.3 3.0 + 5 -7 1.2 -3 

19.9 21.4 - 5 4.1 4.0 + 6 2.8 2.9 - 2 
10.4 10.4 - 4 10.3 I0.~ + 87 2.3 2.3 - 1  
4.1 4. 9 -- 3 3.8 -- + 2 + 2 2.7 2.8 + 0 
14.1 13.6 -- 2 11.o 11.3 -- 7 3.7 3.5 + I 
17.0 17.5 - I 28.5 32.0 - 6 2.6 2.2 + 2 

• 7 .4 + 0 9.2 9.3 - 
16.3 18.8 + 1  5.7 5.2 ~'~ 8.4 + 

1.3 + 

1 . 5  1.7 + 2 2.1 2.3 -- 3 9.6 10.8 + 5 
1.5 1 . 5  + 3 3.8 4.2 -- 2 2.9 2.9 + 6 

+ 7 8.9 
-8+0+4 4.0 
- 7 .4 
- 6 2.8 

- 5 11.4 

- 4 4. 5 
- 3 6.2 
- 2 .4 
- I 1.1 
+ 0 3.2 
+ 1 1.2 
+ 2 1.0 
+ 3 4.9 
+ 4 3.4 
+5 5.5 
+ 6 2.2 
-6+0+5 4.0 
-~ °I 

3.7 
-- 3 2.9 
- 2 3.1 
- I 1.7 
+ 0 1.6 
+ i 14.9 
+ 2 .9 
+ 3 6.1 
+ 4 7.2 

- 7 6.9 
-6 1.5 
- ~ 1.3 

2.7 
- 3 8 . 0  
- 2 2 . 2  
- I 3.4 
+ 0 19.7 
+ I 1.2 
+ 2  ~:~ 
+ 3  
+ 4  ?.I 
+ 5 ~.-~ 
--6+0+7 1.1 

10.3 +4 5-5 5.6 --I 
4.2 +5 4.6 5-7 +0 
.I +6 6.9 7.2 +I 

27 + ~  ~:~ ~2  + ~  1o4 
11.2 -- +I+3 .9 +3 2.7 
4. 9 --7 2.4 2.3 +4 15.3 
7.7  - 6  ~.6 ~.5 + 5 12.0 
7 - 5 192 I~2 + 4.1 6 

2.0 --4 11.6 11.8 +7 4.6 
4.0 --3 9.9 10.5 -- 8 +2+3 5-5 
2.2 --2 23.6 25.7 --7 5.5 
1.0 --I 10.4 12.4 --6 2.0 
6.1 +0 13.9 15.3 --5 1.7 
3-5 +I 7.9 7.7 --4 10.4 
5-9 + 2  14.2 14.4 --3 13.8 
2.1 +3 2.2 2.4 --2 4. 7 
3.6 +4 4.4 4. 5 -1 14.1 
.I + 5  8.6 8.5 +o 2.5 

5.1 +6 5-4 6.5 +I 15.9 
4.4 + 7  2.4 2.7 +2 3.8 
4.1 -- 8 +I+4 2.4 ~.3 +3 11.7 
1.8 --7 2.2 2.2 + 4  10.3 
2.2 --6 8.8 8.3 +5 4.9 
.~ -~ 6.2 62 ÷6 33 17 

- ~ 2.2 
5-5 -3 3.0 
6.4 -2 2.6 
4.9 -I 2.8 
2.0 +0 2.9 
6.9 +I 3.7 
1.3 +2 3.1 
• 7 +3 4.6 

2.4 +4 2.8 
8.0 +5 1.3 
2.4 +6 2.2 
4.0 --7+I+5 2.0 
17.9 --6 1.3 
1.1 --5 1.9 ~:~ - 4 

- 3  .9 
2.4 -2 5-5 
31 -1  ~:~ 
1.5 +0 1 

3.8 
2.2 
3.3 
.8 

1o.6 
6.2 
3.6 
9.6 
10.6 

~:~ 
-5 
-7 

2.7 3.4 + 7 2.3 
9. 8 10.5 -- 7 + 3 + 2 1.7 
2.6 2.5 - 6 .3 

7-3 
5.2 
5.6 
8.1 
8.0 
7.2 
5.2 
3.8 
2.2 
5.4 
4.2 
3.1 
5-3 
1.8 
9.2 
9.2 
9-3 
3.9 
4.3 
3.4 
1.0 
1.8 
4.0 
.4 

1.2 
3.0 
2.7 
1.7 

8.1 + 3 3.5 
6.9 -- 4 + 2 + 8 1.3 
5.9 - 3 5.1 
1.4 - 2 4. 5 
2.5 - 1 1.9 
3.5 + o 2.3 
• 6 + i 1.9 

1.9 
12.5 
9.0 

7 .6  
1.1 
3-5 
3.6 
1.9 
3°4 

.8  
10.1 
6.7 
4.3 
9.5 
10.7 

~:~ 
.7 
.8 

2.7 
1.4 

.1 
1o.2 - 5 7.9 7.1 
2.8 - 4 4.1 4.2 
13.8 -- 3 3.8 3.6 
12.3 - 2 11.4 12.1 
4.0 - I 6.9 7.5 
4.8 + o 8.1 8.7 
5.2 + 1 4. 7 4. 9 
5.2 + 2 6.2 6.0 
1.8 + 3 7-5 7.4 
1.8 + 4 4.8 4.9 

1o. 14Z : ~ 5.0 5.0 
1.6 1.8 

5.4 + 7 3.7 3.9 
14"9 -- 7 + 3 + 3 1.5 1.3 
2.7 -- 6 %8 7.6 

15"1 - 5 4 .9  5 .0  
3.9 - 4. 14.2 13.7 
10.7 - 3 7.8 8.2 
1o.6 - 2 8.U 8 .0  
5.3 -- ? 14.1 14. 5 
3.2 + o 7.5 7.4 

2.7 +7 4.9 5.o +I 
3.9 -7+2+4 3.2 3.3 +2 
2.7 -6 1.6 1.8 +3 
3.2 -5 8.2 8.7 +4 
3.2 -4 1o.7 11.1 +5 
3.9 -3 3.8 
3.4 --2 4.4 
4.6 -I .8 
2.8 +0 1.8 
1.2 +1 2.8 
2.1 +2 3.2 
1.9 +3 2.2 
1.1 +4 7.0 
1.9 +5 2.9 
1.0 +6 1.3 
1.0 --7+2+5 -2 
6.4 -6 2.1 
6.6 -5 2.5 

15.5 --4 .8 

10.7 9.4 
2.5 2.4 

~:~ ~:~ 
• 7 -7 

g.O +6 4.1 4. 5 
4.9 -7*3+4 3.5 3.3 

• 9 - 6  1.5 1.5 
2.I -5 8.2 7-7 
2.5 -4 -5 .I 
3.3 -3 6.5 6.4 
2.4 -2 6.1 6.0 
7.0 --I 1.8 1. 9 
2.8 + 0 2.1 2.2 
1.0 +I 4.9 4.4 
• 6 +2 1.7 I. 9 

1.9 +3 5.6 5.4 
2.2 ÷ 4 1.8 2.0 
• 9 + 5  2.5 2.3 
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Table 2 (cont). 

I ¢1 I ol IF¢I IFol  IF¢I I ol" ' IF¢I IFol 
- - 7 + 3 + 5  1.6 1.5 ÷ a  6.8 7.2 - - I  2.7 3.~ - -3  5.5 5.2 
- 6  .3 .1 + 3  5.1 5.1 + 0  2.8 3.z - 2  .9 1.2 
- 5  2.5 2.4 ÷ 4  11.4 11.1 ÷1  6,6 6.4 - 1  5.6 5.9 
. - 4  2.1 2.5 * ~  3.9 4.4 + 2  1.1 1.0 + 0  7.5 8.1 
- 3  5.3 ~:~ + 56. 6.4 ÷ 3  2.9 2.9 . 1  5.2 5.7 
- 2  3.P - 7 ÷ 4 + 3  . 4  .6 + 4  6.4 6.7 + 2  1.7 2.0 
-1 10.4 I0.5 -6 3.2 3.1 +5 2.9 ~.1 +~ 3.3 3.3 
t O  6.6 7.1 - 5  3.7 ~.5 + 6  1.7 1.8 , 4  i .8  2.1 
t l  ~:~ 6 . 2 . - 4  2.~ 2.1 - 6 ÷ 5 t 2  i.2 1.o +5 4.3 ~.3 
÷ 2 7.~ - ~ ~:~ ~:~ - 5 5.4 5.~ - 5 • 6 • 2 1.~ 1.4 
+3 3.4 3.1 -2 -4 4.o 3.4 -4 5.~ 3.2 
÷ 4  5.9 3.9 - I  ~-7 6.2 - 3  3.0 2.7 - ~  ~.9 2.8 
+5 1.2 1.2 tO 1.2 1.2 - -2 5.4 5.4 - -2  2.3 2.9 

6.6 - - 6 * 3 t 6  6.3 6.0 + I  6.6 6.4 - I  7.I  7-5 - I  5: . I  
-5 ~.4 3.0 +2 8.0 8.0 + o  5.7 3.9 t o  
-4 3.8 ~:~ +3 7.7 7.7 +, ~.1 ~.~ ÷1 5.6 6.5 
--3 2.7 +4 ~.4 4.5 +2 h.y 4.9 +O .6 .I 

~ ~ ~ ~ ~ ÷~ 4~ ~:~ - 7.5 ~.9 +~ : ~: ;~ 1.5 ,.~ 4 ~.~ o ~.5 ~.1 + + ÷? ~ ~o 6 + 4 ÷ ~  ~1 ~4 ÷5 4 ~ ~ ÷ ~ ÷ 3  ~:~ ~ 
+ 3.3 2.9 - 5  2.4 P.5 ÷ 6  3.4 ~.~ 
+ 2  5.3 3.0 - -4  9.4 9.0 - - 6 + 5 + )  4.8 h.9 --~ .7 .1 
t3 7-3 T.O --3 I.~ 1.3 --5 6.9 6.6 --2 4.5 5. 4 
t 4 1.2 1.5 - ~  ~:~ 5.~ - 4  ~:~ 4.~ _ 1  2.~ 2.5 
- - 5 + 3 + 7  1.7 1.? - - I  6.1 - -5  6.2 + 0  1.3 1.7 
--4 2.3 2.~ +0 3.0 ].I -2 5.~ 5.1 ÷ i  1.9 P.4 
--3 1.9 1.8 +I 3,8 4.1 --I 6.6 6.1 +2 ~.5 6.2 
--2 2.1 1.8 ÷ 2  5.1 5.0 tO I~.6 4.6 ÷3 .6 .1 
- I  4.5 4.~ + 3  2.4 ~.~ ÷1 4.6 4.8 +~  6.2 7.5 
tO 1.2 1.0 +4 4.9 4.9 +2 4.8 4.8 --~÷6÷4 4.1 4.1 
+I .3 .3 +5 1.8 1.7 ÷3 5.1 3.4 --3 2.4 2.7 
t2 ~.0 3.9 --6+~+5 2.8 2.5 +~ 1.0 1.1 --2 .4 .I 
--3+3t8 3.1 3.0 --~ 1.6 1.5 +5 3.9 4. ~k --I 6.3 6.2 
--2 3.9 4.0 --4 4.1 ~.I --6÷5+~ 2.7 2.5 +0 1.0 1.5 
--I 3.9 4.~ --3 4.6 ~.3 --~ 4.3 4.~ +1 3.9 ~-9 
+0 3.0 2.9 --2 4.2 4.6 --4 3.6 ~.0 +2 1.1 1.5 
+0+4+0 13.1 13.8 -1 .8 ,9 -3 5.0 3.0 +~ }.I 2.8 +~ 1~.4 ~.o +o ~:~ ~.~ _~ ~.~ ~.~ - ~ ÷ ~ . ~  ,.o 1.o 
+2 7.5 7.5 +I 1.7 -I 2.3 2.4 2 1.0 1.2 
t3 6.9 ~.0 ÷~. 5.2 5.2 +0 5.9 ~.3 -~ ~-7 3.5 
t4 7.6 .0 + 5.3 3.3 +I 3.7 5.8 ÷ 2.3 P.5 

4.0 3.6 + 4  2.1 1.9 + 2  .8 .8 + !  3.3 ~.~ 
: 2.9 3.3 -5+4+6 2.2 2.0 + 3  3.6 3-9 +1+7+0 2.2 2.5 
+ 7 3.0 3.4 --4 4.8 4.6 +4 1.2 1.3 +2 2.7 3.0 
--~+4tI 2.4 2.8 -3 2.7 2.2 - ~ . 5 + 5  2.6 2.8 +5 .9 .8 
-6 2.2 2,2 -~ 3.4 3.1 3.7 ~.0 +4 1.8 I,~ 
-5 3.~ 3.0 4. 7 ~.4 -5 3.2 2.8 -4+7+I 1.7 1.7 
-4 ~.8 4.6 +o 5.~ 4.9 -2 2.1 ~.8 -3 1.7 1.9 
- 3  a.e ~.~ t ,  ~.~ s 9  - i  s 4  ~:~ i .~ 
- ?.5 ~.1 t2 .9 .~ ÷o 4.~ -~ 1.o ~.2 • 

4.8 4.2 t3 3.0 3.5 +I 4. 7 4.2 tO 3.0 .~ 
tO 15.1 13.6 --4+4+T 2.9 2.5 t2 ~.I 4.2 *I 3.0 ~.~ 
t ,  ~:~ 29 - 3  25 2:~ t 3  ~o ~1 t 2  1~ ,1  
t2 5.3 --2 1.1 --4÷5+6 1.5 1.5 ÷3 2,0 2.1 
t3 B.3 7.7 - 1  -7 .6 - 5  4.2 4.9 - 2 ÷ 7 + 2  ~.9 ~-9 
÷ 4 3.6 ~.0 + 0 5.8 4.1 -- 2 1.1 1.2 -- I 1.1 1.1 
t 5 ~.4 4.6 +1 .8 :~ --~ 4.~ ~-9 +0 5,3 ~.4 
t6 1.9 2.0 ÷It5t0 ~.0 4 + 4. 5.1 ÷ 1  2.6 ~.8 
t~ 2.5 2.5 +2 .9 .9 +I 5.3 3.6 ÷2 .5 ! .0  
-~+4t2 2.3 2.4 t3 4.9 5.4 ÷2 2.5 2.8 t 3  .P .7 

3.3 3.3 +4 3.6 3.6 t0+6÷0 !1.7 13-7 --3÷7+3 2.7 2.9 
--5 1.6 1.4 .~ ÷I 4.6 .I _ 4.0 ~-5 
- 4  ~.~ ~.~ : ~  22 3.1 ÷ 2  ~.1 ~.4 ~ 2.4 2.5 
--3 I.~ 1,7 --6+511 3.9 4.4 +5 5.1 5.6 ÷0 5.1 6.0 
-- 6.2 6.0 --5 1.0 1.0 ÷4 2.7 3-5 +I 1.5 1.9 

5.~ 5.~ -4 4.~ 4.2 .5 2.3 ~:~ .2 ~.o 2.5 
tO 4.9 5-5 --3 3.6 3.5 --~+6÷I 2.5 --2+7÷4 2.0 2.0 
+I 5.0 5.0 --2 I.~ 1.9 2.2 p.4 --I -5 .6 

+ 0 4.0 ~.0 

x = 0 . 5 3 6 ,  y=0"169 and z =  - 0 . 0 9 7 .  Nearly  all remain- 
ing peaks were easily identified and y parameters 
were attr ibuted to the eight heavy atoms. The 
y parameters of 0(2)  were arbitrarily chosen zero and 
kept  zero during the ref inement of the structure. 
At  this stage the calculation of all structure factors 
resulted in an R index of 22.1%. 

T h e  r e f i n e m e n t  

Ref inement  of the structure started with calculation 
of three successive cycles of structure factors and 
electron density  sections parallel to (001) with the 
same grid as indicated for the calculation of P(uvw). 
This resulted in an R index of 15.1%. Further refine- 
ment  was attained by the method of least-squares 
with a program devised by Mills & Rollett  (19613 
on the Mercury computer of the Univers i ty  of Oxford. 
The weight  factor used was 

w = l / { 1  +[(IFol-b)/a] 2} with a = b = 5 - 0 .  

The scattering curves of carbon and oxygen used were 
those of Berghuis,  Haanappel ,  Pot ters ,  Loopstra ,  
MacGillavry & Veenendaal (1955). The scattering 
curve of hydrogen employed was the one proposed 
by  McWeeny (19513. Af ter  two cycles with isotropic 
t e m p e r a t u r e  f a c t o r s  t h e  a g r e e m e n t  i n d e x  b e c a m e  

13.2%. 
Next ,  the hydrogen atoms were placed at calculated 

positions assuming tetrahedral  bond angles for the 
carbon atoms C(2), C(3), C(5) and C(6) and C - H  
distances of 1-08 A. The hydrogen atoms were kept  
in fixed positions throughout  the ref inement with an  
isotropic temperature factor B = 2 . 0  _~2. Af ter  two 
more cycles and adding the hydrogen contributions 
to the structure factors, R dropped to 9.8%. 

At  this stage a three-dimensional difference Fourier 
synthesis  indicated a fairly marked anisotropy of the 
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X 

C(1) 0.4273 
(0.006) 

c(2) 0.5168 
(0.006) 

C(3) 0.3559 
0.006) 

C(4) 0.1732 
(o.oo6) 

C(5) 0.1003 
(0.006) 

C(6) 0.1979 
(o.o06) 

o(1) 0.5384 
(o.oo5) 

0(2) 0-0898 
(o.oo5) 

H(1) 0.641 
H(2) 0.586 
H(3) 0.307 
H(4) 0.421 
H(5) 0.139 
H(6) --0.062 
H(7) 0.144 
H(8) 0.149 

Table  3. Positional parameters (fractions of cell edges) and thermal parameters (A 2) 
Standa rd  devia t ions  of the  pa rame te r s  (A and  A 2 respect ively)  are given in brackets .  

The isotropic t empe ra tu r e f ac to r  B of hyd rogen  a toms  is 2.0 A ~ 

y z U n Ue~. Uaa 2 Ule 2 U2s 2 Ula 
0.1745 0.4466 0.0216 0.0163 0.0210 --0.0049 --0.0001 0-0048 

(0.008) (0.006) (0.003) (0.003) (0.003) (0.006) (0.006) (0.004) 
0.1740 0.2564 0.0193 0.0245 0-0201 -- 0.0049 -- 0.0022 0.0137 

(0.009) (0-006) (0-003) (0.003) (0.003) (0.007) (0.006) (0.004) 
0.2226 0.0724 0.0228 0.0276 0.0203 -- 0.0070 0.0012 0.0116 

(0.008) (0.006) (0.003) (0.004) (0.003) (0-006) (0.006) (0.005) 
0.0773 0-0601 0.0213 0.0276 0.0211 --0-0016 --0-0031 0-0065 

(0-009) (0"007) (0"003) (0"004) (0"003) (0"006) (0.006) (0-005) 
0.0298 0"2541 0"0163 0"0340 0"0224 --0"0018 0.0016 0"0100 

(0"008) (0"007) (0"003) (0"004) (0-003) (0"006) (0"006) (0"005) 
0"1773 0"4228 0-0226 0"0321 0"0202 0"0050 --0.0026 0"0197 

(0.010) (0.006) (0.003) (0.004) (0.003) (0.007) (0.007) (0.005) 
0.1720 0.6062 0.0253 0.0247 0.0219 --0.0048 --0.0028 --0.0016 

(0.007) (0.004) (0.002) (0.002) (0.002) (0.005) (0.005) (0.003) 
0.0000 -- 0.0941 0.0301 0.0445 0-0226 -- 0.0192 -- 0-0148 0.0066 

(0-007) (0.005) (0-003) (0.003) (0.002) (0.005) (0.005) (0.004) 
0.2877 0.268 . . . . . .  
0.0134 0.237 . . . . . .  
0.387 0.079 . . . . . .  
0.205 --0.061 . . . . . .  

- -0.139 0.298 . . . . . .  
0.036 0.237 . . . . . .  
0.337 0.389 . . . . . .  
0.127 0.558 . . . . . .  

0(2) 

0 ,- z 

C(, 

)~ C(6) 

c(2') 

Fig. 3. The electron dens i ty  pro jec t ion  Q(xz). The con tour  
lines are a t  a rb i t r a ry  scale, those of 0(2) ,  C(1), C(I ') ,  O(1) 
are d rawn  a t  intervals  twice as large as those of the  o ther  
a toms.  

the rmal  motions of the heavy  atoms with directions 
of m a x i m u m  vibra t ion  approx imate ly  paral le l  to the 
b axis. After another  four cycles of least-squares 
calculations with indiv idual  anisotropic tempera ture  
parameters ,  R decreased to 8.07% and no more 
signif icant  shifts were indicated.  

In  Table 2 are l is ted the observed and calculated 
values of s tructure factors based upon the f inal  
least-squares cycle. In  Table 3 are l isted the posit ional 
parameters ,  in fractions of cell edges. The numbers  

in  brackets  refer to the s tandard  deviat ions in  /~. 
The the rmal  parameters  Ull, U12 etc. defined by  the 
equat ion 

exp [ - 2~2(h2a*2Un + k2b*2U22 + 12c'2U83 
+ 2hka*b* U12 + 2h/a 'c* U13 + 2klb*c* U23)] 

are also l is ted in Table 3. The numbers  in brackets  
indicate  the s tandard  deviat ions of these parameters .  

Discuss ion  of the structure and packing 

The bond distances and  bond angles, uncorrected for 
the rmal  motions are shown in Fig. 4. Since most  
in t ramolecular  bonds are approx imate ly  paral lel  to 
(010), the contr ibut ion of the s tandard  deviat ions a(y) 
to the errors in the bond distances can be neglected. 

The mean  s tandard  devia t ion of x and z parameters  
of the heavy  atoms is 0.0059 /~ and the error in  cell 

120.5 1213 ~ 

/ 

~ 1'531 

Fig. 4. A perspec t ive  drawing  of cyc lohexane- l ,4 -d ione  wi th  
bond  dis tances  (A) and bond  angles (o). 
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3"47 

C(6 

l 
l 

3"99 
t 

~l 3"27 
I 

3"12 

C(6) 
. . .  / 

i / 
Jc(1) 3"IS 

/ 

~C(1) 3-30 

.. 3.64 ,~C(4) 

" 0(211 "" 3.89 
" I ~ 3"19 

% I I x / 3"63 "..~ 
/ / 0(2) %/ 

\ 
I c(3) 1 

,/J~ C(2) /'",, 

_...~I) " -.... 

c(i) 3.30 3.79 

.. 0(2) 
3"68 " - _ ., 

~ Z 

~ , /  / 

Fig. 5. The molecular packing viewed down the b axis. The molecules at x, y, z are indicated by full lines, the molecules at 
5, ½ + y, ~ by broken lines. Some intermolecular distances smaller than 4 A are indicated by dashed lines. 

edges is 0.0032 • per length of 1-50 A_. I t  follows 
tha t  the mean standard deviation of intramolecular 
bonds is V(2 x 0.0059 ~ + 0.00322) = 0.009 A, giving a 
1% significance level of 0.027 A_. The standard 
deviation in bond angles is 0.77 ° giving a 1% 
significance level of 2.5% 

The intramolecular bond distances seem to be quite 
normal. The bonds C(2)-C(3) and C(5)-C(6) (average 
value 1-536 ~) do not deviate significantly from the 
accepted value (1.526 /l) for the sp3-sp 3 bonds (Lide, 
1962). The bonds C(1)-C(2), C(3)-C(4), C(4)-C(5) and 
C(1)-C(6) (mean value 1.515/l) are somewhat smaller 
and do not deviate significantly from the accepted 
value (1.505 A) for the spa-sp 2 bonds. Their difference 
(0-022/l) from the mean value of the bonds C(2)-C(3) 
and C(5)-C(6) is in the range of possible significance. 
The two carbonyl bonds with a mean value of 1.21 / l  
closely resemble the carbonyl bonds of p-benzoquinone 
with lengths of 1.222 / l  (Trotter, 1960). 

The molecule has a boat-shaped conformation with 
C(6) as prow, C(3) as stern and both carbonyl groups 
as oars. I t  can be described more adequately as being 
composed of two planar acetonyl groups C(2)-C(1)- 
O(1)-C(6) and C(5)-C(4)-0(2)-C(3) twisted with 
respect to one another. The equations of these planes 
were calculated with respect to an orthogonal coor- 
dinate system X Y Z  with directions a, b and c* 
according to the method of Schomaker, Waser, Marsh 

& Bergman (1959). These equations are respectively 

and 
0.0120X + 0.9999 Y + 0 .0088Z-  1-1314-- 0 (I) 

0.5910X +O.7932 Y + O . 1 4 6 9 Z - 0 . 3 2 2 0 = O  . (II) 

The distances of the atoms C(2), C(1), O(1), C(6) and 
the atoms C(5)-C(4)-0(2)-C(3), respectively, from 
plane (I) and plane (II) are less than 0.0014 J~. The 
angle between planes (I) and (II) is 38.3 °. The 
dihedral angle between the planes C(2)-C(3)-C(4) 
and C(1)-C(2)-C(3) is 52.8 ° and the dihedral angle 
between the planes C(4)-C(5)-C(6) and C(1)-C(6)-C(5) 
is 53.4 °. The angle between the carbonyl CO vectors 
is 154.8 ° . If the molecule should maintain the same 
conformation in the solution, the angle of 155 ° 
would account for the measured electric dipole moment 
of 1.3D. 

The mean value of bond angles C(1)-C(2)-C(3), 
C(2)-C(3)-C(4), C(4)-C(5)-C(6) and C(5)-C(6)-C(1) is 
112.2 °. The difference (2.7 °) from the pure tetrahedral  
value (109.5 °) is significant and indicates a flattening 
of the six-membered ring system. The same flattening 
is also found in dihalogeno-substituted dioxan com- 
pounds (Romers & Altona, 1963; Altona & Romers, 
1963) and in dioxan and cyclohexane (Davis & Hassel, 
1963). 

The crystals are composed of layers of molecules 
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parallel to (101). The 'plane' of the molecule is ap- 
proximately perpendicular to the b axis which explains 
why the smallest index of refraction is found in the 
direction [010]. The packing is shown in Fig. 5, in 
which most intermolecular distances smaller than 4.0 A 
are indicated by dashed lines. The cleavage character 
of (10i) is explained by ttie few small intermolecular 
contacts between molecules in subsequent layers. 
Most van der Waals contacts occur between molecules 
of the type x, y, z (full lines) and the type 5, ½+y, 
(broken lines) in the same layer. The shortest inter- 
molecular distances are C(1)-0(1') (3.12 J~), O(1)-C(I') 
(3.15 A) and C(1)-C(I') (3.20 A). Several short inter- 
molecular C-0  distances have been reported in 
recent years (Sime & Abrahams, 1960; Chu, Jeffrey 
& Sakurai, 1962; Romers & Altona, 1963; Altona & 
Romers, 1963). Those found in this structure account 
for the fibrous character of the needle-like crystals 
grown in the b direction. 

All calculations with exception of the least-squares 
refinement were performed on the X1 computer of 
the University of Leiden. We used structure factors 
and Fourier synthesis programs written in machine 
code by Mrs E . W . M .  Rutten-Keulemans (Rutten, 
1963). The reflexion intensities were reduced to struc- 
ture factors by means of a program writ ten in ALGOL 
60 by Mr H. J. V. H. Geise. The program used for cal- 
culating the bond distances and bond angles was 
devised by M. H. L. Jonkers and C. Altona. 

We wish to thank Prof. E. Havinga for continuous 
interest in this work. We are indebted to Prof. C. H. 
MacGillavry for the optical examinations and we 
thank Mr A. Kreuger for experimental  help. To 
Prof. D. Crowfoot Hodgkin we are grateful for the 
hospitali ty enjoyed by one of us (A. M.) during two 
weeks in her laboratory in Oxford. Final ly  we wish 
to thank Mr W. M. H. Rut ten for his assistance with 
computer calculations in the final stage of this 
research. 
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