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The Crystal and Molecular Structures of 4-Bromoestrone~ 
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The structure of estrone, in the form of its monobromoderivative, 4-bromoestrone, has been deter- 
mined by a combination of two- and three-dimensional X-ray crystallographic methods. The 
resulting structure is consistent with the chemical formula ClsH21BrO2, and has four molecules 
per unit cell. The space groups of estrone and 4-bromoestrone are the same, namely P212121. Their 
lattice constants (___0.004 A) are respectively 10.049, 18.530, 7.798 and 13.191, 15.815, 7.333 A 
units. 

The bond lengths and angles in 4-bromoestrone are consistent with the currently accepted values 
for carbon-carbon systems. If the entire molecule is referred to a single mean plane, the root mean 
square distance of atoms from the plane is _+ 0.26 J[. Much shorter root mean square distances are 
obtained if the molecule is subdivided so that  the A ring is planar, B and C are chairs, and D exhibits 
the envelope effect. The long axes of the 4-bromoestrone molecules are more or less parallel to the 
x-direction. Hydrogen bridges account for the formation of molecular chains parallel to x. Van der 
Waals forces hold the molecules together in the y- and z-directions. 

Introduction 

Estrone is an estrogenic sex hormone which is sig- 
nif icant  in the s tudy  and t r e a tmen t  of cancer. I t s  
configurat ion was established by chemical means 
chiefly th rough  the work of Marrian (1929) and  
Bu tenand t  (1931). 

Recent ly  the  bromo-derivat ives of estrone have 
become impor t an t  in Slaunwhite 's  (1962) new method  
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Fig. 1. 4-Bromoestrone. 
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of analyzing for microquant i t ies  of steroids in urine. 
Since in this method,  estrone, which has been labelled 
with radioact ive bromine, is used as the  mobi l i ty  
s t andard  for paper  chromatography,  i t  becomes essen- 
t ia l  to know to which carbon a tom the  bromine is 
a t tached.  By  chemical means Slaunwhite  (1962) has 
been able to deduce t h a t  the  bromine is a t t ached  to 
carbon four (Fig. 1). The purposes of the s t ruc tura l  
invest igat ion under t aken  here were to verify this 
chemical conclusion, and  to obta in  detai led s t ruc tura l  
informat ion  about  the  4-bromoestrone molecule. 

Crystal data 

Three crystal l ine modificat ions of estrone were re- 
por ted  by  Bernal  & Crowfoot in 1936: 'o r thorhombic  
(stable) only  grown from the  vapor,  or thorhombic  
(metastable) from solution, monoclinic (metastable) 
also from solution. '  Our de terminat ions  of the  la t t ice  
constants,  space groups, and  densities of estrone and  
4-bromoestrone are given in Table 1. I t  can be seen 
t h a t  our values for estrone differ only sl ightly from the  
earlier measurements  which Bernal  & Crowfoot ob- 
ta ined  for thei r  t ype  two metas table  or thorhombic  
estrone grown from solution. 

Table 1. Crystal data for estrone and 4-bromoestrone* 
a b c 

Space group (in A+0.004) V (A 3) 
@(meas.) @(calc.) 
(g.cm. -a) (g.cm. -a) Z 

Estrone (this work) P212121 10.049 18.530 7.798 1452 1.238 1-236 
Estrone (type 2, 

Bernal & Crowfoot) P212121 9.9 18.2 7.7 1387 - -  1-24 
4- Bromoestrone P212121 13" 191 15.815 7.333 1530 1- 509 1.516 

* The crystals of estrone and 4-bromoestrone used in this s tudy were both grown from solution. 
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Experimental measurements 

Attempts were made to grind spheres of 4-bromo- 
estrone for the collection of intensity data, but these 
attempts were not very successful, and eventually a 
small octahedral crystal of about 0.2 mm diameter 
was used. Preliminary studies of the extent of absorp- 
tion effects on the basal reflections (040) and (080) 
as a function of the orientation angle ~ showed that 
these effects were less than 10%, and, hence, no 
detailed absorption corrections were made. 

All X-ray data were collected with the crystal 
mounted on a goniostat using Cu K~ radiation 
produced by & General Electric XRD-5 unit. Inten- 
sities by stationary crystal and balanced filter tech- 
niques were obtained for all reflections within the 
copper reflecting sphere. Appropriate Lorentz and 
polarization corrections, calculated on an IBM 650 
computer, for each reflection were obtained, and the 
observed structure amplitudes were placed on an 
absolute scale by Wilson's method (1942). This scale 
was adjusted later by comparison with calculated 
structure factors. 

Structure analysis 
(a) Two dimensional work 

The x and y parameters of the bromine atom were 
readily obtained from a z-zone sin 0 weighted reciprocal 
lattice diagram, For this the values corresponding to 
the intensities of the hkO zone of reflections were 
plotted on the reciprocal lattice net perpendicular to 
the c-axis, i.e., on the a*-b* net. Two such weighted 
reciprocal lattice maps were prepared, one corre- 
sponding to the set of reflections with h +/c even and 

another for h+  k odd. Now, the contribution to the 
structure factors due to scattering from the bro- 
mines has the form fBr. COS hXB~.cos/Cy~r and 
lB,.sin hXBr. Sin kyBr respectively for the two sets of 
reflections where XBr and yBr are the coordinates of 
the bromine atom with respect to a 2-fold screw axis 
parallel to c. Hence, the regions of weak reflections 
in the h+/c even plot will correspond to those values 
h and k for which the function cos hxB~.cos kyBr is 
small. Visual inspection of these maps clearly in- 
dicated the nodes and antinodes of the fringe system 
corresponding to the Fourier transform of the heavy 
atom positions giving atomic parameters for bromine 
which were accurate to within a tenth of an/~ngstrSm. 
These parameters were refined by a Fourier projection 
of the electron density along the c-axis. This projection 
also gave the approximate orientation of the molecule 
in the unit cell, namely, the length of the molecule 
parallel to the a-axis. 

(b) Three dimensional work 

The bromine x, y, and z parameters were obtained 
from Okl and hO1 weighted reciprocal lattice diagrams, 
and the z-value refined by sharpened Patterson line 
syntheses and electron density projections.* Assuming 
that the phases of all reflections were determined 
mainly by the bromine, calculation of the phases and 
amplitudes of the bromine contribution to all reflec- 
tions were made. For approximately 200 of the 2050 
reflections measured, the bromine contribution is very 
small, and these reflections were omitted from the 

* All coordinates  from here on are referred to the  orighl 
for the S.G. P212121 given in the  International Tables for X-ray 
Crystallography. 

Table 2. Progress made in final stages 
Cycle five Cycle 

~ix zly Az ~ix /Iy 
Br  0.0004 A 0"0016 A 0"0018 A 0"0000 A 0"0006 
C 1 0-0083 0"0055 0"0053 0-0955 0"0028 
C 2 0"0034 0"0275 0"0102 0.0000 0"0183 
C 3 0-0198 0"0150 0-0129 0.0042 0-0070 
C 4 0"0044 0"0003 0"0133 0.0040 0"0044 
C 5 0"0028 0.0082 0"0003 0"0038 0-0071 
C 6 0"0137 0"0006 0"0170 0"0088 0"0071 
C~ 0.0067" 0-0076 0"0090 0.0028 0.0046 
C s 0.007--9 0.0085 0.0004 0.0051 0-0059 
C 9 0-0026 0.0144 0.0125 0-0009 0.0161 
C10 0.0067 0-0030 0.0129 0.0058 0.0025 
C~ 0.0029 0-0245 0-0078 0.003 l" 0.0209 
Ct2 0.0004 0.0090 0-0121 0-0013 0.0142 
C~a 0.0028" 0-0187 0.0073 0.0009 0.0183 
C14 0.0024 0.0022 0.0311 0.0003 0.0019 
C~5 0.0100 0-0005 0-0128 0.0021 0.0006 
C16 0.0289 0.0106 0.0216 0.0095 0.0049 
C~7 0.0191 0.0002 0.0100 0.0011 0.0052 
C~s 0-0112 0.0095 0.0038 0.0038 0.0--0§8 
Ot 0.0073 0.0047 0.0165 0.00-1T 0.0011 
O 2 0.0168 0.008----2 0-0011 0.0034 0.0049 

of least-squares refinement 

six Cycle (7) final 

/Iz /Ix Ay dz 
A 0.0021 A 0-0000 A 0.0002 A 0.0015 A 

0"0100 0"005] 0-0014 0"0110 
0"0038 0"0001 0"0087 0-00---15 
0"0175 0-002§ 0-0005 0-0169 
0-0118 0"0024 0"0038 0"0084 
0"0043 0"0034 0-0030 0-0031 
0"0140 0"0062 0"0065 0"0078 
0-0050 0"0029 0"0017 0"0006 
0"0053 0"0045 0-0013 0"0032 
0-0085 0"0007 0"0093 0"0048 
0"0111 0"0028 0"0016 0"0070 
0"0065 . . . .  0"0029 0"0109 0-0029 
0-0074 0"0001 0"0099 0"002f 
0"0004 0"0003 0"0087 0"0009 
0"0177 0-0012 0"0005 0"0067 
0"0070 0"0004 0"0041 0"0034 
0"0114 0"0033 0"0025 0"0060 
0-0025 0-0017 0"0033 0-0001 
0"0050 0-002f 0-0064 0"0059 
0-0185 0"0008 0"0044 0"0177 
0"0039 0"0017 0"0017 0"0015 

Mean 

(~Ix, y, z) 0"0085 A 0"0086 A 0"0105 A 0.0032 A 0.0075 A 0.0083 A 0-0022 A 0-0043 A 0"0054 A 
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Tab le  3. Final  fractional atomic co-ordinates, standard deviations, and temperature factors 

Standard deviations (A) 

B X Y Z a(ax) a(by) a(cz) 
Br 3.494 0.4272 0-1413 0.213 o 0.0019 0.0020 0.0018 
C 1 3-849 0.204 s 0.0897 0-695 s 0.018 0.019 0.017 
C 2 3.590 0-3071 0.069 s 0.7110 0.018 0.018 0.016 
C 3 4.497 0.3720 0.0879 0.5759 0.021 0.021 0.019 
C 4 2.189 0.3342 0 . 1 2 1 4  0.4092 0.013 0.014 0.013 
C 5 2.608 0-2306 0.1454 0.388 a 0.014 0.015 0.014 
C 6 3.679 0.1935 0.1765 0.2132 0.018 0.018 0.016 
C: 3.829 0-0813 0 - 2 0 7 5  0.2041 0.019 0.019 0.017 
C 8 2.555 0.0173 0 . 1 4 6 6  0.3193 0.014 0.015 0.014 
C 9 2.617 0-0535 0 " 1 5 4 5  0"5213 0"015 0"015 0"014 
Clo 2"598 0"1663 0'127 o 0"5346 0"015 0"015 0"014 
Cll 2-586 0"988.~ 0 " 0 9 7 0  0"6526 0"015 0.017 0.014 
C12 3-115 0"8713 0 " 1 2 4 3  0"6324 0.016 0"017 0.015 
Cla 3.727 0-8445 0 " 1 0 9 9  0.4296 0.018 0.018 0.017 
C14 2.719 0"9067 0 " 1 6 9 5  0.3184 0.015 0.016 0.014 
C15 3.487 0.8504 0 " 1 7 4 9  0-1297 0.017 0.018 0.016 
C16 3.331 0"7367 0"1782 0'189 o 0.018 0.018 0.016 
C17 3.931 0.7357 0 " 1 3 4 1  0.3806 0.019 0.019 0.017 
Cls 3.087 0-8466 0"013 s 0.371 a 0.016 0.016 0.015 
O1 4-645 0.4733 0.069, 0.5885 0.015 0.015 0.013 
O 2 4.737 0.660v 0.123 s 0.4916 0.015 0.015 0-013 

in i t i a l  t h r e e  d i m e n s i o n a l  e l ec t ron  d e n s i t y  F o u r i e r  
m a d e  on an  I B M  704 c o m p u t e r .  E l e c t r o n  d e n s i t y  
peaks  co r r e spond ing  to all  t w e n t y  a t o m s  in  a d d i t i o n  
to  b r o m i n e  showed  up  in th is  Four i e r ,  a n d  these  p e a k  
pos i t ions  could  eas i ly  be f i t t e d  on a possible mode l  
of t he  molecule .  Two cycles  (cycles 1 a n d  2) of I B M  
704 leas t  squares  r e f i n e m e n t  (Vand  & P e p i n s k y ,  1959) 
us ing  low angle  ref lec t ions  a lone  ( a p p r o x i m a t e l y  1000 
ref lec t ions  be low 20 ~ 80 °) gave  an  R fac to r  of 0-12. 
Two more  cycles (cycles 3 a n d  4) of leas t  squares  
r e f i n e m e n t  us ing  the  co-ord ina tes  o b t a i n e d  above  a n d  
all  re f lec t ions  ra i sed  R to 0-16. For  t he  las t  s tage  of 
s t r u c t u r e  r e f i n e m e n t ,  all  ref lec t ions  for wh ich  the  
m e a s u r e d  i n t e n s i t y  was less t h a n  100 c.p.s, were  
r e m o v e d .  The  900 su rv iv ing  ref lec t ions  were  s u b j e c t e d  
to  t h r e e  cycles (cycles 5, 6 a n d  7) of leas t  squares  
r e f i nemen t .  Tab le  2 shows the  progress  m a d e  in the  
r e f i n e m e n t  d u r i n g  these  las t  t h r e e  cycles.  Cycle 7 
gave  the  f inal  co-ord ina tes  w i t h  a R-va lue  of 0.117 
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Fig. 2. Sections through the three dimensional electron density 
in the neighborhood of the center of each atom projected 
onto the a-c plane. 

Tab le  4. Bond lengths and bond angles 
in 4-bromoestrone 

Bond lengths 

CrC  2 1-39 
C2-C 3 1.34 
Ca-C 4 1.42 
C3-O1" 1.37 
C4-C 5 1-43 
C4-Br 1.92 
C5-Clo 1.40 
CIo-C I 1"42 
C5-C 6 1.46 
C6-C 7 1-56 
C:-C 8 1.53 
C8-C 9 1.56 
Cg-Clo 1.55 
C9-Cll 1"58 
Cll-C:t z 1-61 
C12-C13 1"55 
C13-C14 1.49 
C14-C s 1.50 
C14-C15 1.57 
C15-C16 1.56 
C16-C17 1.57 
C17-C13 1-53 
Clv-O 2 1.20 
CIa-C,8 1.58 

* O 1-- hydroxyl oxygen. 

Bond angles 

C1-C2-C a 121 o 
C2-Ca-C 4 119 
Cs-C4-C 5 122 
Ca-Cs-Clo 116 
Cs-Clo-C 1 121 
Clo-C1-C 2 121 
C3-Ca-Br 119 
Br-C4-C 5 I 19 
C2-Ca-OI* 122 
C4-Ca-O 1 119 
Clo-Cs-C 6 123 
Ca-C6-C: 117 
Ce-Cv-C s 108 
C7-C8-C 9 108 
C8-C9-Clo 109 
C9-Clo-C 5 118 
C8-C14-C13 112 
C14-C13-C12 " 108 
C13-C12-Cll 106 
C12-Cll-C 9 106 
Cli-C9-C8 111 
C9-Cs-C14 106 
C12-C13-C18 113 
C14-C15-C16 102 
C15-C16-C17 102 
C16-C17-C13 108 
Clv-CI3-Cls 101 
Clv-Cla-Cla 103 
Cla-Cla-Cz5 106 
Cle-Clv-O24 124 
Cla-Clv-O24 127 
C7-C8-C14 112 
C8-C14-C15 118 
C12-C13-C17 114 
C1-Clo-C 9 121 
C4-C3-C e 120 
Clo-C9-Cll 109 
Cls-Cls-C14 116 

~- 0 s = ketone oxygen. 
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T a b l e  5 .  Coefficients a, b, c, d in the equations 
(ax + by + cz = d) of the mean planes of 4-bromoestrone 

E n t i r e  mo lecu l e  
A 
B*  
B1 
B2  
B3  
C 
C1 
C2 
C3 
]3 
D1 
D2  
B 3 - C 1  
C 3 - D 1  

T a b l e  6.  The root mean square distance (2 )  

of the atoms from the mean planes 

* B de s igna t e s  t he  e n t i r e  r ing  
D t h e  en t i r e  D- r ing .  

CH, 

HO 

Br 

a b c d }t 

0.01 0.93 0.37 3-16 E n t i r e  mo lecu l e  0.26 
0.18 0.91 0-38 3.68 A 0.02 
0"06 0.95 0.32 3.32 B 0.29 
0.18 0.93 0.29 3-51 B1 0-00 
0.26 0-90 0.35 3.74 B2  0.02 

- -0-67 0.73 0.16 1-89 B3  0.00 
- -0 .11  0.95 0.27 3-07 C 0.27 
- -0 .64  0-75 0.14 1.93 C1 0.00 

0-23 0.92 0-33 2.95 C2 0-00 
- -  0.72 0.69 0.07 2.89 C3 0.00 
- -  0.04 0"90 0-43 3.20 ]3 0.18 
- -0"54  0.77 0.34 3"51 ]31 0 '00  

0.14 0.89 0.43 2.61 ]32 0.01 
- -0 .66  0.74 0.15 1.92 

- -0 .65  0.72 0-22 3.40 f o r  t h e s e  r e f l e c t i o n s .  T a b l e  3 l i s t s  t h e  f i n a l  f r a c t i o n a l  

B,  C t h e  e n t i r e  C-ring,  c o - o r d i n a t e s ,  s t a n d a r d  d e v i a t i o n s  i n  _ ~ m g s t r S m  u n i t s  

( c a l c u l a t e d  u s i n g  t h e  C r u i e k s h a n k  f o r m u l a ) ,  a n d  

i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  f o r  e a c h  a t o m .  :Fig.  2 

s h o w s  s e c t i o n s  t h r o u g h  t h e  e l e c t r o n  d e n s i t y  i n  t h e  

n e i g h b o r h o o d  o f  e a c h  a t o m  i n  4 - b r o m o e s t r o n e  p r o -  

j e c t e d  o n t o  t h e  a - c - p l a n e .  A l i s t  o f  o b s e r v e d  a n d  c a l -  

c u l a t e d  s t r u c t u r e  f a c t o r s  i s  a v a i l a b l e  f r o m  t h e  a u t h o r s  

u p o n  r e q u e s t .  

D i s c u s s i o n  

T h e  b o n d  l e n g t h s  o b t a i n e d  f r o m  t h e  f i n a l  c o o r d i n a t e s  

o f  t h e  a t o m s  i n  4 - b r o m o e s t r o n e  a r e  l i s t e d  i n  T a b l e  4 .  

A s t a t i s t i c a l  t r e a t m e n t  o f  t h e  c a r b o n - c a r b o n  s i n g l e  

b o n d s  y i e l d s  1 . 5 5  /~ a s  t h e  a v e r a g e  v a l u e  w i t h  a 

s t a n d a r d  d e v i a t i o n  o f  0 . 0 4  A .  I t  i s  i n t e r e s t i n g  t o  n o t e  

t h a t  t h e  s t a n d a r d  d e v i a t i o n  o b t a i n e d  b y  s t a t i s t i c a l  

t r e a t m e n t  ( a 2 = X - ~ - X  ~) i s  a b o u t  t w i c e  a s  l a r g e  

a s  t h e  v a l u e  o b t a i n e d  u s i n g  t h e  C r u i c k s h a n k  m e t h o d .  

T h e  d i s t r i b u t i o n  c u r v e  o f  t h e  s i n g l e  b o n d  v a l u e s  s h o w s  

A 

C 1 0-00 . . . . .  
C 2 - -0 .01  . . . . .  
C a + 0.03 . . . . .  
C 4 - -0"03 . . . . .  
C s + 0 . 0 2  - -0 .07  0 .00  - -  - -  - -  
C 6 - -0"04  0"00 --0"01 - -  - -  
C 7 - -  + 0 '33 - -  + 0.02 0.00 - -  
C s - -  - -0 .37  - -  - -  0.00 - -0 .26  
C9 - -  + 0 . 2 4  - -  - 0 . 0 2  0.00 + 0 . 2 0  
Clo o.oo - 0.06 o-oo + 0.02 m _ 
c l z  . . . . . .  o.31 
c12 . . . . .  + 0.24 
C~a . . . . .  + 0.33 
Cla . . . . .  + 0.25 
C15 ~ - -  . . . . .  

C18 . . . . . .  
C17 . . . . . .  

C18 . . . . . .  
B r  -- 0.05 . . . . .  

01"  --0"01 . . . . .  
02¢ . . . . . .  

T a b l e  7 .  The perpendicular distance (~) of individual atoms from one or more of the mean planes 

B B1 B2  B 3  C D E n t i r e  mo lecu l e  C1 C2 C3 D1 D2  

. . . . . .  4 0 . 0 5  

. . . . . . .  0.18 

. . . . . . .  0-27 

. . . . . . .  0.23 
. . . . . .  + 0.05 
. . . . . .  + 0.04 
. . . . . .  + 0-45 

0.00 0.00 . . . . .  0.15 

. . . . . .  + 0-52 

. . . . . . .  + 0 - 1 6  
0.00 0.00 . . . .  + 0 - 0 2  

- -  0"00 0-00 - -  - -  - -  + 0-34 
- -  - -  0"00 -- 0"20 0"00 + 0"01 -- 0-42 

0"00 0"00 0"00 + 0 - 2 6  0"00 - -  - -0"17 
. . . .  0.21 0-00 --0-01 - -0 .03  
- -  - -  - -  + 0 . 0 9  - -  + 0 . 0 1  - -0 .07  
- -  - -  - -  + 0 " 0 5  - -  --0"01 - -0 .21  
. . . .  1.76 -- 1.32 -- 1.53 -- 1-99 
. . . . . . .  0.45 
. . . . . . .  0.49 
- -  - -  - -  + 0 . 2 3  - -  --0-01 - -0 .02  

* 01 = h y d r o x y l  o x y g e n .  I" O9. = k e t o n e  o x y g e n .  
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tha t  most of the values are clustered about 1.55 A. 
Since only one third of the points lie outside the sigma 
region (1.55+_0.04 A), as would be expected in a 
normal Gaussian distribution, the bond lengths 1.61, 
1-46, 1-48, and 1-50 fl~ do not differ significantly 
from the value 1.54 A predicted by Pauling and others. 
The bond angles calculated from these bond lengths 
(Table 4) have a s tandard deviation of 1.20 °. 

The equations of the mean planes of 4-bromoestrone 
(Table 5) were calculated using the method of Scho- 
maker et al. (1959). If the entire molecule is referred 
to one plane (O.Olx+O.93y+O.37z-3.16=O) the root 
mean square distance of carbon atoms (Cls excluded) 
from this plane is 0.26 J~. If the molecule is referred 
to four planes A, B, C, D, the root mean square dis- 
tances are respectively 0-02, 0.29, 0.28, and 0.18 J~ 
units. Shorter root mean square distances are obtained 
by further subdividing the ring system (with the 
exception of ring A) as shown in Table 6. Table 7 
lists the perpendicular distances of each atom from 
the one or more mean planes which contain it. 

Considering the data presented in the discussion 
thus far the following points are evident. 

(a) The bromine atom is at tached to carbon four, 
as deduced by the chemical methods of establishing 
molecular configuration. Since it is at  a distance of 
0.05 A from the mean plane of ring A, it may be said 
to lie essentially in this plane. 

93 

(b) The hydroxyl  oxygen is at a perpendicular 
distance of 0.01 /~ from the mean plane of ring A, 
hence also lies in this plane. 

(c) From Table 7 it is seen tha t  the perpendicular 
distance of C18 to the mean plane of the entire mole- 
cule is 1.99/~. I t  is interesting to note tha t  this distance 
is equal to the sum of the C13-Cls bond length (1-58 J~) 
plus the perpendicular distance of C13 (0.42 J~) to the 
mean plane of the entire molecule. The methyl group, 
therefore, has an axial conformation. 

(d) The ketone oxygen is at a perpendicular distance 
of 0.01 /~ from the mean plane of ring D2, hence lies 
in this plane. 

The angles between the mean planes of 4-bromo- 

Table 8. The angles between mean planes 

Planes  Angle 

A - B  ].70 o 
A - B 1  170 
B 1 - B 2  171 
B 2 - B 3  122 
B 3 - C  144 
B 3 - C I  177 
B - C  170 
C1-C2 127 
C2-C3 119 
C3-D 133 
C3-D1 160 
C-D 170 
D 1 - D 2  148 

or,g,° "? 
\ / 

, CH \ . j~ 8.67 

I .( 3.00 / 
I ° '  Y'\ ..: ,o:, 
I \ , . 5 6  5 . o o  , 5 , ,  

I 4.32 \ B r  ,1' xv ~ - - -  ~ O H  4- 

.3-) 
> Y  

\\ T 
\ 

3.46 ~ 0 

x 

5"83 ~ '~  5"83 ~'~ 
/ ~2"23 

\ /~',~ 
~ . ~  / 

.2. (o÷) 

0 H% ,/ 
6.66 \ B r  

• Jc/;. 4 4 
6.78 4" 
5 . . / ~  6"°° 

e l /  

.2. (o÷) 
Fig. 3. S tacking diagram.  
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es t rone  have  been calcula ted,  a n d  are shown in Table  8. 
Since t he  angle  be tween  B3 and  C1 (177 °) is so close 
to 180 °, i t  is seen t h a t  B3 a n d  C1 are a lmos t  the  same 
plane.  T h a t  th i s  is so is f u r t h e r  d e m o n s t r a t e d  b y  the  
fac t  t h a t  the  roo t  m e a n  square  d i s tance  of a t o m s  
C~, C8, C~, a n d  Cm from the  m e a n  p lane  B3-C1 
( - 0-66x + 0-74y + 0.15z - 1-92 -- 0) is 0.02/~.  The  p lanes  
C3 a n d  D1, on the  o ther  hand ,  are qui te  d i f ferent ,  
as is i nd i ca t ed  b y  the  angle  of 160 ° be tween  them,  
a n d  more fu l ly  by  a 0 .13 /~  root  m e a n  square  dev ia t i on  
of a toms  C~, Cla, C~a, a n d  C~ f rom the  m e a n  p lane  
C3-D1 ( - 0.65x-t- 0.72y + 0 - 2 2 z -  3.40 = 0). 

Tab le  9. Van der Waals distances in the y-direction 
less than 4.50 J~ 

I II  d IV II  d 

C~ O 2 3.72 /k C13 Br 3-95 /k 
C 9 09 3.78 C16 C 5 4.16 
C 6 C16 4.48 C1~ C10 3.71 
C 5 C18 4.17 C1~ C 5 3.88 
Clo C16 3.80 C17 C 8 4.26 
C 1 C16 3.79 O 2 C 6 3.94 
C a C15 4.34 O 3 C 7 3.72 
C 3 C15 4-25 C a C14 3.95 
C 4 C14 3.98 C a C15 4.34 
C a C14 3.95 C 2 C14 4.34 
C 3 C14 4.34 C 3 C15 4.25 
O 3 C 7 3.72 C a C14 3-99 
C17 C 6 4.26 C' C16 4.16 
C16 C 5 4.16 C10 C16 3- 80 
C1~ C~ 3.88 C6 O 3 3.94 
Cx3 C a 4.06 C: O 3 3.72 
C13 C 4 4.41 
C~ C s 3.98 
C~4 C a 3.95 

I I I  IV d 
02 Cla 3.73/~ 
Clr C18 4.42 
C 1 C a 4.50 
C10 C 3 3.93 
C 1 C 3 4.36 
C a C 1 3.73 

Fig.  3 shows the  s t ack ing  of four  molecules  of 
4-bromoes t rone .  The  n u m b e r s  beside each a t o m  
represen t  t he  he igh t  of the  a t o m  along z. I t  can be 
seen f rom Fig.  3 t h a t  the  molecules  are he ld  t oge the r  
in  the  x-d i rec t ion  by  h y d r o g e n  bond ing  w i th  - O - H - 0 -  
d i s tances  of 2.76 A.  I n  the  y -d i rec t ion  the  molecules  
are he ld  t oge the r  b y  v a n  der  Waa l s  forces. Tab le  9 

l is ts  all  v a n  der  Waa l s  d i s tances  in  t he  y-d i rec t ion  
less t h a n  4-50 A. I n  the  z-di rec t ion the  molecules  are 
also held  t oge the r  b y  v a n  der  W a a l s  forces of the  
same order  of m a g n i t u d e  as those  in  the  y-di rec t ion .  
None  of the  van  der  Waa l s  dis tance~ are unusua l ly  
small .  
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