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Abstract 

Mr = 323"2, trigonal, P3, a = 13.933(3), c = 
13-438(4) ~ ,  V= 2266-7 ~3, Z = 6 ,  Dm = 1.42, D,, = 
1.421 Mg m -3, A(Mo Ka)  = 0-71069 ~ ,  /x = 
2.866 mm -I, F(000)=984, room temperature, final 
R = 0.049 for 976 observed reflections. The molecules 
lie in special positions on the crystallographic three- 
fold axes. They are associated in pairs and form two 
distinct Ph3C-Br • • • Br-CPh3 head-to-head arrange- 
ments characterized by long C-Br bonds and short 
B r - . .  Br contacts. The shortest B r . . .  Br distance 
(3.203 A) is about 0.5 A smaller than the sum of the 
van der Waals radii. The lattice energy was computed 
using two different sets of published Buckingham 
potential functions. These calculations account satis- 
factorily for all the salient features of the crystal 
packing. Analysis of the thermal motion showed that 
the rigid-body approximation holds reasonably well 
for the triphenylbromomethane molecule. 

Introduction 

The present study is a natural extension to our recent 
investigation of the crystal structure and crystal pack- 
ing of triphenylchloromethane (Dunand & Gerdil, 
1982). Triphenylchloromethane (TPCM) and 
triphenylbromomethane (TPBM) crystallize in 
isomorphous systems and both structures display 
linear head-to-head C - X .  • • X - C  arrangements with 
long C - X  bonds and unusually short X - . .  X con- 
tacts. Previous studies by Landais (1953) and Stora 
& Poyer (1966) had already revealed the occurrence 

* (Bromo)triphenylmethane. 
f To whom correspondence should be addressed. 

of short Br. • • Br intermolecular contacts in TPBM 
crystals. 

Experimental  

Colourless hexagonal prisms of TPBM (Merck) 
grown from dry petroleum ether, m.p. 421-422 K, Dm 
measured by flotation, hygroscopic crystal sealed 
under argon in Lindemann capillary, 0-22 ×0-30 × 
0.32 mm; atomatic four-circle Philips PW 1100 
diffractometer, graphite-monochromated Mo Ka ; 38 
reflections within range 10<-20<-30 ° used for 
measuring lattice parameters; 2585 independent 
reflections scanned in the to-20 mode, scan width 
1.0 °, scan speed 0.02°s -I, 6.0<-20<--50 ° , range of 
hkl: -14<-h<- 14, 0<-k<- 14, 0<-l<- 16; three stan- 
dard reflections monitored at 60 min intervals showed 
insignificant intensity variations" 213, 241 and 343 
had average count rates and e.s.d.'s of 27423(217), 
65720(523) and 55068(365); absorption corrections 
according to C A M E L  J O C K E Y  method (Flack, 
1975), minimum and maximum corrections 0.935 and 
1.065 applied on Fo; 976 reflections considered 
observed at the 2or(l) level and used in the structure 
analysis; no systematic absences; structure solved by 
heavy-atom method, H atoms located from difference 
synthesis; full-matrix least-squares refinement on F ;  
calculations carried out with anisotropic temperature 
factors for non-H atoms and isotropic factors for H; 
final R=0-049,  wR=0.032, S=1 .7 ,  w =  l/or2(Fo); 
ratio of maximum least-squares shift-to-error= 0.4, 
average ratio = 0.1; no extinction correction; atomic 
scattering factors for C and Br from Cromer & Mann 
(1968), for H from Stewart, Davidson & Simpson 
(1965), anomalous-dispersion correction for Br from 
Cromer (1965); programs of the XRAY system 
(Stewart, Kruger, Ammon, Dickinson & Hall, 1972). 

0108-7681/84/010059-06501.50 © 1984 International Union of Crystallography 
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T a b l e  1. Frac t iona l  coordinates  ( x  104) a n d  isotropic 
thermal  parame te r s  ( × 103) 

Thermal parameters for non-hydrogen atoms are given in the form 

Ueq =/~i Zj Uqa*a*a,. aj. 

Ueq/Uiso 
x y z (X 2) 

Br(l) 0 0 1296 (1) 90 (1) 
C(I) 0 0 2802 (7) 57 (5) 
C(2) 1196 (6) 796 (7) 3121 (5) 55 (5) 
C(3) 1749 (8) 1872 (8) 2748 (5) 72 (5) 
C(4) 2815 (8) 2611 (7) 3085 (7) 84 (6) 
C(5) 3335 (7) 2293 (9) 3779 (7) 86 (6) 
C(6) 2778 (8) 1251 (9) 4142 (5) 75 (5) 
C(7) 1721 (7) 502 (6) 3821 (5) 59 (5) 
Br(2) 6667 3333 2443 (!) 112 (1) 
C(8) 6667 3333 948 (7) 58 (5) 
C(9) 5528 (7) 2398 (6) 633 (6) 62 (5) 
C(10) 5412 (7) 1673 (8) -103 (6) 69 (5) 
C(11) 4369 (1 i) 867 (8) -425 (6) 89 (7) 
C(12) 3447 (9) 793 (9) 31 (9) 107 (7) 
C(13) 3558 (10) 1507 (10) 753 (9) 103 (7) 
C(14) 4590 (10) 2331 (7) 1066 (6) 77 (6) 
Br(3) 3333 6667 5181 (i) 116 (1) 
C(15) 3333 6667 3697 (8) 55 (5) 
C(16) 2210 (6) 5709 (6) 3365 (6) 58 (5) 
C(17) 2129 (7) 5037 (8) 2588 (6) 67 (5) 
C(18) 1098 (10) 4226 (8) 2247 (6) 84 (6) 
C(19) 155 (9) 4081 (8) 2692 (9) 97 (7) 
C(20) 216 (9) 4726 (9) 3461 (8) 94 (7) 
C(21) 1227 (10) 5560 (7) 3802 (5) 77 (5) 
H(3) 1374 (37) 2061 (37) 2207 (28) 78 (16) 
H(4) 3135 (39) 3313 (40) 2868 (32) 93 (18) 
H(5) 4027 (35) 2854 (36) 3964 (28) 73 (16) 
H(6) 3062 (46) 1016 (43) 4740 (34) 114 (20) 
H(7) 1325 (32) -217 (32) 4103 (24) 51 (13) 
n(10) 6088 (32) 1751 (30) -366 (23) 45 (13) 
H(I 1) 4369 (40) 409 (40) -975 (31) 94 (18) 
H(12) 2783 (40) 312 (40) -203 (32) 97 (18) 
H(13) 3012 (47) 1507 (47) 1078 (35) 129 (21) 
H(14) 4651 (39) 2855 (38) 1598 (29) 89 (18) 
H(17) 2753 (39) 5129 (36) 2292 (28) 80 (16) 
H(18) ! 120 (42) 3743 (44) 1668 (33) 117 (20) 
H(19) -475 (41) 3584 (42) 2475 (35) 109 (20) 
H(20) -436 (46) 4688 (49) 3844 (35) i 39 (22) 
H(21) 1323 (32) 6099 (31) 4334 (25) 50 (14) 

Discussion 

F i n a l  a t o m i c  a n d  t h e r m a l  p a r a m e t e r s  a re  l i s t ed  in  
T a b l e  1.* T h e  a t o m - n u m b e r i n g  s y s t e m  is s h o w n  in 
Fig.  1. ~ T h e  b o n d  l e n g t h s  a n d  ang l e s  a re  g i v e n  in  
T a b l e s  2 a n d  3. W e i g h t e d  m e a n  va lue s  w e r e  c a l c u l a t e d  
o v e r  e q u i v a l e n t  b o n d s  a n d  ang les .  T h e  a s s o c i a t e d  
e .s .d . ' s  a re  or,,, = [y . i  W i ( X i - - g m ) 2 / ( N  - 1))-~.i Wi] 1/2 a n d  ! trm = (~ ,  wi) -1/2, w h e r e  w, = cr~ -2. 

M o l e c u l a r  geome t ry  

E a c h  o f  t h e  t h r e e  i n d e p e n d e n t  p r o p e l l e r - s h a p e d  
T P B M  m o l e c u l e s  has  its C - B r  b o n d  c o i n c i d e n t  w i t h  
a c r y s t a l l o g r a p h i c  t h r e e f o l d  axis  a n d  t h e r e f o r e  

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP38763 (2 l pp.). Copies may be 
obtained through The Executive Secretary, International Union of 
Crystallography, 5 Abbey Square, Chester CHI 2HU, England. 

p o s s e s s e s  Ca s y m m e t r y .  W h e n  l i s ted ,  t h e  sa l i en t  s t ruc-  
t u ra l  p a r a m e t e r s  o f  t h e  u n i q u e  pa r t  o f  e a c h  i n d e p e n -  
d e n t  m o l e c u l e  wil l  refer ,  in  s e q u e n c e ,  to  m o l e c u l e s  
(I), ( I I )  a n d  ( I I I )  r e spec t i ve ly ,  as l a b e l l e d  in  Fig. 1. 

T h e  C - B r  b o n d  l e n g t h s  a re  l o n g e r  t h a n  t he  s t a n d a r d  
v a l u e  o f  1 .97 /~ .  H o w e v e r ,  va lue s  l a rge r  t h a n  2 .0  
a re  by  n o  m e a n s  rare.  G o p a l a k r i s h n a ,  C o o p e r  & 
N o r t o n  (1969) h a v e  r e p o r t e d  n i n e  c o m p o u n d s  dis-  
p l a y i n g  C - B r  b o n d - l e n g t h  va lue s  e x c e e d i n g  th is  m a g -  
n i t u d e .  A s t ruc tu ra l  su rvey  o f  t he  a l i p h a t i c  b r o m o  
c o m p o u n d s  c lea r ly  i n d i c a t e s  t h a t  t he  C - B r  b o n d  dis-  
t a n c e s  i n c r e a s e  r e g u l a r l y  w i t h  i n c r e a s i n g  C - C - B r  
a n g l e s  ( D u n a n d ,  1977). T h e  b o n d  l e n g t h s  r a n g e  
r o u g h l y  f r o m  1.90 to  2 . 0 8 / ~  w h e r e a s  t he  b o n d  a n g l e s  
d e c r e a s e  c o r r e s p o n d i n g l y  f r o m  120 to  102 °. T h e  
g e o m e t r i e s  o b s e r v e d  fo r  t he  t h r e e  T P B M  m o l e c u l e s  
fit i n to  th is  s c h e m e .  C r y s t a l l o g r a p h i c a l l y  e q u i v a l e n t  
T P B M  a n d  T P C M  m o l e c u l e s  h a v e  ve ry  s im i l a r  ove ra l l  
g e o m e t r i e s ;  in  pa r t i cu l a r ,  t h e  d i s t o r t i o n s  f r o m  t e t r a h e -  
d ra l  a n g u l a r  s y m m e t r y  at t he  cen t r a l  Cc a t o m  are  
e q u a l  w i t h i n  e x p e r i m e n t a l  e r ro r  ( a v e r a g e  C - C c - C  a n d  
C i - C c - X  a n g l e  va lue s  112.3 a n d  106-5 °, r e spec t ive ly ) .  
T h e  i n t e r n a l  s ter ic  i n t e r a c t i o n s  a l r e a d y  d e t a i l e d  fo r  
T P C M  ( D u n a n d  & G e r d i l ,  1982) a re  e q u a l l y  o p e r a t i v e  
in  T P B M .  T h e  d i h e d r a l  ang l e s  b e t w e e n  t h e  p h e n y l  
m e a n  p l a n e s  a n d  t h e  p l a n e  t h r o u g h  t he  C - C - B r  f rag-  
m e n t  a re  51.1,  46.6  a n d  44 .0  °, r e spec t i ve ly .  

Crys ta l  p a c k i n g  analys is  

O w i n g  to  t he  T P B M  m o l e c u l e s  b e i n g  p o s i t i o n e d  
o n  t h e  c r y s t a l l o g r a p h i c  t h r e e f o l d  axes  t he  m o l e c u l a r  

H(6) H ( 1 ! ) 

H(7) ~ H ( 5 )  H(10) ~ H ( 1 2 )  

~'(i) ~'~'r "H(4) fC(8) ~'~ ~'H( 13 ) 

[ H(3) I H(14) 

Br(1) Br(2) 
Molecule (D Molecule (I'D 

H(18) Hm,d 
H(17) ~ H ( 1 9 )  Ho,d Hp 

~15) ~ "H(20) Hm.p 
I H(21) 

Br(3) Br Molecule (lid 
Fig. 1. The atom-numbering system and labelling scheme, i -- ipso, 

o -- ortho, m = meta, p = para, p = proximal, d = distal. 
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Table  2. Bond lengths (~) with e.s.d.'s 

d is the weighted mean value calculated over the three molecules, or" and crm are defined in the text (x  103 for C - C ,  x 102 for C - H  bonds). 

Molecule (I) Molecule (II) Molecule (III) d cr" ~r m 
C(I)-Br(I) 2.031 (10) .' C(8)-Br(2) 2-016 (10) C(15)-Br(3) 2.002 (1 !) 2.016 6 8 
C(1)-C(2) 1.531 (7) C(8)-C(9) i.526(7) C(I 5)-C(16) 1.530(7) 1.529 4 2 
C(2)-C(3) 1.393 (13) C(9)-C(14) 1-391 (17) C(16)-C(21) 1.408 (16) !.397 8 5 
C(3)-C(4) 1-393 (12) C(13)-C(14) 1.383 (14) C(20)-C(21) 1.381 (13) 1.386 7 4 
C(4)-C(5) 1-386 (16) C(12)-C(13) 1.345 (19) C(19)-C(20) 1.347 (17) 1-360 10 14 
C(5)-C(6) 1.349 (14) C(! 1)-C(12) 1.381 (20) C(18)-C(19) 1.364 (18) i.361 10 9 
C(6)-C(7) 1.382 (1 I) C(10)-C(I !) 1.390 (13) C(I 7)-C(18) 1.388 (12) 1.386 7 3 
C(2)-C(7) 1-375(13) C(9)-C(10) 1.366(13) C(16)-C(17) !.371 (13) 1.371 7 3 
C(3)-H(3) 1.01 (5) C(14)-H(14) 1.00(5) C(21)-H(21) 1.00(4) 1.00 3 0 
C(4)-H(4) 0-90 (5) C(13)-H(13) 0-88 (7) C(20)-H(20) 1.02 (7) 0.93 3 4 
C(5)-H(5) 0.92 (5) C(12)--H(12) 0.89 (4) C(19)--H(19) 0.85 (4) 0.89 2 2 
C(6)-H(6) 1-02 (6) C(I I)-H(I 1) 0.98 (5) C(18)-H(18) 1.04 (6) 1.01 3 2 
C(7)-H(7) 0-95 (4) C(10)-H(10) 0.96 (5) C(17)-H(17) 0-91 (6) 0.94 3 1 

Table 3. Bond angles (o) with e.s.d.'s 

is the weighted mean value calculated over the three molecules (or" and or., x 10). 

Molecule (I) Molecule (II) Molecule (III)  8 or" or m 

Br(I)-C(I)-C(2) 106-3 (4) Br(2)--C(8)-C(9) 106.2 (5) Br(3)--C(I 5)-C(16) 107.0 (5) 106.5 3 4 
C(2)-C(1)-C(2) i12-4 (5) C(9)--C(8)-C(9) 112.6 (5) C(l 6)-C(15)--C(16) 111.8 (5) 112.3 3 4 
C(1)-C(2)-C(3) 119.7 (8) C(8)-C(9)-C(14) 118.8(7)  C(15}-C(16)-C(21) 120. I (7) 119-5 4 4 
C(1)-C(2)-C(7) 121-7(7) C(8)-C(9)--C(10) 121.4(8) C(! 5)-C(16)--C(17) 121.2(8) 121.5 4 I 
C(3)-C(2)--C(7) 118.5 (7) C(10}--C(9)-C(14) 119.6 (7) C(17)-C(16)-C(21) 118.5 (7) 118.8 4 4 
C(2)--C(3)-C(4 ) 119.3 (9) c(9)--c(14)-C(13)  118-7 ( 1 0 )  C(16)-C(21)--C(20) 119.5 (9) 119.2 5 2 
C(3)--C(4)-C(5) 121-2 (8) C(! 2)-C(13)-C(14) 121-5 (13) C(l 9)-C(20)-c(21) 121.0 (1 I) 121.2 6 1 
C(4)-C(5)-C(6) il8.5 (8) C(l 1)-C(12)-C(13) 120.6 ( 1 0 )  C(18)-C(19)-C(20) 120.3 (9) 119.7 5 7 
C(5)-C(6}--C(7) 121-4 (10) C(l o)--C(I l)--C(l 2) 118-6 (10) C(l 7)-C(18)-C(I 9) 120.2 (9) 120.0 6 8 
C(2)-C(7)-C(6) 121.0(8) C(9)-C(lO)-C(l 1) 121.0(10) C(16)-C(17)-C(18) 120.5(9) 120.8 5 2 
C(2)--C(3)-H(3) 118 (2) C(9)-C(14)-H(14) 121 (3) C(16)-C(21)-H(21) 116 (2) !17 I I 
C(4)-C(3)--H(3) 123 (2) C(13)-C(14)-H(14) 120 (3) C(20)-C(21)--H(21) 125 (3) 123 2 I 
C(3)-C(4)-H(4) 118 (4) C(14)--C(13)-H(13) 113 (3) C(21)-C(20)-H(20) 112 (3) 114 2 2 
C(5)-C(4)-H(4) 121 (3) C(12)-C(13)-H(13) 126(3) C(19)-C(20)-H(20) 127 (3) 125 2 2 
C(4)-C(5)-H(5) !14(3) C(t3)-C(I 2)-H(12) 121 (4) C(20)-C(19)-H(19) 120 (4) 117 2 2 
C(6)--C(5)--H(5) 128 (3) C(I 1)--C(12)-H(12) !19 (4) C(i 8)-C(19)-H(19) 120 (4) 123 2 3 
C(5)-C(6)-H(6) 122 (3) C(12)-C(11)-H(I 1) 126 (3) C(19)--C(18)-H(18) 125 (3) 124 2 I 
C(7)-C(6)-H(6) 116 (3) C(I 0)-C(I I)-H(I I) 115 (3) C(17)-C(I 8)-H(I 8) 115 (3) 116 2 0 
C(2}--C(7)-H(7) 121 (3) C(9)-C(I 0)--H(I 0) 123(2) C(16)-C(I 7)--H(! 7) 120(3) 122 I 1 
C(6)-C(7)-H(7) 118 (3) C(I I)-C(I 0)-H(10) 116 (2) C(I 8)-C(I 7)-H(I 7) 120 (3) 118 ! 1 

packing can be described in terms of  two distinct 
head-to-head arrangements of  pairs of  molecules  (see 
Fig. 2). Molecule  (I) lies on the rotatory-inversion 
axis and is coupled with its enantiomer (I'). The 
molecular pair (II)-(III'),  and its equivalent (II')-  
(III), are located on the proper threefold axes, and 
have their components  interrelated by 'pseudo' sym- 
metry centres at about 2, l, 4 and ½, 2, 7 respectively. 
In the first C - B r . - - B r ' - C '  coll inear arrangement, 
the halogen separation Br(1 ) - - .  Br'(1) is 3 - 4 9 6 ( 2 ) ~ ,  
0 .2 /~  shorter than the sum of  the van der Waals radii 
(3.70 A) as proposed by Bondi (1964). The other 
intermolecular contact Br(2) • • • Br'(3) = 3.203(2) A is 
0 . 5 /~  shorter than the van der Waals distance (Fig. 
2) and 0-9 A longer than the Br-Br bond (2.28 A). It 
is the shortest Br.  • • Br contact ever observed in the 
solid state. Another short Br.  • • Br distance (3 .3 /~ )  
is observed in solid Br2 with the Br-Br bonds lying 
at an angle (Vonnegut & Warren, 1936). Inter- 
molecular  C . . - H  and H . . . H  contacts behave 
normally.  

x / 

: ~ "Br 2 

Fig. 2. Head-to-head pairing of  two crystallographic independent 
TPBM molecules in the unit cell. T h e  proper threefold axis is 
coincident with the C-Br bonds. The dashed lines outline the 
'shape' of  the Br atoms (van der Waals radius 1.85 A). The 
intermolecular overlap region is represented by the dotted area. 
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Table 4. Molecular packing analysis 

T h e  resul ts  were  ca lcu la t ed :  in c o l u m n s  (a) ,  wi th  the  to rques  o f  the  p h e n y l  r ings  fixed at the i r  expe r imen ta l  va lues  (*); 
in c o l u m n s  (b), wi th  o p t i m i z e d  ro t a t ion  o f  the  r ings a b o u t  the  C~-Cc  bond .  

W - B B  I W - B B  II  
Po ten t ia l  field ( a )  (b)  (a )  (b) 

Lattice energy (kJ mol-1) -414.5 -415.7 -412.5 -415.0 
Calculated a (/~) 13.318 13.283 13.339 13.308 
Calculated c (/~) 13.232 ! 3.267 13.216 i 3.247 

Br(1) • • • Br'(1) (,~) 3.530 3.541 3.518 3.528 
Attractive term (kJ mol -~) -5-0  -4 .9  -8 .6  -8 .5  
Repulsive term (kJ tool -~) 4.8 4.6 7.6 7-4 
Non-bonding potential (kJ mol -~) -0 .2  -0 .2  - 1.0 - 1.1 

Br(2) • • • Br'(3) (,~) 3.361 3.399 3-353 3-388 
Attractive term (kJ mol- ~) - 13.3 - 12.4 -23.1 -21.7 
Repulsive term (kJ mol -t) 16.3 14.4 24.1 21.9 
Non-bonding potential (kJ mol-t) 3.0 2.0 1.0 0.2 

Br(I)-C(1)-C(2)-C(3) (°) 53.2* 51-0 53-2* 51.1 
Br(2)--C(8)-C(9)-C(14) (o) 48.9* 47.0 48.9* 47-2 
Br(3)-C(I 5)-C(16)-C(21) (°) 46.9* 49.7 46.9* 49-7 

A minimiza t ion  of  the crystal lattice energy with 
respect to the lattice constants, molecular  t ranslat ions 
and rotations were per formed by means  of  the pro- 
gram PCK6 (Will iams, 1972, 1974), following a pro- 
cedure s imilar  to that described for TPCM. Two sets 
of  values were used as adjustable  parameters  in the 
funct ion U(r) = - A t  -6 + B exp ( - C r )  representing 
the non-bonded  interatomic potential  energy. These 
sets included the parameters  as fitted by Wil l iams 
(1966) for C • • • C and C • • • H interactions, together 
with the alternative groups of  parameters  I and I I of  
Burgos & Bonadeo (1977) for the Br .  • • Br, Br .  • • C 
and Br .  • • H interactions (hereafter W-BB I and W -  
BB II). The major  difference between the two groups 
of  potential  functions lies in the Br • • • Br interaction, 
which in W-BB II has a deeper  m i n i m u m  and is softer 
than in W-BB I. Representat ive energy results are 
given in Table 4. Two runs were carried out for each 
set of  potentials:  in the first, the X-ray structure of  
TPBM was retained;  in the second, the phenyl-r ing 
rotations were relaxed. Nonetheless,  all the opt imized 
structures remain  very similar,  in part icular  with 
regard to the cell parameters,  the Br .  • • Br contact 
distances and the torques of  the phenyl  groups. The 
effects of  including Coulombic  terms in the potential  
energy were also est imated using the same approach  
as for TPCM. They were seen to involve s imilar  
variations, such as minor  contractions o f  about  
0.4% of  the cell parameters  and of  the Br .  • • Br dis- 
tances. 

The crystal did not withstand cooling below 150 K. 
At that temperature  the unit-cell d imensions  were 
a = 13.875(7) and c =  13-362(7).~, thus undergoing 
respective contractions of  0.058 and 0.121 A against 
the room-temperature  values. The calculated struc- 
tures lead to more pronounced  contraction, especially 
along a (Table 4). The averaged calculated contacts 
B r ( 1 ) . - .  Br ' (1)= 3.53(1) and Br(2) • • • Br'(3)-- 
3.38(2) A show a slight expansion of  0.03 and 0-15 ,~ 

compared  to the exper imental  distances. Since the 
Br(2) • • • Br'(3) contact is shorter than the separat ion 
at which the potential  energy is zero (3.51 ,~ for 
W-BB I, 3.40 A for W-BB II), the present models  
involve a net repulsion at the location of that pair  of  
atoms. The observed small  shortening of  the C-Br(2) 
and C-Br(3) bonds  relative to C-Br(1) might be a 
direct consequence of  the steric compress ion occur- 
ring along the bond  axis direction. A similar  situation 
arises in TPCM, where the calculated C1 • • • C1 inter- 
action energies take comparable  values. 

Thermal-motion analysis 

The Br atoms display a strongly anisotropic thermal  
motion (Fig. 2). The r.m.s, d isplacements  normal  to 
and along the molecular  threefold axis direction are, 
respectively, 0.336 and 0.212 A for Br(1), 0.382 and 
0.215 A for Br(2), and 0.387 and 0.217 ,~ for Br(3) 
(e.s.d. 0.002 A). The respective values for the central 
C atoms are: 0.216 and 0.183/~ for C(1), 0.270 and 
0.169/~ for C(8), and 0.245 and 0.214,~ for C(15). 
These fairly large atomic displacements  normal  to the 
threefold axes might suggest that the C - B r  bonds are 
tilted away from the crystal lographic axes. Such an 
occurrence would of  course imply  somewhat  longer 
Br- • • Br separat ions than those of  the head-to-head 
arrangements  i f  the C - B r  bonds of  a pair  are per- 
manent ly  bent  from each other. In the latter case, two 
extreme, mutual ly  exclusive, cases could contribute 
to the apparent  strong Br thermal  motion. In the first 
case a dynamic  process would allow the C-Br  bonds  
to move ' freely '  a round the symmetry  axes. The 
second case would be characterized by a disordered 
static a r rangement  consisting of  three alternative 
molecular  orientations consistent with the local three- 
fold symmetry.  Nei ther  of  these events can be ruled 
out on the sole basis of  the present crystal lographic 
information.  
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Table 5. Rigid-body-motion analysis 

Shown are eigenvalues of  the L and T tensors referred to a Cartesian 
coordinate system with z coaxial with the molecular (?3 axis. The 
T components are given in their reduced form (Schomaker & 
Trueblood, 1968). 

Molecule (I) (I I) (I I I) 
L*~ (deg 2) 12.0 (6) 22.5 (8) 20.7 (1.0) 
L33 8.5 (! .6) 0.4 (2.0) 0.3 (2-3) 
T~ (A 2) 0.053 (2) 0.070 (2) 0.063 (3) 
7"33 0.045 (1) 0-045 (1) 0.047 (1) 

(A2U,) t/2 0.0034 0.0040 0.0053 
(tr z U,y/2 0-0059 0"0069 0.0066 
(,42 U,s(Br))~/2 0.0004 0.0007 0.0006 
(,42 U,s(C,.))I/2 0"0056 0"0095 0"0106 

Rt 0"066 0"066 0" 104 

* L~ = Lz2; T~ = T22. 
t g =~. wl,4U,,llY, wl u,,I. 

A rigid-body-motion analysis carried out with the 
THMB program (Trueblood, 1978) indicates, for each 
unique molecule, that the thermal motion of the C-Br  
group is not independent from that of the whole 
molecule. This is evidenced, in particular, by the fair 
agreement between the observed and calculated Uo's 
for the Br and Cc atoms and, as a whole, by the 
satisfactory R values (Table 5). However, the agree- 
ment might be fortuitous in part, for the rigid-body 
approach is liable to be an oversimplified model with 
regard to the system studied. For molecules (I), (II) 
and (III), the thermal motion is described in a co- 
ordinate system in which the libration axes intersect 
on the Ca molecular axis, in the central region of the 
molecule, respectively at distances 2.000, 1.290 and 
1.684/~ from the C~ atom. It can further be calculated 
from the magnitude of the relevant tensor elements 
that the large motional displacement of the Br atom 
perpendicular to the C3 axis is due to translation and 
libration in approximately equal proportions. As a 
whole, the magnitude of the thermal motion in TPBM 
is equivalent to that in TPCM. 

In general, the main structural effect of reduced 
thermal motion is a slight concomitant contraction, 
which may be largely anisotropic, as was observed 
for TPBM at lower temperature. The force-field par- 
ameters used in our packing analysis are derived 
mostly from low-temperature structure data: e.g. the 
mean-square displacements implicit in the parameters 
associated with H and C are about three times smaller 
than those in the TPBM and TPCM structures. In 
accordance with a simple approximate treatment by 
Williams (1966, 1981) a decrease of the thermal dis- 
placement will lessen the repulsive coefficient and 
shift the non-bonded potential minimum by the 
amount of the displacement. Consequently, as is the 
case here, the neglect of thermal effects might con- 
tribute to the apparent contraction of the calculated 
cell parameters relative to the experimental room- 
temperature values. 

Intermolecular partial covalent bonding 

As pointed out for its congener TPCM, consider- 
ation of partial covalent bonding between pairs of 
coaxial TPBM molecules seems attractive in view 
of the very short Br(2) • • • Br'(3) distance. Compre- 
hensive studies of partial covalent intermolecular 
bonding are still unavailable, except for a few recent 
extensive analyses of the packing forces in the 
chlorine crystal (Price & Stone, 1982; Burgos, Murthy 
& Righini, 1982). Both studies demonstrate that it is 
possible to achieve a satisfactory quantitative fit of 
several properties of the solid without involving any 
charge-transfer term. This is in agreement with the 
X-ray determination of the deformation density in 
solid C12 (Stevens, 1979) which fails to disclose any 
significant intermolecular feature consistent with 
bonding interaction. On the other hand, NQR 
measurements predict significant intermolecular 
bonding in solid halogens, increasing on going from 
Cl  2 to  I 2 (Nakamura & Chihara, 1967). 

It is not pretended that no charge-transfer bonding 
is present at the sites of the Br atoms in the TPBM 
structure, particularly in view of the NQR results 
mentioned above. However, it is noteworthy that the 
present simple Buckingham potential reproduces, 
within reasonable limits, all the particular features of 
the experimental crystal packing while demonstrating 
the occurrence of an intermolecular repulsive interac- 
tion at the sites of the Br atoms. The still over- 
estimated Br(2)---  Br'(3) separation might be 
attributed to the growing inaccuracy of the dispersion 
term as the overlap between the Br atoms increases. 
In regard to 'fitting' the experimental data this dis- 
crepancy could probably be lessened by consideration 
of a potential-energy term to allow for partial bonding 
(Hsu & Williams, 1979), but in view of the complexity 
of the structure and of the approximations inherent 
in the models, a conclusive interpretation of the 'cor- 
rections' brought about by this latter approach would 
seem hazardous. 
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Abstract 

The molecular geometry, obtained by X-ray methods 
(R-< 0.10) for 202 derivatives of cyclobutane and 21 
derivatives of cyclobutene, has been analysed via the 
Cambridge Structural Database. For c yclobutane a 
mean ring bond length (d) of 1.554 (1) A is obtained, 
but the range (1-521-1.606 A,) is wide; this is attribu- 
table to the numbers (n~, n2) of exocyclic non-H sub- 
stituents on a ring bond C(1)-C(2). For nl or n2 = 0, 
d = 1.547 (2) A, but d increases to 1.575 (3) A, for 
n~ = n2 = 2. Puckered conformations are preferred in 
the range 20 < ¢ < 35 °, although a complete range to 
67.2 ° is represented. Whilst d is marginally longer 
for planar rings at 1.558(3) A,, a constant d of 
1.553 (1)A, is observed as ¢ increases from 5 ° and 
the ring valence angle (0) decreases from 90 °. Thus 
the transannular C-C distance must decrease and is 
2.205(4)A, at ~ = 0  °, 0 = 9 0  °, and 2.107(13) A, at ~ = 
45 °, 0 =85.5 °. Increased transannular non-bonded 
repulsions are balanced by a decrease in these forces 
between vicinal 1,2-substituents. The substi tuent- 
substituent torsion angle must increase from 0 ° 
(eclipsed) as ~ increases, and the effect is enhanced 
by inward rocking of the methylene groups by 
---0-12 ¢. Each ring C atom uses hybrids of - 2 7 %  s 
character for exocyclic bond formation and of 
- 2 3 %  s character to form the ring cr framework. Ring 
bonds are bent by ca 9 °, compared with 22 ° in cyclo- 
propane. Results for cyclobutene are restricted by the 
small data set. The C-C bonds, at 1.514(2) and 
1.573 (4)A,  are comparable with gas-phase results, 
but an unconjugated double bond of 1.323 (4)A, is 
relatively short. 
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Introduction 

The highly strained cyclopropane (III) and cyclopro- 
pene (VI) exhibit properties which are atypical of 
higher cycloalkanes and cycloalkenes. The protons 
in (III) are markedly vinylic, while 1,2 protons in 
(VI) are acetylenic, as indicated by the IJCH coupling 
constants. (III) also participates in conformation- 
dependent conjugative interactions with 7r-acceptor 
substituents which are analogous to those for ethylenic 
links. These anomalies are well explained by a variety 
of equivalent (Bernett, 1967) bonding models: the 
bent-bond model (Coulson & Moffitt, 1947, 1949), the 
trigonally hybridized model (Walsh, 1947, 1949; 
Sugden, 1947) and the MO approach of Hoffmann 
(1964). For (III) the models indicate rehybridization 
at C involving a pair of - sp 2 hybrids directed towards 
exocyclic substituents, and a pair of - s p  5 hybrids 
contributing to the ring o- framework. For (VI) the 
exocyclic C(I, 2) hybrids are - s p  I while C(3) remains 
- s p 2 / s p  5 as in (III). Conjugative orbital interactions 
between (III) and ~- acceptors were predicted to cause 
bond-length variations within the ring (Hoffmann, 
1964, 1970). 

Mean X-ray geometries of fragments containing 
(III) and (VI) determined by use of the Cambridge 
Structural Database (Allen et al., 1979) have been 
examined in some detail in this series. The conjugative 
ability of (III) has been confirmed and quantified 
(Allen, 1980) in terms of substituent-induced bond- 
length asymmetry. It has also been possible to 
examine C hybridization in (III) (Allen, 1981a) and 
(VI) (Allen, 1982a) by a comparison of exocyclic 
C(ring)-C(sp 3) distances with the C(sp") -C(sp  3) 
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