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Abst rac t .  C9Hx004, monocl inic ,  e21/n; a = 2 2 . 4 2 1  (8), 
b = 6 . 6 8 5  (2), c =  10.914 (4) •, /~=94.34 (5) °, Z = 8 ,  
D x = 1 . 4 8 3  (5), D m = l ' 4 7  (1) g cm -3. The two mol-  
ecules of  the asymmet r ic  unit  are hydrogen  bonded  to 
each o ther  t h rough  their  carboxyl  groups ,  and  fo rm a 
pseudocent r ic  dimer.  The dimensions  of  two mol-  
ecules are identical  within the statistical accuracy.  

Introduction. Recent ly  K o s h l a n d  and  coworkers  (1971) 
stressed the impor t ance  of  or ienta t ion  factors  to chem- 
ical react ion velocities with special reference to the 
catalyt ic  power  o f  enzymes.  To explore this hypoth-  
esis, they s tudied the relative velocities of  some intra-  
molecu la r  lactonizat ions ,  using n o r b o r n a n e  derivatives 
which provide  a rigid geometr ica l  f r ame  (S torm & 
Kosh l and ,  1972). This c rys ta l lographic  s tudy was 
unde r t aken  for  one of  these c o m p o u n d s  to obta in  an  
accura te  descr ipt ion o f  its molecu la r  geometry .  The 

* Work done in part under the auspices of the U.S. Atomic 
Energy Commision. 

crystals  were kindly supplied to us by Professor  D. E. 
K o s h l a n d  and  D. Hackney .  

A pre l iminary  pho tog raph ic  s tudy of  a crystal  with 
d imensions  0.2 x 0.5 x 0.7 m m  showed the Laue  
symmet ry  2/m and  the diffract ing condi t ions  h+l= 
2n for hOl and  k=2n for  0k0 reflections, leading to 
space g roup  P21/n. Latt ice pa rame te r s  were deter-  
mined  by a leas t -squares  ref inement  of  the sett ing 
angles o f  12 reflections within the range  40°_< 20_< 44°; 
the t empera tu re  was ~ 2 3  °. The intensities were meas-  
ured with an au tomat i c  Picker  F A C S  I d i f f rac tom- 
eter, g r a p h i t e - m o n o c h r o m a t i z e d  M o  K~ rad ia t ion  ( 2 =  
0-70926 ,~) and  a 0-20  scan technique.  One hal f  of  the 
reciprocal  sphere was measured  in the range 3 ° <  20-< 
45 ° . 2143 unique reflections were obta ined,  of  which 
1667 with I > t r ( I )  were used for  the leas t -squares  re- 
f inements.  Abso rp t i on  was small,  /ZMo~,=0.73 cm -1, 
and  no correct ion was necessary.  The crystal  s t ruc ture  
was solved by direct me thods  with the MULTAN pro-  
g r a m  (Germain ,  Main  & Wool f son ,  1971) and  refined 
by our  ful l -matr ix  least -squares  p rog ram.  The final 

Table  1. Atomic parameters 
Estimated standard deviations of the least significant digits are indicated in parentheses. The thermal parameters are in units 
of ,~2. The temperature factor is exp (T), where T= -¼ ~" hihjB~ja~a~ for the anisotropic case and T= - B  sin z 0/22 for the iso- 
tropic case. 

X y z Bit B2z B33 B12 B13 B23 
C(1) 0"3341 (1) 0"2473 (4) 0"1160 (2) 2"6 (1) 3"4 (1) 3"6 (1) -0"4 (1) 0"6 (1) 0"3 (1) 
C(2) 0"3444 (1) 0"4689 (4) 0"1521 (2) 2"7 (1) 3"7 (1) 2"1 (1) 0"4 (1) 0"64 (9) 0"1 (1) 
C(3) 0"4130 (1) 0"4954 (4) 0"1365 (2) 2"6 (1) 3"0 (1) 2"2 (1) -0"04 (9) 0"03 (9) -0"17 (9) 
C(4) 0"4335 (1) 0"2774 (4) 0"1255 (2) 2"2 (1) 3"6 (1) 2"8 (1) 0"5 (1) -0"12 (9) 0"29 (9) 
C(5) 0"4164 (1) 0"2503 (4) -0"0114 (2) 3"3 (1) 2"8 (1) 2"8 (1) 0"5 (1) 0"5 (1) -0"0  (1) 
C(6) 0"3491 (1) 0"2076 (5) -0"0160 (2) 3"3 (1) 3"4 (1) 3"5 (1) -0"3 (1) -0"3 (1) -0"4 (1) 
C(7) 0"3880 (1) 0"1516 (5) 0"1871 (3) 4'1 (2) 3"5 (2) 2"9 (1) 0"3 (1) 0"5 (1) 0"5 (1) 
C(8) 0"3041 (1) 0"6165 (4) 0"0848 (2) 2"2 (1) 3"3 (1) 3"0 (1) 0"08 (9) 0"5 (I) -0"2  (1) 
C(9) 0"4256 (1) 0"5873 (4) 0"0162 (2) 2"0 (1) 3"1 (1) 3"2 (1) 0"6 (1) 0"35 (9) 0"2 (1) 
C(10) 0"1628 (1) 0"3509 (4) 0"8748 (2) 2"9 (1) 3"8 (2) 3"6 (1) -0"2 (1) 0"8 (I) 0"3 (1) 
C(l l)  0"1511 (1) 0"1274 (4) 0"8453 (2) 2"9 (1) 3"9 (1) 2"0 (1) 0"3 (1) 0"47 (9) -0"2  (1) 
C(12) 0.0836 (1) 0.1046 (4) 0.8694 (2) 2.2 (1) 3.4 (I) 2.7 (I) - 0 . I  (1) -0 .47 (9) -0-4  (1) 
C(13) 0.0637 (1) 0.3230 (4) 0.8791 (2) 2.5 (1) 3.5 (1) 2.7 (1) 0.7 (1) -0-10 (9) 0.1 (1) 
C(14) 0.0854 (1) 0.3583 (4) 1.0130 (2) 3.4 (1) 3.2 (1) 2.7 (I) 0.6 (1) 0.46 (9) -0 .0  (1) 
C(15) 0.1521 (1) 0.3997 (5) 1.0081 (2) 3.4 (2) 3.1 (1) 3.8 (1) -0 .2  (1) -0 .4  (1) -0 -4  (1) 
C(16) 0.1071 (1) 0.4424 (5) 0.8079 (3) 4.5 (2) 3.3 (2) 3.4 (1) 0.5 (1) 0.5 (1) 0.5 (1) 
C(17) 0.1935 (1) -0.0154 (4) 0.9124 (2) 2.2 (1) 3.5 (1) 3.0 (1) -0 .0  (1) 0.6 (1) -0 .5  (1) 
C(18) 0.0743 (1) 0.0205 (5) 0-9941 (2) 2.0 (1) 3.6 (I) 3.8 (1) -0.1 (1) 0.08 (9) 0.6 (1) 
O(1) 0.27270 (9) 0.7245 (3) 0.1568 (2) 4.4 (1) 5.5 (1) 3.27 (9) 2.19 (9) 0.71 (8) -0 .30  (8) 
0(2) 0.29959 (8) 0.6370 (3) -0.0263 (2) 4.1 (1) 5.7 (1) 2.91 (9) 2.29 (8) 0.64 (7) 0-39 (7) 
0(3) 0.42876 (7) 0.4420 (3) -0.0690 (1) 3.52 (9) 3.40 (9) 2-56 (7) 0-25 (7) 0.75 (6) 0.36 (7) 
0(4) 0.43294 (9) 0.7602 (3) -0.0088 (2) 3-9 (1) 3.2 (1) 5.6 (1) 0.19 (8) 0.95 (7) 0.91 (8) 
0(5) 0.22501 (9) 0-8777 (3) 0.8408 (2) 4.7 (1) 5.4 (1) 3.27 (9) 2.36 (9) 0.78 (8) -0 .23 (8) 
0(6) 0.19862 (8) -0.0322 (3) 1.0233 (2) 4.2 (1) 5.4 (1) 3-03 (9) 2.27 (8) 0-27 (7) -0-15 (7) 
0(7) 0.07498 (8) 0-1702 (3) 1.0762 (1) 3.46 (9) 4.7 (1) 2.70 (8) 0.24 (8) 0.72 (6) 0-43 (8) 
0(8) 0.06579 (9) -0.1500 (3) 1.0223 (2) 4.1 (1) 4.0 (1) 6.5 (1) -0 .48 (9) 0.45 (8) 1-85 (9) 
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Table  1 (cont.) 

x y z B 
H(1) 0.291 (1) 0.194 (3) 0.142 (2) 3.1 (5) 
H(2) 0.338 (1) 0.479 (3) 0.246 (2) 2-4 (5) 
H(3) 0.433 (1) 0.581 (3) 0.209 (2) 2.5 (5) 
H(4) 0.477 (1) 0.250 (3) 0.150 (2) 2.6 (6) 
H(5) 0.441 (1) 0.144 (3) -0.057 (2) 2.1 (5) 
H(6) 0.342 (1) 0.053 (4) -0.037 (2) 3-4 (6) 
H(7) 0.325 (1) 0.296 (4) -0.085 (2) 4-3 (6) 
H(8) 0.392 (1) -0.002 (4) 0.169 (2) 4.1 (7) 
H(9) 0.388 (1) 0.178 (3) 0.281 (2) 2.7 (5) 
H(10) 0.243 (2) 0.814 (5) 0.100 (3) 6.2 (8) 
H(11) 0.205 (1) 0-398 (4) 0.845 (2) 4.0 (6) 
H(12) 0.1555 (9) 0-105 (3) 0.754 (2) 2.0 (5) 
H(13) 0.062 (1) 0.017 (3) 0.801 (2) 2.2 (5) 
H(14) 0.018 (1) 0.342 (3) 0.858 (2) 3.1 (6) 
H(15) 0.062 (1) 0.470 (4) 1.060 (2) 3.0 (5) 
H(15) 0.180 (1) 0.318 (4) 1.078 (2) 3.3 (5) 
H(17) 0.158 (1) 0.554 (5) 1.024 (2) 4.6 (7) 
H(18) 0.103 (1) 0.406 (4) 0.710 (2) 3.7 (6) 
H(19) 0-105 (1) 0.600 (4) 0.825 (2) 2.8 (6) 
n(20) 0.252 (1) 0.784 (4) 0.897 (3) 5.9 (8) 

res idual  values ob ta ined  are Rl=~,IAFI/~,IFoI=0"042 
and  Rz=[~w[AF]Z/Yw[Fo[Z]l/2=O.042 where w =  1/a2(F) 
for  all da t a  with I>~r ( I ) ,  o therwise w = 0 ;  for  all the 
d a t a  R1 = 0.065. The scat ter ing factors  used for oxygen 
and  c a r b o n  a toms  are those t abu la t ed  by Doyle  & 
T u r n e r  (1968). In the last stage o f  ref inement  the po la r  
hydrogen  model  (Temple ton ,  Olson,  Za lk in  & Temple-  
ton,  1972) was used in connec t ion  with the hydrogen  

Table  2. Bond lengths (A) 

Molecule 1 Molecule 2 

C(1)-C(2) 1.546 (4) C(10)-C(ll) 1"547 (3) 
C(1)-C(6) 1"528 (3) C(10)-C(15) 1.528 (3) 
C(1)-C(7) 1-528 (4) C(10)-C(16) 1.528 (4) 
C(2)-C(3) 1.569 (3) C(11)-C(12) 1-564 (3) 
C(2)-C(8) 1.493 (3) C(11)-C(17) 1-498 (3) 
C(3)-C(4) 1.537 (3) C(12)-C(13) 1.533 (3) 
C(3)-C(9) 1.496 (3) C(12)-C(18) 1.501 (3) 
C(4)-C(5) 1.525 (3) C(13)-C(14) 1.524 (3) 
C(4)-C(7) 1.519 (4) C(13)-C(16) 1.518 (4) 
C(5)-C(6) 1.533 (4) C(14)-C(15) 1.525 (4) 
O(1)-C(8) 1.311 (3) O(5)--C(17) 1-305 (3) 
O(2)-C(8) 1.217 (2) O(6)--C(17) 1.213 (3) 
O(3)-C(5) 1.463 (3) O(7)--C(14) 1.462 (3) 
O(3)-C(9) 1.350 (3) O(7)--C(18) 1.342 (3) 
O(4)-C(9) 1.202 (3) O(8)--C(18) 1.200 (3) 

C(1)-H(1) 1.09 (2) C(10)-H(11) 1-06 (3) 
C(2)-H(2) 1"05 (2) C(11)-H(12) 1"02 (2) 
C(3)-H(3) 1.05 (2) C(12)-H(13) 1.03 (2) 
C(4)-H(4) 1-01 (2) C(13)-H(14) 1.03 (2) 
C(5)-H(5) 1.05 (2) C(14)-H(15) 1.06 (2) 
C(6)-H(6) 1"07 (3) C(15)-H(16) 1"10 (2) 
C(6)-H(7) 1.07 (2) C(15)-H(17) 1-05 (3) 
C(7)-H(8) 1-05 (3) C(16)-H(18) 1.09 (2) 
C(7)-H(9) 1"04 (2) C(16)-H(19) 1"07 (2) 
O(1)-H(10) 1"06 (3) O(5)--H(20) 1"04 (3) 

O ( 1 ) ' ' '  0(6) 2-676 (3) 
0 ( 2 ) "  "0(5) 2"669 (3) 
O ( 2 ) ' ' '  H(20) 1.63 (3) 
O(6)" • .H(10) 1.62 (3) 

scat ter ing fac tor  given by Stewart ,  D a v i d s o n  & 
S impson  (1965).* 

Discussion. The final p a r a m e t e r s  are given in Table  1. 
The  n u m b e r i n g  of  the a toms  is given on the schemat ic  
d i ag ram in Fig. 1. The two molecules  in the asymetr ic  
unit  m a y  be re la ted by a non-c rys ta l lograph ic  center  of  
symmet ry  lying app rox ima te ly  at  (0.25, 0.30, 0.50). 
The weak  intensities of  the reflections hOl for  which 
h-¢ 2n and  l¢-2n are a m e a s m e  of  the depa r tu re  f r o m  a 

* A table of structure factors has been deposited with the 
National Lending Library, England, as Supplementary Publi- 
cation No. SUP 30179 (l l  pp.). Copies may be obtained 
through the Executive Secretary, International Union of 
Crystallography, 13 White Friars, Chester CH 1 1 NZ, England. 
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Fig. 1. Schematic diagram of the two molecules. 

Fig. 2. Perspective view of one molecule with 50 % probability 
thermal ellipsoids. For hydrogen atoms an arbitrary tem- 
perature parameter of 1-0/~2 was given. 
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Fig. 3. Stereoscopic view of the crystal structure along the monoclinic b axis. 

true center of symmetry. This center was also evident 
by the hypercentric-like distribution of the Wilson 
plot (l_ipson & Woolfson, 1952). 

Tables 2 and 3 give the bond distances and angles. 
The crystal consists of hydrogen-bonded dimers where 
one molccule is related to the other by the non-crys- 
tallographic center of symmetry. Owing to the strains 
in the norbornane molecules, the C-C bonds and 
angles depart significantly from the average values. 
The short C-C bonds C(2)-C(8), C(3)-C(9), C(11)- 
C(17), C(12)-C(18) are due to a delocalization of 
unsaturation from the carbonyl groups. The bond 
angles C(1)-C(7)-C(4) [C(10)-C(16)-C(13) for the 

Table 3. Bond angles (°) 

Molecule 1 Molecule 2 
C(2)-C(1)-C(6) 111.6 (2) C(11)-C(10)-C(15) 111.6 (2) 
C(2)-C(1)-C(7) 100.0 (2) C(I 1)-C(10)-C(16) 99.6 (2) 
C(6)-C(1)-C(7) 100-6 (2) C(15)-C(10)-C(16) 100-8 (2) 
C(1)-C(2)-C(3) 102.1 (2) C(10)-C(ll)-C(12) 102.2 (2) 
C(1)-C(2)-C(8) 115.7 (2) C(10)-C(I 1)-C(17) 115.0 (2) 
C(3)-C(2)-C(8) 115.7 (2) C(12)-C(11)-C(17) 116.3 (2) 
C(2)-C(3)-C(4) 101.8 (2) C(11)-C(12)-C(13) 102-1 (2) 
C(2)-C(3)-C(9) 113.2 (2) C(11)-C(12)-C(18) 113.0 (2) 
C(4)-C(3)-C(9) 104.1 (2) C(13)-C(12)-C(18) 103.5 (2) 
C(3)-C(4)-C(5) 97.7 (2) C(12)-C(13)-C(14) 98.1 (2) 
C(3)-C(4)-C(7) 105.9 (2) C(12)-C(13)-C(16) 105.3 (2) 
C(5)-C(4)-C(7) 103-9 (2) C(14)-C(13)-C(16) 103.8 (2) 
C(4)-C(5)-C(6) 103.2 (2) C(13)-C(14)-C(15) 103.8 (2) 
C(4)-C(5)-O(3) 106.0 (2) C(13)-C(14)-O(7) 105.5 (2) 
C(6)-C(5) -0(3) 111.5 (2) C(15)-C(14)-O(7) 111.4 (2) 
C(1)-C(6)-C(5) 102.9 (2) C(10)-C(15)-C(14) 102.7 (2) 
C(1)-C(7)-C(4) 94.3 (2) C(10)-C(16)-C(13) 94.5 (2) 
C(2)-C(8)-O(1) 113.6 (2) C(11)-C(17)-O(5) 114.1 (2) 
C(2)-C(8)-O(2) 124.5 (2) C(I 1)-C(17)-O(6) 123.7 (2) 
O(1)-C(8)-O(2) 121.9 (2) O(5)--C(17)-O(6) 122.2 (2) 
C(3)-C(9)-O(3) 109.4 (2) C(12)-C(18)-O(7) 109.3 (2) 
C(3)-C(9)-O(4) 129.2 (2) C(12)-C(18)-O(8) 128.6 (2) 
O(3)-C(9)-O(4) 121.4 (2) O(7)--C(18)-O(8) 122.1 (2),,~_. 

second molecule] and C(3)-C(4)-C(5) [C(12)-C(13)- 
C(14)] are characteristic of norbornane derivatives and 
agree with the previously known norbornane deriva- 
tives (Filippini, Gramaccioli, Rovere & Simonetta, 
1972; Flippen, 1972). Figs. 2 and 3 show the mo- 
lecular conformation and packing. A statistical com- 
parison of the interatomic distances of the two mol- 
ecules by a probability plot (Hamilton & Abrahams, 
1972) yielded a slope of 1-0 which indicates that the 
two molecules have identical dimensions within the 
accuracy of the determination. 

G. Chapuis acknowledges the Swiss National Funds 
for financial support. 
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