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The Crystal and Molecular Structure of anti-8-Tricyclo[3,2,1,02,4]octyl 
p-bromobenzenesulphonate  

BY A. C. MACDONALD AND J. TROTTER 

Department of Chemistry, University of British Columbia, Vancouver 8, B.C., Canada 

(Received 24 March 1964) 

The crystal structure of anti-8.tricyclo[3,2,1,O~,4]octyl p-bromobenzenesulphonate, C14H15OzSBr, 
has been determined to provide quantitative molecular data to assist in the interpretation of the 
variation of solvolytie reactivity in norbornane derivatives. The crystals are monoclinic, with 8 
molecules in a unit cell of dimensions a = 23.76, b = 7.06, c = 19.49 A, fl = 120.3 °, space group C2/c. The 
intensities of 1045 reflexions were measured with a scintillation counter, using Cu Ka radiation. 
The structure was determined by Patterson and Fourier methods, and the parameters were refined 
by differential syntheses and least squares. The final R value is 0"093. The configuration of the 
cyclopropyl methylene group is exo. The bond distances are all normal, but the valency angles in 
the norbornane nucleus differ from the tetrahedral value; the angles in the cyclopropyl ring are all 
60 °, and the angle at the bridgehead is 96.7 °. The intermolecular distances all correspond to normal 
van der }Vaals interactions. 

I n t r o d u c t i o n  

Satura ted  norbornane derivatives,  with subst i tuents  
on the methylene  bridge or 7-position (I), show a 
lack of solvolytic react iv i ty  when compared with 
other secondary compounds, such as 2-adamanty l  
or cyelohexyl derivatives (Schleyer & Nicholas, 1961, 
where an  extensive list of references is given). The 
effects on the solvolysis rate of the introduct ion of 
elements of unsa tura t ion  into the bicycloheptane 
nucleus are remarkable ;  the rate of hydrolysis of I I  
(R=p-bromobenzenesu lphonyl )  is 104 greater t han  
tha t  of I ;  of [TI, 10 n greater;  and of IV, 1014 greater. 
These large increases have generally been interpreted 
in terms of anchimeric assistance due to homoallylic 
or other non-classical electron delocalization, or of 
a var ia t ion in the C(1)-C(7)-C(4) angle. A quant i ta t ive  
assessment of this lat ter  factor has been prevented 
by  the lack of any  molecular structure data,  and the 
angle has generally been est imated from models, 
or derived from empirical  relations involving infrared 
stretching frequencies. 
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l~eaction of anti-7-norbornenol (III, I ~ = H )  with 
diazomethane (Pincock & Wells, 1964a) yields anti- 
8-tricyclo [3,2,1,02, 4] octanol (V, 1% = H, or the isomer 
with the cyclopropyl methylene  group endo). We 
have under taken  an X-ray  analysis  of the crystal 
structure of the p-bromobenzenesulphonyl  der ivat ive 
of V, to establish the configuration of the cyclopropyl 
methylene  group, and to measure the molecular 
dimensions, in par t icular  the C(1)-C(8)-C(5) angle, 
to assist in the interpreta t ion of the solvolytic re- 
ac t iv i ty  in norbornane derivatives.  The analysis  shows 
tha t  the compound is the exo isomer. 

E x p e r i m e n t a l  

Crystals of anti-8-tricyclo [3,2,1,02,4] octyl p-bromo- 
benzenesulphonate  are colourless needles elongated 
along b. The densi ty was measured by  f lotat ion in 
aqueous potassium iodide, and the unit-cell dimensions 
and  space group were determined from rotat ion and 
Weissenberg photographs,  and on the G.E. Spectro- 
goniometer. 

Crystal data (~(Cu Ka)  = 1-5418/~). 
anti-8-Tricyelo[3,2,1,O2,4]octyl p-bromobenzenesulpho- 

nate  (exo isomer), C14H1503SBr; M.W. 343-2; m.p. 
86 °C. 

Monoclinic, 
a--  23.76 ± 0.02, b-- 7-06 ± 0.01,  

c=19.49_+0.02 J~; fl=120.26°_+0.04 °. 

U = 2 8 2 5  A 3. 
Dm -- 1"62 g.cm -3, Z = 8, Dx = 1.614 g.cm -3. 
2 '(000)=1392. 
Absorpt ion coefficient for X-rays,  

= 1-5418 ~,  # = 57 em -1. 
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Table 1. Measured and calculated structure factors 
The values  l isted are h, k, l, ¼JFol and ¼Fc; unobserved  reflexions,  which are l isted as 0.0, have  l i fo]  < 2 

2 0 0 4 2 . 0  - 4 8 . 8  - • 4  0 • 6  1 Z . 6  - I Z , ~  - 9 1 7 5 . 7  - 5 . 6  8 2 0 1 7 . •  1 8 . 8  
4 0 0 31.7 31.9 -12 0 ib 6.8 - b.6 7 1 7 3.b 2.2 i0 2 0 29.7 30.• 
6 0 0 39.9 - 41.2 -I0 0 16 ~4.7 dJ,9 - B 1 7 Sob - d,b 12 2 0 23,0 - 25,2 

3 • 7 2 3 , q  J 7 , 5  l a  2 0 a . l  - 5 , 9  0 0 1 9 . 9  2 0 . 0  - 8 0 16 7 . 7  - 9 . 6  
1 0 0 7 . 5  - 1 . 2  5 0 i ~  0 . 0  • . 0  - I l 7 ~ z . ~  L ~ . ~  I ~  2 ~ 4 . 5  5 . 7  
12 0 0 9,0 9,0 4 0 •6 I~.9 10.4 l • 7 37,~ 34,5 -le 2 ~ 7,7 - 8.0 
14 0 0 2 3 , 0  24,3 - 2 0 16 21o6 d2.0 3 • 7 28.1 ZS.4 -14 2 1 7.7 - 6.9 
16 0 0 7.8 9.2 -•6 0 18 18,0 17.8 5 1 7 5.4 - 5.2 -i2 ~ I 1 2 , b  •i.5 
18 0 0 15.4 •5,9 - 8 0 •S 19.2 ]5.9 7 1 7 4.3 3.Z -I0 2 • 23.1 - 22.5 

-18 0 2 4°2 3,3 - 4 0 18 8.6 - S,4 9 • 7 8.6 - 8.8 - S 2 1 lb.2 •5,9 

-•6 0 2 9.• 11.6 -16 0 20 I~.0 13,2 11 1 7 14,9 15°5 - 6 2 1 1,8 - 2.& 
-i'* 0 2 3.5 3.0 1 • 0 II,6 13.9 -17 1 8 8,~ 8,7 - ~ Z 1 23°0 21,6 
-12 0 2 29,3 - 27,1 3 I 0 ~2.2 - 22°6 -15 1 8 4°4 - 5.4 - 2 2 1 35,3 - 34.6 
-•0 0 2 24.6 - 25.3 5 1 0 63.7 - 63,7 -13 1 @ z6,8 - 28,3 0 2 I 23.9 23.~ 
- 8 0 2 5,0 7.5 7 • 0 27,1 26.2 -ll 1 8 I0,0 11.0 2 2 1 12.3 - 9,7 

- 6 0 2 I06,4 139o5 9 l 0 40.5 41,2 - ~ • 8 8,2 11°3 4 2 1 6,9 9o4 

4 0 2 19.8 - 2~.4 ii 1 0 8.4 6.7 - 7 1 8 I,4 l.b 6 2 ! 8,0 - 8.6 
- 2 0 2 6,7 - 12.2 13 • 0 23,0 - 23.5 5 1 8 41,2 - 39.1 S 2 1 7.8 6.7 

0 0 2 4.9 6.8 18 l 0 8.2 - 8.6 - 3 l 8 ~.~ 0.8 i0 2 1 5.6 - 5.7 

2 0 2 12,2 - 6,5 17 l 0 9.5 10.4 1 • 8 44.~ 43.5 12 L 1 3,i - 3.1 
4 0 2 14,8 12.8 -17 1 l 7,6 - b.6 1 1 8 b,9 9.0 14 2 l 5.3 5.2 

6 0 2 37°6 - 3b,9 -15 1 1 2°~ 0°5 3 I 8 ~io4 - 32.0 lb 2 i 0,3 - 6°3 
S 0 2 35°2 - 33,i -13 1 1 0.0 2.1 5 1 S 23.6 24.8 -16 2 2 29o0 29.8 

• o 0 2 28°8 30.• - l l  1 I 4.b - 3.9 7 1 8 3,5 5°2 -14 2 2 4.3 3,5 

12 0 2 21,0 20.7 - 9 1 • 20.~ 18.6 9 1 8 20.~ 22,4 -•2 2 2 32.5 - 31.0 

14 0 2 9°3 - 11.3 - 7 I l 2b.o - 23.0 iI • 8 5.8 - 5.9 -•0 2 2 4°i 3,7 
16 0 2 8,7 9.8 5 1 • 56.b 55,9 -17 1 9 10,7 - 10,2 - 8 2 2 20.7 22.0 

-18 0 4 20°6 - 19.6 - 3 1 1 7,• 6°6 -15 1 9 8.1 7,8 - 6 2 2 40.3 42ol 

-•~ 0 4 0.0 0.• -~ i ~ 21.~ -18.~ -13 ~ 9 2 .... 2 . . . . . . . .  2 .... 
-14 0 4 25,2 24.6 l • 1 46,7 4~,2 -11 1 9 7,7 - 5,1 2 2 2 62.1 64.0 

-12 o 4 17.5 19,3 3 1 l 14°I 14.9 - 9 1 9 1.7 - 1.2 0 2 2 o,I 3.9 

-~0 0 ~ 2o.2 -18.8 ~ • 1 2 .... 2~.0 -7 1 ~ 3.0 3.8 ~ 2 ..... ~1.4 
- 8 0 4 57°7 - 56,4 7 1 I 5.1 8°2 5 1 9 19°4 - 18.2 4 2 ~ l&.9 - 12.4 

$ 0 ~ 79,0 84,i 9 1 l 4,9 - 5.3 - 3 l 9 11,4 11,b 6 Z 2 39,7 - 39,5 

- 4 0 4 8,0 10.5 l• 1 • 7.0 8.7 i 1 9 1.8 0.5 8 2 2 13,i - 14o5 
- 2 0 4 3•°0 - 27.6 13 1 i 4oi - 4°6 1 I 9 4,3 - 3.7 i0 2 2 25.9 25,8 

0 0 4 88.5 - 98.9 15 1 I 12.6 12.1 3 1 9 10,0 I0,I 12 2 2 19.• 19.7 
2 0 4 44.7 41°3 17 1 • 8,7 - S.8 5 1 9 3,4 - 3,6 14 2 2 10.4 - 11,6 
4 0 4 26.5 29.~ -17 l 2 9.5 8.7 7 1 9 0.0 - 1.8 16 2 2 14,1 14,4 

6 0 4 4.5 5.I -15 l 2 18,~ 19°1 9 1 9 3.9 i,7 -16 2 3 Ii,0 - 9.1 

-13 1 2 2.0 - •,7 8 0 4 29,3 - 31.3 -17 1 l0 Z4.i 24,3 -14 2 3 6,3 4.1 

~o 0 4 0 .0  2 .6  - 1 •  i 2 40 .3  - 4 • . 6  -~5  • 10 2 .~  - 0 .~  - • 2  2 3 2 .7  2 .~  
• 2 0 4 3 .~  • . 9  -~  ~ 2 2 • . 2  . . . .  3 . . . . .  0 . . . .  I ~  . . . .  0 2 3 . . . . . . .  1 
14 0 " 20.2 20°9 7 1 2 62,0 63.4 -ii 1 I0 33,0 - 32.5 - 8 2 3 9,2 - 10,5 

16 0 4 12,4 - 14o5 - 5 1 2 29,9 - 28,2 - 9 • i0 21,3 19.7 - 6 2 3 I,I 7.8 

-20 0 6 14.3 1~.7 - 3 i 2 29,0 - 30,1 - 7 1 lO 40,5 40.7 - 4 2 3 15.b - 12.7 
-18 0 6 •l,b - 10.3 - 1 1 2 55.1 - 57,6 5 ] i0 12,6 - 9.7 - 2 2 3 8,b 10,0 
-16 0 6 14,4 - 14o6 1 l 2 72,4 77,6 - 3 1 I0 24,3 - 32.0 0 2 3 2.3 - 5,5 

-!4 0 6 36,6 - 34.8 3 1 Z 50,0 53,0 - 1 1 10 10.3 - •l.0 2 2 3 1.4 - 2,0 

0 ~ -20.7 i 1 10 2•.2 i~.0 4 2 3 7.7 - 4.2 -12 52.7 53.0 5 1 2 21,1 
-10 0 6 3.4 5.5 7 1 2 30.4 - 32.3 3 1 10 8.9 8.7 6 2 3 6.1 5,0 

- 8 0 6 24°2 - 22,3 9 1 2 4,I 5 ,4 5 1 i0 •0.Z - 10o9 8 2 3 3,4 3,I 

e 0 6 4 4 . 2  4 2 . 7  11 1 2 2 3 . 9  2 e . 4  7 1 • 0  7 . 8  - 7 . 1  10 2 3 2 0 . 4  - • ~ . 7  
13 1 2 0.0 - 0,7 9 1 I0 14.0 16.1 12 Z 3 17,3 17.7 - 4 0 6 63.1 56.2 

2 0 6 25.9 23.6 15 I 2 13,8 - 15,2 -17 1 II 5,4 6°3 14 2 3 5,3 - 6,7 

0 6 10.7 - 8,5 17 i 2 4,3 0,3 -15 1 l• 3.0 - 2.2 -16 2 4 3,6 0,7 

0 6 47.7 - 43.0 -17 1 3 2,9 - 0.5 -13 1 ll 6,7 5.7 -14 2 4 22.3 25.2 

4 o o •~.• • . . . .  •5 • 3 io.• ~7 : ~  ~ I I  ~:~ . . . .  : I  2 2 : . . . .  • ~ . 4  
~ 0 ~ 33 .8  3~.3  - • 3  ~ . . . . . . .  o .3  o . 3  0 2 24 .3  . . . .  0 
8 0 6 18,7 20.9 -11 i 3 30,9 28,4 - 7 1 iI 3,I - i,4 - 8 2 4 42,1 41,2 

~0 0 0 19.2 - 22,6 - 9 1 3 5.~ - 3,7 - 5 l Ii 5.1 - 4.4 - 6 2 4 20o3 19.7 

14 o 8 9,8 10.1 - 5 • 3 2.6 - 0,4 - 1 1 11 11.0 - 11.7 - 2 2 4 51,~ - 45,5 

-20 0 8 •9.0 - 17.2 - 3 I 3 12.1 14,2 1 l 11 8.1 12,1 0 2 4 28.0 - 23.2 
-18 0 8 30,5 31.5 1 1 3 7~.I - 78,8 3 1 II 15.9 - 14.8 2 2 c 44,7 - 39.9 
- i $  0 s 18.B - 17.0 I 1 3 42t~ 44t5 5 1 11 14,~ 15.4 4 2 4 58.5 $8.8 

-14 0 8 12.7 - 11.9 3 I 3 17.~ - Ib,6 7 I 11 6,2 - 5°2 b 2 4 8,1 8.8 

-12 o 8 8.5 6,3 5 i 3 4,2 5.7 -17 1 12 b,8 - 7.2 8 2 4 1b,2 - 18.5 

-i0 0 8 56,3 55,4 7 l 3 12o9 - 12,4 -15 1 12 11.3 11,7 10 2 4 13.9 14,6 

- 8 0 S 26.• 22,8 9 1 3 22,1 19,9 -13 1 •2 18,1 17.1 12 2 4 21,1 21,4 

~ _~ •0 2 ~ 4.18 . . . . .  2.4 0 8 45 .o  - 4 2 . 8  ~• 1 3 ~ . . . . .  7 -1  • •2 1~.0 . . . .  2 1 4  2 ~ 
4 8 28.4 27.0 13 l 3 0,0 0,5 I 12 is.2 - 17,7 

- 2 0 8 0,0 0o0 15 l ~ 3,4 i,6 - 7 1 12 4,I ~,3 -14 2 5 9oi 8,2 

0 0 8 47,1 45,0 -17 I 4 13,9 - 1 4 , 2  5 1 12 30°4 30.2 -•2 2 5 2,6 - 1.6 
2 0 8 24.1 - 23,0 -15 1 4 6.6 ~.8 - 3 I 12 3.9 - 4.5 -i0 2 5 15.9 15.4 

4 0 8 0,0 - 0,4 -13 1 ~ 44.5 43.0 - 1 1 12 13,~ - 15.1 - 8 2 5 34,8 - 32,2 

e o 8 9.2 9.~ -i• • 4 ~5.9 - 4•.6 i 1 ~2 14.9 - ~4.5 6 2 5 8.~ ~.8 
8 o 8 2 2 , 0  2 3 . 9  - 9 I 4 3 . 2  - 6 , 4  3 1 12 2 9 . 3  3 2 . 0  - 4 2 5 2 , 0  - 4.3 

I0 0 8 6.8 - 6,8 - 7 l 4 0.0 - 5.5 5 1 12 8,9 - 2 . 4  2 2 5 6,2 7.6 

14 0 8 •3.5 -~.3 5 i 4 72 . . . . .  2 -17 1 ~ . . . . . . .  0 2 5 .... ~.8 
16 0 " 8 12.2 14,3 - 3 l 4 •0,9 11,2 -15 1 13 7,3 - 7,9 2 2 5 10.0 9,3 

-22 0 I0 15.2 - 15o3 - I 1 4 25.8 - 26ti -13 1 13 I,9 - l.O 4 2 5 Ib,7 - 15.0 
-20 0 i0 0,0 - 0.1 i l 46.0 42°7 -ll 1 13 3.7 4,1 6 2 5 6°2 7.6 
-18 ~ 10 . . . . . . . . . . . . . . . . .  3 ~ ~ l . . . . . . . .  ~ . . . . . . .  0 
-16 10 26,4 25,8 5 l 4 42,~ ~0,3 13 3.5 - 4.0 •O 5 2,7 2ti 
-i~ 0 I0 816 8,9 7 • ~ 16t@ - 17,3 - 5 1 13 6.4 5.3 12 2 5 2,2 2.2 
-12 o 10 34.2 - 34,5 9 1 4 23,0 - 2~,2 - 3 i 13 11,7 - 11,4 !4 2 5 4.1 -- 2°5 
-I0 0 10 3.9 -- 6,0 iI 1 ~ 3,4 - i,6 - I 1 13 16.0 17,I --16 2 b 13.1 -- IB,9 

- 8 o I0 29,5 29.6 13 l ~ IStb 20°3 I i 13 7,2 - 5,9 -14 2 ~ ii.0 - 10.6 
- 6 0 10 9.2 8,2 15 1 4 5.5 - 4.0 3 1 •3 2.6 1.7 -12 z b 19.5 ZI.4 

- ~ 0 10 21.7 - 22.9 -17 1 5 14.2 13.2 -17 l 14 16,9 - 17.7 -i0 2 6 2.6 4,8 

2 0 10 7,0 7.6 -•5 • 8 9,b - 9,1 -15 1 •4 6t9 - 6,5 - 8 2 ~ 19,6 - 29,7 
o 10 1,4 - I,4 -13 1 5 o,0 o,6 -13 14 15o5 17.1 - b 2 6 25,3 - 26,8 

0 10 37.7 37,9 -1! i ~ 24,0 22,2 -11 l 14 19,0 20,0 - 4 2 6 2,3 5,8 

4 0 10 17.9 - 18,4 - 9 l 5 2,0 0,5 - 9 1 14 12,7 -12o7 2 2 6 aS.0 46.3 
6 0 10 ]4o4 - 15.5 - 7 1 5 15.5 - lb.0 7 I 14 9.1 9,7 0 2 6 2~.8 - 21.9 

8 0 I0 lS.B - 16.3 - 5 1 5 0,0 •.I - 5 1 14 3.1 - 3,6 2 2 6 27.3 27,0 
I0 o I0 ~:6.2 28,2 3 I 9 lb.9 - 1~,5 3 1 14 24,1 26°4 4 2 b 12,6 10o9 

-24 0 12 15,4 11,9 - • .' 5 7.9 7,4 - i 1 14 12,3 - 13,4 6 2 6 36.6 36,0 

-~8 0 •2 .,0,4 - 3b,5 i 1 5 1.7 I,3 1 l 14 8.6 - 7,7 @ 2 8 3,9 - 2.0 

-16 0 12 22.2 21.9 3 I 5 20.3 - 20.0 -17 I 15 15.0 - 14.7 30 Z 6 4.6 6.0 
- 1 4  0 12 2 2 . 1  Z2,5 5 l ~ l l , d  1 2 . 8  - 1 5  1 15 4 . S  4.0 12 2 ~ 9 . 5  - ~ , 7  
-•2 0 12 8.9 - 5,7 7 1 5 ~.o - 4,2 -13 1 15 2,7 - 2,7 -l~ 2 7 18.7 lT,l 

-i0 0 12 18.1 - 17,1 9 1 5 9,b 9,3 -ll 1 15 2,7 • 1,9 -!4 2 7 ~2,b - 41.2 
- 8 o 12 10,~ - 9.6 11 i 5 9,0 - lO.0 - 9 l 15 b.0 - 5,4 -12 Z 7 ll.6 12,0 

- 6 0 12 19,0 17,8 !3 i 9 7.Z 7,2 7 ! 15 9.8 9,6 -10 2 7 28.0 - 24°6 

- 4 0 12 lStl 17,0 -17 1 6 Zb,l -- ~2"6 M ~ l 15 3.9 - 3,0 - 8 : ~ 7 20.~ 19.3 
2 ~ 12 25,~ - 25.~ -15 I o IdoD - 1 2 , ~  - l 15 2,5 2,0 6 z 7 3°6 - 6,1 

0 0 12 24.3 - 29t0 -I~ i b 29ti zo.7 - i ' 15 5.7 5.8 - 4 2 7 20o0 ]8.2 

2 0 ,2 8.• 8.3 -•• i . . . . . . . .  5 ,7 ~ ~ 8.9 ~.9 -2 2 ~ 25.• 22.3 
4 0 12 14,s 14,5 - 9 l b Ii.I - 11,4 -15 1 16 7.~ - 7.3 0 2 7 13,0 14,0 

6 0 12 3,4 0°5 - 7 l @ 4 1 , 9  - 4 2 , 5  -13 I 16 6.6 M 8"0 2 ~ 7 2.7 1t7 
- i ~  o 14 o . o  ~ . I  - 5 z ~ 2 9 . 1  - 2 ~ . 1  - 1 1  1 1~ 9 . ~  1 o . 1  ~ ~ 7 1 7 . 3  - 1 ~ . 8  
-16 0 14 8,0 - 7.2 - 3 50.3 49.5 - 9 l 16 ll.~ 10.2 b 7 7.1 5.7 

-14 0 14 0°0 0,9 1 i ~ 21.2 19,5 - 7 i 16 ]I,9 - 12,6 S 2 7 4.8 - 5,0 
-12 0 • . . . . . . . . . .  i . . . .  2 .... 2 -5 • •0 !9.0 ..... I0 2 ~ 11.• 11.2 
-lO 0 14 2o6 0.5 ~ i 6 13.0 lb.4 3 l !5 8o~ 9.5 12 2 7 b.4 - 5o6 

- 8 0 I~ 27.0 - 27.~ b 1 6 20.o ~2,8 -!5 1 17 7.7 6.~ -16 2 8 1,6 1.0 

- 6 0 14 20,0 - 19.3 7 1 6 14o9 Ib,9 -!3 ' 17 4.9 - 2,4 -14 ~ 8 28.0 - 28,3 
14 24,3 d ~ , &  9 I b 19,3 - 20,7 -:I [ 17 3.6 - 1.5 -i2 2 8 10.8 12.3 

- 2 0 •~ 4.• 2.7 ..'' L o 9.D - 11o2 - ~ 1 17 4o~ 1 . 3  -:0 2 8 42,2 39.3 

0 0 14 6°4 6,0 13 I 0 5,4 b,6 7 1 17 8,7 7.6 - ~ Z 8 ]3.8 12o7 

2 0 14 20.9 - •9.2 -:7 1 7 8,9 8,0 0 2 0 38,~ 33.6 6 ~ S 31o2 - 31,3 

4 0 14 15.6 16o4 -15 1 7 2.~ 1.3 2 ~ 0 29o9 2So2 - 4 ~ 8 29.b - 30.9 

-•8 0 16 15,8 14o5 -13 I 7 5.0 6.7 4 2 0 &l.2 - 38.9 2 8 36.7 34°7 

--•6 0 16 20.• - 19o0 -:i i 7 5,0 - 4.2 o 2 S 2b,: 2~o~ C ~ 31.@ 30,7 
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T & b l e  1 (cont.) 
§ 8 6 . ~  ~ . ~  : ~  J 2 8 .2  - 7. T - ~ 3 12 l e . ~  - l a . ~  - : ~  * 8 2 2 . 2  - ~2 .7  

8 2 7 , 2  - d o . 1  - ~ 5  3 ~ b , 3  ~ 0  3 1Z 4 . 8  3 . 7  - 1 2  4 B 6 . 5  5 . 2  
- ! O  6 8 7 . 6  6 , 5  6 2 8 4 .6  4 .4  - 13  J J 3 .~  1.7 ) ) 12  Z .2  ~ .2  

8 2 8 b 3 . 6  1 ~ . 5  - . i  > 3 9 . 5  ~ 9  - 1 5  3 1> 6 . 6  - 6 . 8  - B 6 ~ 1 0 . ?  1 2 . ~  
10 2 8 2 . 8  ] , ~  - 9 3 3 1 6 , b  - 17,6 - 1 3  z 13 3 . v  3 , 0  - 6 4 8 7 . 2  - b . 4  

- 1 6  2 9 3 . 3  - 0 . 9  7 3 3 1 3 , 6  } ~ q  - 1 1  ~ 13 d . 7  - 0 . 7  - 4 4 8 1 3 . 5  1 3 , 1  
- 9 3 13 6 . d  5 . 6  2 4 8 8 . 1  b .3  

- 1 4  2 9 2 . 9  - 1 . 2  - 5 3 3 8 . 3  - h 3  
- 1 2  2 9 5 . 8  - 6 . 6  3 3 3 1 0 . 3  9 .6  - 7 3 13 6 . 1  - 8 . 1  0 6 8 2 2 . 6  2 2 . !  
- 1 0  2 9 9 . 1  7 . 3  - 1 3 3 9 . 9  - 6 4  5 3 13 2 . 9  2 , ]  2 4 8 2 . 5  - 1 . 8  

1 . 3  4 6 8 Z S . I  - 2 4 . 9  - 8 2 9 2 . 3  2 . 3  I 3 3 1 3 . 8  - 1 ~ 6  - 3 3 1 3  2 , 1  
- 0  2 9 ~ . ~  0 . 7  ~ ~ 3 3 . 6  ~3 ~ ~ 1~ 6 . ~  . . . . . . . .  2 8 . ~  
- 4 2 9 5 . 7  4 . 5  3 3 1 6 . 7  1 ~ 9  1 3  9 . 1  - 7 . 7  - i g  4 9 9 . 7  8 . 1  
- 2 2 9 1 6 . 8  - 1 5 . 4  7 3 3 1 0 . 8  9 .3  - l b  3 l u  1 8 . 9  - 1 0 . 9  - 1 2  ~ 9 7 . 9  - 9 . 2  

-io 4 9 6.2 I.I 2 9 6.3 6.1 9 ~ ~ 6.2 - 5.3 -13 3 14 27.5 Zd.5 
2 9 15.3 - 15.8 11 3 3 2.1 ~.I -II 3 14 3.2 1.7 - 8 4 9 3.0 - 1.6 

- 6 4 9 9 . 9  ]l.l 
4 2 9 15.5 !5.4 13 ~ 3 9.2 - 87 - 9 3 16 2 .5  - ?.o 

9 4 . 4  - 4 . 2  - 1 5  ~ ~ 2 1 . 1  Z0 .8  7 3 14 1 5 . d  I v . 8  - 4 4 9 5 . 4  3 . 0  
§ 9 8 . 2  9 . 2  - 1 3  3 6 s . 2  9 3  - 5  3 14 6 . 4  d . 2  - 2  4 9 5 . 9  - 5 . 8  

-i6 2 !0 23.0 d2.4 -!I 3 ~ 4.6 55 - 3 ~ 14 7.3 7.2 o 4 9 6.8 6.9 
-14 2 I0 2.3 2.5 - 9 3 42.b - 1.69 I 3 16 7.~ 6.4 2 4 9 7.4 7.6 

4 .9  2.6 6 4 9 3.9 - 2 .8 
-12 2 IO 19.I - Zl.l - 7 3 6 5.3 63 -13 3 15 - 
-i0 2 i0 13.0 12.6 5 3 4 17.7 173 -;i a 15 ~.3 0.9 -16 4 i0 b.5 - 2.9 
- 10 2 7 . 0  2 7 . 5  - 3 ~ 4 41 .2  39.7 - ~ ~ 15 .~  2 .8  - 12  , 10 1 0 . 2  - ~0.3 

~ i0 21.2 1 9 . 7  - i ) 4 54.4 - 5 2 , 3  15 6. - 0.0 - 1 0  4 I0 3,4 3 . 0  
2.6 - 8 4 10 26.7 28.3 

- 4 2 I0 7,~ - 7.9 i ) 6 8.4 - 7.5 - 5 3 15 6.0 
- 2 2 i0 29.5 - d9.3 3 3 4 37.8 35.7 0 4 0 32 .5  28.0 - 6 6 i0 3.6 0.8 

0 2 i0 25.8 23,6 5 3 4 20.1 20.0 2 6 0 7.7 8.0 4 4 I0 9.6 - 9.9 
2 2 i0 13.5 16.9 7 3 4 8.2 - 7.4 4 6 0 28.4 - 30.6 - 2 4 i0 23.5 - 25.6 
4 2 i0 8.0 9.2 9 3 4 19.0 20.5 ~ 4 0 &.1 2.7 ? 4 10 18.9 18.6 
6 2 i0 12.3 - 11.6 ii 3 4 4.0 3.6 4 0 10.2 9.5 4 I0 4.6 3 .1  
8 2 10 5.9 5.6 13 3 4 6.6 6.8 i0 4 0 25.3 27.0 4 4 I0 3.7 - 0.8 

-15 3 5 0.0 - 1.8 12 ~ 0 16.3 - 16.9 -14 4 II 8.0 6.0 
-16 Z ii 12.5 - 11.b 
-16 Z II 9.5 8.9 -13 3 ~ 5.7 5.4 14 ~ 0 18.0 -16.i -12 6 II 13.2 ]6.2 
-12 2 11 3.8 - 6.1 -ii 3 16.1 ~ 13.6 -I~ 4 i 12.2 12 .2  -i0 ~ II 2.9 - 3.4 
-i0 2 ~i 15.2 13.d - 9 3 5 26.7 25.9 -12 4 i II.0 - 12.! - 8 4 Ii 5.8 8.0 
- 8 2 Ii 18.1 - 16.2 7 5 5 11,9 - 11.9 -I0 4 I 6.3 3.6 - 6 ~ II 10.6 - II,6 

- 6 2 ii 5,9 6.6 - 5 3 5 8,5 - 7.7 - 8 4 i 4.2 - 3,0 - 6 4 11 15.6 14,6 

- g 2 11 9,9 - 10,3 3 3 5 i3.4 12.1 - ~ 4 " 5.4 6.7 2 6 ii 14,9 - 14.9 
2 2 II Ii.7 11.8 - I 3 5 21.~ 19.2 ~ [ 6.2 - 5.3 ? 4 11 6.8 4.9 

2 ii 14.0 - 13.8 i 3 5 3.1 - 0.6 2 g I 3.7 2.8 4 ii 5.6 - 2.8 
-i~ 4 12 16 .2  17.2 0 

2 2 ii 8.1 9.5 3 3 5 ll.O I0.5 0 t) I 2.6 - 3.0 
4.0 5.0 ~ ~ ~ 2.8 1.1 2 4 i 4.5 2.7  -12 ~ 12 6 . I  - 5 .9  

~ ~ i . . . .  10 ~ 12 5 . . . . .  . . i  3 . 5  4 . 9  - 4 , 9  4 6 I 1 5 . 5  
- ~  ~ 12 . . . .  5 . 2  9 3 5 5 6  4 . ,  ~ , ~ o o - ~  - o  6 12 200  2 1 . 3  
-14 12 23,5 ~5.8 Ii 3 5 11,2 - I0,6 6 3.7 • - 6 4 12 15.6 14,9 

4 4 12 11.4 11.4 -12 2 12 6.6 - 3.8 -15 ~ 6 16.I - 16.i IO 4 i 2.1 - 0.5 
-I0 2 12 18.5 19.3 -13 ~ 6 14.2 14.6 12 4 I 7.4 8.0 - 2 6 12 14.5 - 12.7 
- 8 2 12 6,7 - 7.8 -Ii 6 12.5 12.5 14 4 i 5.8 - 5,3 0 6 12 11.6 10.8 
- 6 2 12 26.8 27.Q - 9 3 6 8.7 4.7 -14 4 2 5.3 5.0 -12 6 13 4.7 0.7 

6 2 12 5.6 5.9 - ? 3 6 33.8 - 34.~ -12 4 2 5.4 - 5.1 -I0 4 13 12.4 9.9 
2 2 12 17.3 - 19.8 5 3 6 1.5 0.9 -I0 4 2 20.4 22.1 - ~ 4 13 12.8 - 11.9 

- 8 ~ 2 23.7 23.7 - 6 6 13 6.4 - 0.6 o 2 12  7.7 - 5.6 - 3 3 6 64.9 43.6 
2 ~ 12 2.7 0.4 i 3 6 2.2 6.1 - 6 ~ 2 19.1 20.2 - 4 4 13 6.9 - 2.0 

12 1 1 . B  12.3 i 3 6 17.5 - 1 5 , 7  4 4 2 11.5 - 9 . 7  8 6 14 20.8 20.0 
--16 2 13 6.9 5.4 3 3 6 26.3 - 2b.3 - 2 4 2 28.3 -- 30.6 i 5 O 18.9 19.1 
-14 2 13 2.0 2.1 ~ 6 17.4 15.8 0 4 2 13.6 Ii.7 ~ 5 0 9.3 - 8.5 
-12 2 13 2.0 1.2 ~ 6 9.8 10,I 2 4 2 25.5 23.2 5 0 27.4 - 29.2 
-i ~ 13 2.3 - 2.5 9 3 6 3.0 - 0.4 ~ 4 2 19.1 17.7 7 fi 0 13.3 13.8 

~ 13 , 2  20 11 3 6 ~16 22o ~ , ~ . 9  2 8 ,  ~ 5 o . . . . .  3 
- 6 2 13  4 . 9  - 4 . 1  - 1 5  3 7 4 . 7  2 . 5  ~ 1 9 . ~  1 8 . 5  I 5 0 4 . 1  1 . 3  
- ~ 13 6.2 . . . . .  13 ~ ~ . . . . . . . .  0 6 2 18.2 18.i -Ii 5 ~ 13,7 - 15.3 

13 9.g 11.0 -11 ~.0 1.9 id ~ z &.6 - ~.o - 9 5 4.~ 0.~ 
0 2 13 2.5 - 1.8 - 9 3 7 2.5 1.8 -16 4 3 4.3 3.7 - 7 5 i 6.0 5.8 
2 2 13 4.8 4.3 - 7 3 7 3.4 - 3.8 -12 4 3 11.8 13.3 - 5 5 i 4.1 1.9 

-18 2 1~ 1 3 . .  - 1 3 . 9  - 5 3 7 2 . 1  - 3 . 0  - l O  6 ~ l o . 7  - 1 1 . 7  - ~ ~ i 5.8 5 . 0  
3 3 7 7.0 7.5 - 8 4 3 0.0 0.2 i 7.3 - 7.6 -16  2 14 5.0 7.0 

-12 2 16 16.0 16.6 - i 3 7 6.3 6.2 - 6 g 3 11.I - 11.6 I 5 i 0.0 1.4 

- ~ o  2 1 ,  2 . ,  - 2 . 0  1 3 7 1 2 . 6  10.9 - ~  ~ ~ 3.0 3.3 3 ~ 1 5 . 3  - 6.3 
- 8 2 14 19.4 18.9 3 3 7 5,2 - 5,7 4 10,0 9.8 5 5 i 12.9 14.7 
- 6 2 l& 7.7 - 7.0 5 3 7 6.4 - 6.0 0 4 3 0.0 - 2.7 7 5 I 18.9 - 20.7 

, 2 i ,  166 181 7 ~ 7 o . o  0 5  ~ 6 3 ~6  63  9 ~ ~ 8 . ~  l O . 1  
- 2 2 14 8 .4  i 0 . 0  9 7 3 . 6  1 .2  4 ~ 2 . 4  - 0.5  i i  7 .9  - 7.3 

6 6 13.0 1 4 . g  - I I  5 2 18.4 19.6 
0 2 14 8.4 -- 7.3 -15 3 8 19.~ - 19.I 

- 12.2 9 5 2 3.3 0.9 -16 2 15 9.3 7.2 -13 3 8 8.5 - 9.1 8 ~ 3 10.7 - 
-16 2 15 4.3 - 4.3 -11 3 8 2.2 1.9 I0 4 3 0.0 0.5 - 7 5 2 15.1 14.7 

12 4 3 8.8 - 7.I -12 2 15 1.7 0.2 - 9 3 8 4 8 . 6 6 8 . 4  - 5 5 2 10.7 10.8 
-~ ~ 15 ~1.1 - 12.2 7 3 8 30.5 28.3 -1~ * ~ 16.9 15.9 ~ ~ 2 19.0 - 19.3 
- ~ 15 18.6 17.6 - 5 3 8 20.6 - 17.8 -12 4 4 0.0 1.0 2 12.6 12.6 
- 6 15 15.6 - 15.9 - 3 3 8 19.6 - 19.5 -I0 g 4 16.0 - 15.6 I 5 Z 20.3 17.8 

, ~ 15 7 . . . .  1 1 3 8 ~69 387 8 , ~ 1o . . . .  9 3 ~ ~ ]55  155 
- i 15 5 ,0  - 3 , 1  I 3 8 4 , 1  - 5 , 1  - 6 4 4 1 2 , 7  1 2 . I  5 1 2 . 5  - 1 2 , 3  
- 1 ~  16 1 7 . 1  1 7 . 2  7 5 2 6 . 8  - 6 . 7  3 8 lO.O - 1 1 . 5  - ~ ~ 4 2 5 . 1  2 5 . 5  
-12 2 16 3.8 1.7 3 8 14.~ 15.1 2 4 4 10.2 - Ii.0 9 5 2 3.4 - 0.3 

-I 0 ~ 16 18.7 19.0 7 ~ ~ 15.0 15.8 ~ ~ 4 28.96.D 25.35.7 ~ I~ ~ 
i ~  : :  ~ ~: 3.6 - o  . . . . . . . . . . .  

7.2 5.5 -15 3 9 5.2 3.9 ~ 4 # 27.1 26.7 - 7 5 3 10.8 - I0.I 
- 1 3  ~ 9 2 . 8  - 0 . 5  6 4 4 l O . O  - l O . 3  - 5 5 3 9 . 0  1 0 . 8  

- 4 2 16 5.4 - 3.6 
3 0 26.3 25.3 -ii 5 9 5.8 6.8 8 . . . .  0 - 7.5 - ~ ~ ~ 5 . . . . .  8 
3 o 27.3 26.7 - 9 3 9 21.4 - 18.9 i0 4 4 ]3.5 - 13.7 6.1 5.6 

5 3 0 34.7 - 33.6 7 3 9 18.0 !7.6 -ig 4 5 5.0 4.3 I 5 3 17.6 - 18.5 
7 3 0 0.0 - 0.9 - 5 3 9 14.2 I].9 -12 4 5 2.7 0.4 3 5 3 3.4 4.9 
• 43.3 63.0 3 3 9 10.6 - 10.4 -I0 4 5 6.9 6.7 5 5 ~ 3.3 - 2.5 

i~ ~ ~ 1 , . o  . . . .  6 1 3 9 2 . 1  0 .9  - 8  , 5 9 . 1  7 . 8  7 5 7 . 1  6 . 9  
13 3 0 3., - 2.9 I 3 9 4.1 2.2 -. 6 4 ~ 6.7 - 8.5 9 5 3 5.7 - 4.3 
15 3 0 12 .2  12 .6  ~ ~ 9 0 .0  - 0 . 0  4 4 4 .0  6 .7  - 11  5 ~ 8 .1  - 7 . 3  

-15 3 I 2.2 - 1.2 9 0.0 0.6 2 ~ 5 5.3 4.2 - 9 5 4 16.2 - 16.3 
- 1 3  3 1 8.4 - 6 . 5  7 3 9 5 . 6  ~.2 o 4 5 17.i 1 6 . 5  - 7 ~ 4 4.1 -- 2.8 
-ii 3 i 2.~ - 0.I -15 ~ I0 22.6 19.7 2 4 5 11.7 - 12.2 5 6 27.6 27*3 
--9 3 I 4.7 3.6 -13 i0 23.5 - 2~.2 4 4 5 1.6 2.1 - 3 5 4 8.7 8.1 

- 7 3 i 2,3 - 2.4 -ii 3 I0 I0.i I I . 7  6 4 5 6,8 - 6.2 - 1 5 4 19,5 - 19.6 
_ ~ 15 .7  15 . . . .  3 l o  6 . 8  , 3  8 6 ~ 6 . 8  6 . 6  1 ~ 6 3 1  ] 1  

~ , . 3  - 5 .1  7 3 10 29 .2  31.8  10 , 8.3 6.0 3 . 116  1o.7 
-16 . 6 4.5 - 1.7 - I 3 I 7,5 - 7,1 - 5 3 IO 1 1 . 2  - io.o ~ 5 6 9,5 9,5 

3 i 2 3  2 . 8  ~ ~ 1o 1 5 . 7  1 . . . .  ]2 , ~ 13 .~  15 .2  ~ 6 8 6  - 7 9  
i 3 1 5.1 5 , 6  i0 1.5 ~.5 -i0 4 6 24.5 24.2 -!i 5 14.7 17.2 

5 3 1 2.0 O . 5 1  3 lO 20.5 29.0 - 8 4 6 39.5 - 40.6 - 9 5 5 5.~ - 5.2 
7 3 i 2.9 0.7 3 3 ]0 10.9 II.8 - 6 4 ~ 8.4 - 9.7 - 7 5 5 6.5 -5.0 
9 3 1 3.5 1.6 5 ~ lO 11.7 - ii.9 4 4 i0. i 10.0 5 5 5 6.4 4.3 

Ii 3 I 6.9 7.3 -15 3 Ii 8.6 7.1 - 2 4 6 27.0 27.4 - 3 5 5 5.6 - 5.1 
13 . . . . .  5 . . . . . . . .  11o . . . . . . .  1 . . . .  1 . . . .  ~ ~ ~ 7 . 3  8 . ,  
15 3 ~ 8,4 - 7.4 -il 3 IL Z,3 - ).3 2 4 6 Ib.b 15,1 4.1 - 4,2 

- 1 5  ,3 13 .5  i~2 _ ~  3 11 6 . 8  . . . . .  6 5 :  - 6 .9  ~ ~ ~ ~:~ 0 . ,  
-13 3 2 7.4 - 8.0 - 7 3 Ii 10.6 II.9 6 ~ b 22.8 26.5 0%0 

8 6 5.0 4 . 3  7 5 5 6 . 0  7.2 -ii 3 2 25.6 - 27.9 - 5 3 ii 8.1 - 9.0 4 
- 9 3 2 8,6 :8,1 3 3 ii 5.1 2.5 -16 4 7 6.4 5.3 -ll 5 6 14.2 15.3' 

7 3 2 26.~ 29.3 - 1 ~ 11 2.8 1.5 -12 6 7 11.5 - ]I.0 - 9 5 6 2.5 - 1.1 
- 5 3 2 2.9 1.2 1 Ii 3.5 - 2,5 -l~ 4 7 3.3 4.3 7 5 b 12.b 13.8 

-3 3 2 35.~ -34.4 3 ~ 11 3.~ - 5.9 - ~ 7 3.> 3.1 - ~ ~ 6 ~.7 6.o 
1 3 2 29.7 25.9 ~ 3 11 4.7 3.3 - 6 4 7 9 . 2  8.6 6 19.5 19.6 

3 2 9.5 10.7 -I 3 12 i~.5 i>.8 4 4 7 ll.b - 9.9 - 1 5 6 3.6 3.3 

3 2 48.6 49.7 -13 3 12 6.1 b.8 - 2 4 7 5.8 6.3 1 5 6 ]7.6 -- 17.2 
27.2 - 26.8 -II 3 12 o.1 - 6.4 ~ 6 ? 4.5 - 6.6 3 5 6 14.9 - 15.2 

~ § 10~ 11.1 - 9 3 12 26~ ~66 6 7 ~.3 7.2 5 5 6 6.5 5.7 
- 7 3 12 28 .3  ~8.6 4 4 7 11.D - II.O - 1 1  b .7 3.9 - 0.3 9 3 2 o.o o.6 

11 3 2 27 .6  29 .4  - ~ 3 12 9 .0  8 ,6  ~ 4 7 2 .6  0 .6  - 9 5 7 8 .7  - 9 , 0  
13 3 2 3,0 - 0.8 3 12 5.1 5.3 4 7 4.1 2.9 - 7 5 7 17.0 1 8 . 7  
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Table 1 (cont.) 

- I 5 

5 

i ° 
5 

- 7 5 

- 5 5 

- 3 5 

- : 5 

; 5 

3 5 

- 9 5 

5 
- 3 5 

5 

::~ 
- 7 b 

5 5 
- 3 5 

: 5 
- 9 5 

l 5 
- 5 5 

0 6 
2 6 
4 6 
6 6 

- 4 6 

- 2 6 

? 6 
6 

6 ~ 
- 6 

- 2 6 

0 6 
2 6 
~ 6 

- 6 6 

~ 6 

0 6 
2 6 
4 6 

- 6 6 

6 

0 6 
£ ~ 

- 6 6 

2 6 
0 6 

- 6 6 

Z 6 

7 12.0 - lJ.5 
7 3.4 ~.1 

? 5.8 - 5.5 

7 13.9 13.$ 

7 ~,8 - b.6 

7 3 ,7  2 .9  

8 1 6 . 4  1 6 . 6  
8 1 4 . 0  1 3 . 7  
8 2.7 0.2 
8 23..4 - 23.4 
8 3 . 0  - 1 . 7  
8 6 . 6  5.6 

8 2.6 2.1 
8 7 .0  - • 5 .4  
9 : 3 . 9  I O . l  
9 9.0  : 0 . 5  
9 7 . 6  - 8 . ~  
9 6 . 1  5.5 

9 6 . 0  - 4 . 9  
9 3 . 5  2 . 2  

9 9.0 - 6. ~ 

1o 1 0 . 8  - 1 o . ' .  
10 7.0 5.1 

IO 7 . 6  6 . 9  
io 5.~ - 3.7 
l o  1 3 . 7  - 14.2 .  
I0 L,,5 i . I  

i i  6 . 2  - 5 .7  

I I  ! 0 . 0  9 . 0  
),). b . . ~  7,7 

o 2 2 .  e. 1 9 . 1  
0 6 . 7  - 6 . 8  
o 7 .0  - 6 . 6  
0 ~ , L  - 7 , 3  
1 9.~  V.7 
1 4 . 2  0.3 
i 6 . 8  0.6 
1 12.0 - 12.4 
I 8.5 3.2 

1 3.1 1 . 5  
i 5 . 1  - 2 . 2  

2 1 6 . 2  1 6 . 7  
12.0 - I I . 3  

2 1 7 . 6  - to.~ 
2 7.0 b .7  
2 1 6 . 1  i ~ . 6  

3 5 .~ .  - 1 . 3  
3 5.9 3 . 5  

7.5 b.6  
3 1 3 . 6  - 12.6 
3 7 . 6  B . 3  
3 5 , 7  - 3 . 8  
4 14.9 i~.7 
4 4 . 1  l . ;  
e, 6 .b  1.7 
¢. 1 7 . 7  - 1 7 .  '-, 

l . .?  ~.7 
5 t d . 7  - l ' . . l  
5 6.7 7,6 

~.4 - o.~ 
5 q . 8  2,9 
6 12,8 - 1 3 . 9  
6 Io.:~ 10 .5  
6 9 . 2  7 . a  

Absent reflexions: hkl when (h+ k) is odd, hO1 when 
1 is odd. Space group Cc (C~) or C2/c (C~h). Analysis 
has proceeded satisfactorily in C2/c. 

The intensities of the reflexions were measured on 
a General Electric X R D 5  Spectrogoniometer with 
Single Crystal Orienter, with a scintillation counter 
and Cu K s  radiation (nickel filter and pulse height 
analyser), and the moving crystal--moving counter 
technique (Furnas, 1957). All the 1062 reflexions in 
the range 0 < 2 0 ( C u  Ka)_< 90 ° (corresponding to a 
minimum interplanar spacing d = l . 0 9  A) were ex- 
amined, and 1034 (97%) had an intensity above 
background. In addition the intensities of eleven 
higher-order hO1 reflexions were measured. All the 
intensities were corrected for background, Lorentz 
and polarization factors were applied, and the struc- 
ture amplitudes were derived. The crystal used was 
mounted with b parallel to the fP axis of the goniostat, 
and was approximately cylindrical with diameter 
0.1 ram, so that absorption corrections were not 
considered necessary. 

projection, and a two-dimensional Fourier series was 
summed using signs based on the Br and S contribu- 
tions. On the resulting electron-density map all of 
the atoms were fairly well resolved, except two of 
the atoms in the cyclopropyl ring which overlapped 
in projection. Even at this stage it was clear that the 
cyclopropyl methylene group had the exo configura- 
tion. Structure factors were calculated for hO1 re- 
flexions, using the scattering factors of International 
Tables for X-ray Crystallography (1962) for bromine, 
sulphur, oxygen, and carbon, with B = 4 - 5  •2 for all 
the atoms; R, the usual discrepancy index, was 0-19. 

The x and z parameters of the Br and S atoms were 
confirmed, and the y parameters determined, from 
the three-dimensional Patterson function, yBr was 
close to zero, and to assist in sign determination, 
parameters were obtained for the two carbon atoms 
in the benzene ring to which the Br and S were 
bonded, by assuming normal bond distances. A three- 
dimensional Fourier series was then summed, with 
signs based on these four atoms (Br, S and 2C), 
and all the atoms in the molecule were clearly resolved 
on the resulting electron-density distribution. Struc- 
ture factors were calculated, with B=4.5 /~2, and 
R was 0.28 for the observed hkl reflexions. 

Refinement of the positional and isotropic thermal 
parameters was carried out by computing differential 
syntheses, with calculated syntheses for applying 
'backshift' corrections to the atomic coordinates and 
for adjusting the thermal parameters, and five cycles 
reduced R to 0-125. Further refinement proceeded by 
(block-diagonal) least squares. The function minimized 
was Xw(Fo- Fc) 2, with yw= lFol/44 when 1Fo1<44, 
and }/w=44/[Fol when [Fo[ >_ 44. Refinement was 
complete in three cycles, anisotropic thermal para- 
meters being used in the final cycle for those atoms 
whose thermal motion was greatest. The positional 
parameter shifts in the final cycle were zero for 
Br and S, and small for the C and 0 atoms, the mean 
shifts in the x, y, and z direction being 0.004, 0-005 
and 0-004 /~ respectively. The final measured and 
calculated structure factors are listed in Table 1; 
R is 0.093 for the 1045 observed reflexions. 

A final three-dimensional Fourier series was summed 

0.2  

} B :  

Structure  analys is  

The x and z coordinates of the bromine and sulphur 
atoms were determined from the b-axis Patterson 

Fig. 1. Sections of the final three-dlmensional electron-density 
distribution through the atomic centres parallel to (010). 
Contours start at 2 e.A -3, and are at intervals of 1 e.A -3 
for C and O, 2 e .A -3 for S, and 5 e./~-3 for Br. A perspective 
drawing of the molecule is also shown. 
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a n d  super imposed  sections of t he  resul t ing  electron-  
dens i t y  d i s t r ibu t ion  are shown in Fig. 1, t o g e t h e r  wi th  
a perspec t ive  d rawing  of t he  molecule.  

Atomic parameters and molecular dimensions 

The  pos i t ional  and  t h e r m a l  pa r ame te r s  f rom the  
final  leas t -squares  cycle are g iven  in Table  2, x, y, 
and  z being f rac t ional  coordina tes  refer red  to the  
monocl in ic  crystal  axes, B isotropic t e m p e r a t u r e  
factors  (/~e), and  B~j t he  anisot ropic  t h e r m a l  para-  
me te r s  in the  express ion:  

exp  - {Bnh ~ +Beek 2 + B331 ~ + Beakl + Blahl + B12hIc} . 

The  b o n d  dis tances  a n d  va l ency  angles in  t he  
molecule  are g iven  in Table  3, t o g e t h e r  wi th  the i r  
s t a n d a r d  dev ia t ions  c o m p u t e d  f rom the  leas t -squares  
residuals.  

Table  2. Final positional (fractional) and 
thermal parameters 

Atorn x y z B (A ~) 
Br 0.1131 0.0085 0.3837 (5.50) 
S 0.2367 0.6539 0.6484 3.15 
O(1) 0.1731 0.7434 0.6382 (3.29) 
0(2) 0.2736 0.5709 0.7260 (4.20) 
0(3) 0.2651 0.8014 0.6243 (4.88) 
C(I') 0.1520 0-2010 0.4625 4.01 
C(2') 0.1620 0.3794 0.4408 4.65 
C(3') 0.1890 0.5176 0.4974 4.05 
C(4") 0.2066 0.4703 0.5772 3.14 
C(5') 0.1983 0.2911 0.5969 4.16 
C(6') 0.1717 0-1543 0.5421 4.43 
C(I) 0.0687 0-5776 0.5930 4-69 
C(2) 0.0309 0.5082 0.6319 (5.95) 
C(3) 0.0673 0.4213 0.7138 (7.29) 
C(4) 0.0568 0.6318 0.7071 (6.36) 
C(5) 0.1069 0.7625 0.7023 4.86 
C(6) 0.0688 0.9054 0.6361 6.05 
C(7) 0.0407 0.7838 0.5599 5.82 
C(8) 0.1337 0.6328 0.6637 (3-75) 

Anisotropic thermal parameters ( × 104) 

Atom Bll B~e B3a B2a Bla Ble 
Br 35 264 50 -- 15 44 2 
O(1) 18 190 31 6 29 22 
0(2) 24 227 32 9 24 4 
0(3) 27 210 51 21 42 --3 
C(2) 30 303 54 -- 58 36 -- 23 
C(3) 39 448 64 -- 1 62 - 57 
C(4) 32 383 58 -- 104 48 - 39 
C(8) 21 204 30 2 26 3 

There  are several  regions in t he  molecule  where  
it  is of in te res t  to e x a m i n e  p lanar i ty ,  pa r t i cu la r ly  
in t he  t r icyc lo-oc tane  nucleus,  and  the  equa t ions  of, 
d i sp lacement s  of a toms  from, and  angles b e t w e e n  
var ious  p lanes  are g iven  in Table  4. I n  these  equa t ions  
X ' ,  Y and  Z'  are coord ina tes  i n /~  referred to o r thogona l  
axes a, b and  c*. 

All t he  in t e rmolecu la r  separa t ions  < 4.0 A were  
calculated,  and  the  mos t  s ignif icant  contac ts  are 
l i s ted in Table  5. The  pack ing  of t he  molecules  in 
t h e  un i t  cell is i l lus t ra ted  in Fig. 2. 

Table  3. Bond distances and standard deviations, 
and valency angles 

The standard deviations of the angles vary from 0.6 to 1.9 ° 

Bond l a 
Br-C(I') 1.90 A 0.018/k 

S-O(1) 1-55 0.01 o 
S-O(2) 1.44 0.011 
S-O(3) 1.44 0.012 

Mean S -- O 1.44 

S-C(4') 1.77 0.016 

C(1')-C(2') 1.39 0.02 a 
C(2')-C(3') 1.37 0.02 a 
C(3')-C(4') 1.43 0.022 
C(4')-C(5") ] .37 0.021 
C(5')-C(6') 1-34 0.024 
C(6')-C(I') 1.42 0.024 
Mean Car-Car 1"39 

O(1)-C(8) 1"48 0"021 
c(1)-C(2) 1-52 0.02 s 
c(2)-C(3) 1-51 o.031 
C(3)-C(4) 1.50 0-031 
C(2)-C(4) 1.54 0.031 
C(4)-C(5) 1.55 0.02 s 
C(5)-C(6) 1.52 0.02 s 
C(6)-C(7) 1.54 0.031 
C(7)-C(1) 1-59 0.030 
C(1)-C(8) 1.51 0.02 s 
c(5)-c(8) 1.51 0.02~ 

Mean C-C 1.53 

Angle 0 
Br-C(I')-C(2') 119.5 ° 
Br-C(I')-C(6') 118.4 
S-C(4')-C(3') 117.6 
S-C(4')-C(5') 121.2 
C(1')-C(2")-C(3') 119.2 
C(2")-C(3")-C(4") 118.1 
C(3')-C(4')-C(5') 121.2 
C(4')-C(5')-C(6") 121.4 
C(5")-C(6")-C( 1 ') 118.0 
C(6')-C(1")-C(2') 122.2 

Mean 119.7 

0(1)-S-O(2) 109.8 
O(1)-S-O(3) 104.4 
O ( I ) - S - C ( 4 ' )  102.5 
O(2)-S-0(3) 120.0 
O(2)-S-C(4') 108.6 
O(3)-S-C(4") 110.1 

Mean at S 109.2 

S-O(1)-C(8) 118.6 
O(1)-C(8)-C(1) 110.9 
O(1)-C(8)-C(5) 110.0 
C(1)-C(8)-C(5) 96.7 
C(1)-C(2)-C(4) 103.8 
C(5)-C(4)-C(2) 103.4 
C(1)-C(7)-C(6) 103-3 
C(5)-C(6)-C(7) 103.3 
C(2)-C(1)-C(7) 105-3 
c(2)-c(1)-c(8) 102.5 
c(7)-c(1)-c(8) 99.2 
c(4)-c(5)-c(6) 107.5 
C(4)-C(5)-C(8) 101.4 
c(6)-c(5)-c(8) 101.5 
c(1)-c(2)-c(3) 119.4 
c(5)-c(4)-c(3) 119.9 
c(2)-c(3)-c(4) 61.5 
c(3)-c(4)-c(2) 59.5 
c(3)-c(2)-c(4) 59.0 
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Table 4. Equations of various planes, deviations of the 
atoms from the planes ( A ), and angles between the normals 
E q u a t i o n s  

A :  

B :  

c :  

D -  

Devia t ions  

A t o m  

C(1) 
0(2) 
0(3) 
0(4) 
c(5) 
0(6) 
c(7)  
c(8)  

Angles 

0(1), 0(5), 0(6), 0(7) 
0" 979X'  + 0.197 Y -- 0.058Z'  + 3.889 = 0 
C(1), 0(2), C(4), C(5) 
0 .528X' - -  0.670 Y + 0 .522Z' - -  0.271 ----- 0 
c(2), 0(3), 0(4) 
0-992X'  + 0 .124Y + 0.011Z'  + 4.870 = 0 
C(1), C(5), C(8) 
0.367X" + 0.774 Y--  0.515Z" + 3.530 - 0 

AA ,dB AC 
0-006 0 

-- 0.007 0 
0 

+ 0-006 0 
0 - -  0.006 

0.007 
- -  0.009 

ZJD 
0 

A A B  111 ° 
A ^ D  123 ° 
B A D  126 ° 
B A C  117 ° 

Table 5. Shorter intermolecular distances 
All in termolecular  d is tances  _~ 4 / k  be tween  a s t anda rd  (1) 
and  ne ighbour ing  molecules were ca lcula ted;  only the  more  
significant crys ta l lographical ly  independen t  separa t ions  are 

l is ted 

Atom 
(molecule i) 

Br 
Br 
S 
O(1) 
0(2) 
0(3) 
0(3) 
c(1) 
0(6) 
0(5) 

Molecule 

1 

2 

5 

6 

10 

to A t o m  in Molecule d 

0(3)  6 3.69 /1~ 
C(4') 6 3.96 
0(2)  5 3.92 
0(2)  5 3.25 
C(5") 5 3.53 
C(2') 10 3.45 
C(3') 10 3-33 
C(1) 2 3.62 
0(2)  5 3.53 
0(2)  5 3.28 

x y z 
- -x  1 - -y  1 --z 

½--x ½ + y  ~--z  
½--x ½--y 1 --z 
½--x -o---Y 1 --z 

Discuss ion  

The analysis has shown that the compound examined 
is the exo isomer of anti-8-tricyclo[3,2,1,0~,4]octyl p- 
bromobenzenesulphonate. The interesting part  of the 
structure is of course the tricyclo-oetane nucleus. 
The mean C-C single bond distance is 1-53 A, and 
none of the bonds differs significantly from the mean 
value. The valency angles are given in Table 3 and 
are illustrated in Fig. 3; the tricyclo-octane nucleus 
has symmetry m within experimental error. All the 
angles in the bicycloheptane part  of the structure are 
less than the tetrahedral angle, and the skeleton is 

f 

°,,,,,I ~ , ~  ,~  _ _  

Fig. 2. P ro jec t ion  along b, showing the  pack ing  of the  molecules  
in the  un i t  cell. 

° R  

I I01 ~ I01 

A % 

7 .  ""<°7/ 
Fig. 3. Bond  angles in the  t r icyclo-octane  nucleus.  

considerably strained. The angle at  the bridgehead 
(C(1)-C(8)-C(5)) is 96.7_+1.3 °. The angles in the  
cyclopropyl ring do not differ significantly from 60 °. 
The angles between the various planes illustrated in 
Fig. 3 are given in Table 4. 

The rate of solvolysis of anti-8-tricyclo[3,2,1,02,4]. 
octyl p-bromobenzenesulphonate (exo isomer, V, l~-- 
p-Br. C6H4. SO2-) is of the same order of magnitude 
as that  of I (R=p-Br .  C6H4. S02-) (Pincock & Wells, 
1964b), so tha t  if the bridgehead angle is of significance 
in determining the rate of solvolysis, then the value 
of 97 ° observed in the present case must be typical 
of a lack of solvolytic reactivity. I t  has been postulated 
as one possible reason for the changes in solvolytic 
reactivity in this type of compound that,  since the 
transition state involves sp 2 hybridization at  the 
bridgehead atom, an increase in the bridgehead angle 
would facilitate formation of the transition state and 
hence increase the rate of solvolysis. No conclusion 
about this postulate can be drawn from the data on 
the one molecule described in the present paper, 
but we hope to carry out a detailed analysis of I I I  
(l~=p-bromobenzoyl), and a comparison of the two 
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structures should then allow some definite conclusions 
to be drawn. 

The bond distances and valency angles in the 
p-bromobenzenesulphonyl group (Table 3) are all 
normal. The intermolecular separations (Table 5) all 
correspond to van der Waals interactions. 

The authors are indebted to Dr R. E. Pincock and 
Mrs June Wells for suggesting the problem, for 
supplying the crystal sample, and for much helpful 
discussion; to Dr F. R. Ahmed and Dr G.A. Mair 
for making available their IBM 1620 programs, and 
to the staff of the U.B.C. Computing Centre for 
assistance; to the :National Research Council of 
Canada and to the Committee on Research, Faculty 

of Graduate Studies, University of British Columbia, 
for financial support, and to the Department  of 
Scientific and Industrial  l~esearch, United Kingdom, 
for the award of a research studentship (to A.C.M.). 
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The Crystal Structure of Alunite* 

BY RONG WANG, W. F. BRADLEY AND H. STV, IN~TNK 
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(Received 23 March 1964) 

A single-crystal diffraction analysis of alunite, KAIs(SO4)~(OH)6, yields an internally consistent 
set of bond lengths and angles which include significant revisions of previously determined values. 
The sulfate group includes one unique oxygen more strongly bonded to sulfur than are the other 
three. 

Introduction 

An analysis of the alunite structure, KA]3(SO4)2(OH)6, 
has been reported previously by Hendricks (1937). 
The structure is rhombohedral, but with ~ quite 
close to 60 °, which provides aspects related to a face 
centered cube. In his analysis, Hendricks assigned 
alunite to the space group R3m on the basis of a 
pyroelectric test, although the reported structural 
coordinates display a center of symmetry.  Pabst  
(1947) carried out the computations for assumed 
models for alunite and two other isostructural com- 
positions which were necessary for the correct assign- 
ment of rhombohedral or hexagonal indices which 
properly accounted for the observed intensities of the 
several powder patterns. 

The dimensions of the alunite hexagonal cell found 
by Pabst  agreed closely with those reported by 
Hendricks, and the structural model which best 
accounted for the observed intensities was in space 
group R3m. The Hendricks bond lengths deviated 
somewhat from comparable subsequently determined 

* Acknowledgment is made to the donors of the Petroleum 
Research Fund, administered by the American Chemical 
Society, for support of this research. 

values in other hydrous aluminum-bearing composi- 
tions (Kamb, 1960; Radoslovich, 1960; Newnham, 
1961), although not to such degree but that  the 
Hendricks parameters afforded adequate basis for 
Pabst 's  index assignments. This refinement of para- 
meters based on single-crystal data was undertaken 
to examine these deviations. 

Experimental  

Least-square refinements of measurements from a 
powder photograph yield hexagonal unit-cell dimen- 
sions a = 6-970 ± 0-001, c = 17-27 ± 0.01 J~. These agree 
essentially with the previous determinations. Two 
single-crystal flakes were used for the collection of 
intensity data. A triangular shaped fragment whose 
edges measured 0.3 mm and which was 0.025 mm 
thick was used for the precession camera, and a 
hexagonal fragment with sides of 0.1 mm and 0.025 mm 
thick was used for the Weissenberg camera. The 
hk0, hk2, hk3, hkl0, and hIcl 1 reflections were collected 
with the Weissenberg camera with the multiple film 
technique and Cu K a  radiation. The hhl and hO1 
reflections were obtained from precession photographs 
taken with molybdenum Ka radiation; a total of 123 


