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The Crystal and Molecular Structures of 4-Bromoestradiol  
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(Received 5 November 1962 and in revised form 25 March 1963) 

The crystal and molecular structures of 4-bromoestradiol have been determined by three-dimensional 
X-ray crystallographic methods. Crystals of 4-bromoestradiol obtained from a methanol solution 
belong to the space group P212121 and have four bromoestradiol molecules per unit  cell (a = 12.672, 
b =22.474, c =6.325 ~,  all _+0.004 A). One methanol molecule is associated with each steroid 
molecule. 

Bond lengths and angles have been calculated and are consistent with the currently accepted 
values for carbon-carbon systems. 'Best' plane equations have been calculated for the entire 
molecule and for various portions thereof. The root mean square distance of atoms from the 'best' 
plane of the entire molecule is 0.241 A. Smaller root mean square distances are obtained by referring 
the atoms to the 'best' planes of the various subdivisions of the ring system. A hydrogen bond 
system involving the phenolic oxygen (03), the hydroxyl oxygen (O17), and the methanol oxygen 
stabilizes the position of the methanol group and causes the formation of quasi-polymeric 4-bromo- 
estradiol chains parallel to the x direction. Numerous medium range van der Waals contacts are 
present. 

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

Es t rad io l  (C,8H2402), an  estrogenic hormone which is 
produced in women by  the  ovaries, controls the  
development  of the female sexual characterist ics,  
and  ini t ia tes  the  first  phase of the  mens t rua l  cycle. 
Es t rad io l  is impor t an t  in the  s tudy  and t r ea tmen t  
of cancer. I t  is used chiefly in replacement  t he rapy  
in cases of estrogen deficiency, and in the  t r e a t me n t  
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Fig. 1.4-Bromoestradiol. 
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of breast  and  pros ta te  cancers and the i r  metastases.  
Es t radio l  has been found to produce tumors  in  
various tes t  animals,  bu t  the  re la t ionship  between 
estradiol  and  cancer is none too clear, and  is, in fact  
paradoxical .  I n  animals,  small  doses of estradiol  
s t imulate  tumor  growth,  while large doses inh ib i t  
growth.  

The s t ruc tura l  inves t iga t ion  herein repor ted was 
unde r t aken  to supply  a deta i led descript ion of the  
molecular  archi tec ture  of the  estradiol  molecule, 
in  the  form of i ts  monobromo der iva t ive  (Fig. 1), 
wi th  the  hope t h a t  this  in format ion  will u l t i ma t e ly  
increase our unders tand ing  of the  estrogens, and  help 
to elucidate  the  now seemingly inconsis tent  relat ion- 
ship between es t radiol  and  cancer. 

Crystal data 

The crystal data for estradiol (CisH2402), and for 
4-bromoestradiol, which has associated with it one 
methanol molecule per molecule (CisH2302Br. CH3OH), 
are given in Table I. Systematic absences and optical 
activity data were used to establish the space groups 
of estradiol (P2i2i2) and 4-bromoestradiol (P2i2i2i). 

Estradiol 
4-Bromoestradiol 

(with one methanol 
molecule per molecule 
of steroid) 

Table 1. Crystal data for estradiol and 4-bromoestradiol 

Space a b c 
group (in A _+ 0-004) V Dm 

t ,  

P2i2i2 "12"054 19"282 6"634 1541 /~a  1.197 g.cm -a 
P2i2i2 i 1 2 . 6 7 2  22"474 6"325 1801 1.413 

Dx Z 

1"173 g.cm -a 4 
1"413 4 

AC17--6 
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Experimental  m e a s u r e m e n t s  

A small  pr ismat ic  crys ta l  of 4-bromoestradiol ,  ap- 
p rox imate ly  0.3 m m  in diameter ,  was selected for 
the  exper imenta l  measurements .  CuKc¢ rad ia t ion  
(/~=1.5418 J~) was used to measure  the  intensit ies 
of all reflections (2350) wi th  20 values less t h a n  164 ° , 
the  positions of which had  been previously calculated 
on an  IBM 650 computer.  Measurements  were made  
with  a General  Electr ic  XI~D 5 X - r a y  diffract ion 
uni t  by  the  s ta t ionary  crysta l  method  and  the balanced 
fi l ter  technique.  Geometrical  corrections were applied, 
and  all the  intensit ies were converted into s t ruc ture  
ampl i tudes  of reflections on an  IBM 650 computer.  

A table  of observed and calculated s t ruc ture  factors 
is avai lable  f rom the authors  upon request .  

Structure determination 

The s t ruc ture  ampl i tudes  were used in prepar ing 
a sharpened three-dimensional  Pa t t e r son  synthesis  
wi th  an IBM 704 computer .  This synthesis  gave the  
bromine coordinates,  x=0 .205 ,  y=0 .190 ,  z=0.233, 
referred to the  conventional  origin given in the 
International Tables for X-Ray Crystallography (1952), 
namely,  midway  between the  three non-intersect ing 
s c r e w  a x e s .  

The bromine phases were calculated for all the 
reflections. W i t h  these phases a three-dimensional  
electron densi ty  projection was made,  involving all 
reflections for which the  bromine contr ibut ion was 
not  near  zero, i.e. using about  95% of the da t a  wi thin  
the  copper sphere. The resul t ing Four ier  synthesis  
showed far  too m a n y  peaks.  This was due to the 

bromine Z coordinate being ve ry  near  to I ,  causing 
all the  bromine a toms to lie a t  e i ther  ¼ or ~, the  
resul t  being t h a t  the  phase angle dis t r ibut ion of the  
bromine contr ibut ions was concentra ted near  n:rr/2, 
where n is an integer.  The effect of this was to create  
an advent i t ious  pseudo-reflection plane in the  Four ie r  
synthesis,  a lmost  doubling all peaks.  However ,  i t  
was possible to locate the  major  por t ion (16 a toms 
out of 21) of the  4-bromoestradiol  molecules wi th  
a toms located a t  some of these peaks  f rom stereo- 
chemical considerations. I t  was difficult,  however,  
to arr ive a t  a definite decision regarding the  remaining 
atoms. One cycle of s t ruc ture  factor  calculation, 
based on the pa r t  of the molecule t h a t  had  been 
located, followed by  a three-dimensional  Four ier  
synthesis cleared up most  of the uncer ta int ies  regard- 
ing the  remaining a toms in the  molecule. Another  
cycle of s t ruc ture  factor  calculat ion followed by  
another  Fourier  synthesis  located all the  a toms of the  
molecule wi thout  ambigui ty ,  bu t  gave an  unsat is-  
fac tory  R index of approx imate ly  20%. The Four ier  
synthesis  also showed two peaks close to each other,  
bu t  well separa ted  f rom the steroid molecule. These 
peaks did not  disappear,  as did the  other  ex t ra  peaks  
which were due to the doubling effect ment ioned 
above. A three-dimensional  difference Four ie r  syn- 
thesis also confirmed the rea l i ty  of these two peaks.  
I t  was assumed a t  this point,  therefore,  t h a t  these 
peaks  represented a molecule of solvent of crystall iza- 
tion, the solvent having two l ight non-hydrogen 
a toms with  a covalent  bond dis tance of about  1-4 ~ .  
Since the  only possibili ty was a methanol  molecule, 
i t  was assumed t h a t  one of the peaks corresponded 
to an oxygen a tom and  the  other  to a carbon atom.  

Table 2. Progress made in the final stages of least-squares refinement ( ~ ) of 4-bromoestradiol 
Cycle 2 Cycle 3 Cycle 4 (Final) 

^ A ^ 

Br 0.0001 0.0000 0.0002 0.0000 0.0000 0-0001 0.0000 0.0000 0.0002 
C(1) 0.0002 0 . 0 0 0 1  0.0017 0"0000 0.0000 0.0013 0.0001 0 - 0 0 0 1  0.0022 
C(2) ~.b015 0.0002 0.0016 0.0008 0.0000 0.0001 0.0005 0 . 0 0 0 1  0.0010 
C(3) 0.0002 0.0002 0.0032 0.0002 0 . 0 0 0 1  0.0003 0.0001 0 . 0 0 0 1  0-0001 
c(4) 0.0001 0.0000 0.0001 0.0000 0.0002 0.0002 0.0004 0 . 0 0 0 1  0.0014 
c(5) 0.0001 0.0005 0.0001 ~.~001 0.0005 0.0006 0.0000 0.0003 0-0010 
c(6) 0.0001 0.0002 0.0049 0.0002 0.0004 0.0018 0.0009 0 - 0 0 0 3  0-0029 
c(7) 0.0005 0.0006 0.0020 0.0005 0.0005 0.0003 0.0002 0.0009 0.0015 
c(8) 0.0007 0.0004 0.0033 0.0003 0.0002 0.0004 0.0001 0.0006 0-0009 
C(9) 0.000~ 0 . 0 0 0 1  0.0036 0.0001 0 . 0 0 0 1  0-0012 0.0003 0.0002 0-0010 
C(10) 0.0001 0.0003 0.0027 0.0001 0.0003 0.0000 0'0001 0'0002 0'00l~ 
c(11) 0.0001 0.0010 0.0058 0-0000 0 . 0 0 0 7  0.0017 0.0002 0.0003 0-0000 
c(12) 0.0001 0 - 0 0 0 3  0.0039 0.0000 0.0000 0.0002 0.0006 0 - 0 0 0 7  0.0022 
c(13) 0.0002 0.0003 0.0039 0.0001 0.0003 0.0015 0.0003 0.0000 0.0010 
c(14) 0.0004 0.0607 0.0055 0.0003 0.0006 0.0013 0.0002 0.0003 0.0006 
c(i5) 0.0010 0.0000 0-0038 0.0002 0.0001 0.0009 0.0009 0.0008 0-0068 
c(16) 0.0008 0.0005 0.0028 0.0002 0.0002 0.0004 0.0009 0.0002 0-0048 
c(17) 0.0008 0.0006 0.0063 0.0003 0.0005 0.0025 0.0000 0 - 0 0 0 4  0.0032 
c(18) 0.0004 0 . 0 0 0 1  0.0009 0.0001 0.0002 0.0003 0-0001 0.0005 0.0012 
0(3) 0.0006 0.0004 0.0029 0.0003 0.0003 0.0006 0.0005 0.0004 0.0010 
0(17) 0.0006 0.0003 0.0020 0.0002 0.0002 0.0010 0-0008 0.0002 0.0011 

C(MeOI-I) 0.0002 0.0008 0.0083 0-0002 0.0004 0-0036 0-0002 0.0009 0.0005 
O(MeOH) 0.0003 0.0010 0.0026 0"0004 0.0008 0.0013 0-0011 0.0003 0-0020 

Mean ,4 x, y, z 0.0004 .~ 0.0004 A 0"0031/i~ 0.0002/~ 0.0003 • 0.0009 A 0-0004 .~ 0.0003 A 0.0017/~ 



D O R I T A  A.  N O R T O N ,  G O P I N A T H  K A R T H A  A N D  CI-IIA T A N G  L U  79 

Table 3. Final fractional atomic coordinates, standard deviations, and temperature factors of 4-bromoestradiol 
Standard deviations (/~) 

B X Y Z "(7(ax) (r(by) a(cz)" 
Br 3"677 0"2042 0"1883 0.2429 0.001 0.001 0.001 
C(1) 3.491 0.4771 0-3899 0.2561 0-008 0.008 0.007 
C(2) 3.989 0'0850 0"1033 0.7132 0.009 0.009 0.008 
C(3) 3-511 0.1535 0.1297 0.8596 0.008 0.008 0.007 
C(4) 3.245 0.1081 0.1597 0.0288 0.007 0.007 0.006 
C(5) 2.765 0.0021 0.1691 0.0564 0.007 0.006 0-006 
C(6) 3.647 0.4635 0.2937 0.758 s 0.009 0.008 0-007 
C(7) 3.300 0.344 a 0.278 o 0.782 o 0.008 0.007 0.007 
C(8) 3.276 0.281 o 0.335~. 0.8367 0.008 0.007 0.007 
C(9) 3.283 0.3128 0.353 s 0.0660 0.008 0.007 0.006 
C(10) 3.499 0.4334 0"3598 0.0892 0.008 0.008 0.007 
C(ll) 4.040 0.254~ 0-412~ 0.1245 0.009 0.009 0.008 
C(12) 3.777 0.1317 0.40% 0.102 a 0.009 0.008 0.007 
C(13) 3.154 0.1035 0"3850 0.8798 0.007 0.007 0.006 
C(14) 3.387 0"162 a 0"3264 0.8391 0.008 0.008 0.007 
C(15) 4.190 0.1104 0.3005 0.633 s 0.010 0.009 0.008 
C(16) 4.735 0.4915 0.1792 0.3400 0.011 0.010 0.009 
C(17) 3.749 0"489 o 0"1384 0"1390 0.009 0.008 0.008 
C(18) 3.937 0.123 o 0.4341 0.712~ 0.009 0.009 0.008 
0(3) 4.007 0"2600 0"122 o 0"8494 0.007 0.006 0.006 
O(17) 3-749 0.4899 0"1384 0.1390 0.009 0.008 0.008 

C(MeOH) 6.116 0.3795 0"004 o 0.6409 0.015 0.014 0.013 
O(Me0H) 6.274 0"3344 0'0555 0"5487 0.010 0.010 0.010 

This assumpt ion  also in t roduced the  possibil i ty of 
a stabil izing hydrogen  bond system, which was la ter  
verified. 

The addi t ion  of the  two a toms  of the  methano l  
group to the  twenty-one  main  a toms of the  4-bromo- 
estradiol  molecule gave a f inal  R value of 0.13 af ter  
four cycles of IBM 7090 diagonal  least-squares  refine- 
ment  (Van den t tende,  1961) using all of the  2350 
reflections. There were no accidental ly  absent  reflec- 
tions, hence all  of the  reflections measured  (2350), 
weak  or strong, were t r ea t ed  the  same in the  least  
squares ref inement .  Table 2 shows the  progress made  
in the  final  stages of the  ref inement  of the  s t ruc ture  
of 4-bromoestradiol .  An electron dens i ty  projection 
down the c axis gives the  molecule wi th  most  of the  
a toms well resolved (Fig. 2). Table 3 lists the final 
f ract ional  a tomic coordinates,  s t anda rd  deviations,  
and  t empera tu re  factors.  

Origin b 

0 

Fig. 2. Projection of the electron density of 
4-bromoestradiol down the c axis. 

Discuss ion  

Table 4 lists the  bond lengths and  bond angles of 
4-bromoestradiol .  Rout ine  s ta t i s t ica l  t r e a t m e n t  of 
ca rbon-ca rbon  single-bond lengths and  of the  ca rbon-  
carbon bond lengths in the  A-r ing (aromatic)  gave 
s t anda rd  deviat ions of 0-032 and 0.017 A respectively.  
The weighted bond length s t a n d a r d  devia t ion  is 
0.028 A. Since less t h a n  one-third of the  bond values 
obta ined for each of the two types  of ca rbon-ca rbon  
bonds lie outside of the  appropr ia te  a range,  no 
unusual ly  long or short  carbon bonds are proved to 
be present  in the  molecule. As in the  case of 4- 
bromoestrone (Norton, K a r t h a  & Lu, 1962), the  
s t anda rd  deviat ion (a) obtained herein by  s ta t is t ical  

t r e a t m e n t  (a  = (X ~ -  X2) ½) is grea ter  t h a n  t h a t  ar r ived 
a t  using the Cruickshank formula  (Cruickshank,  1949), 
being approx ima te ly  four  t imes as large for 4-bromo- 
estradiol.  The es t imated  s t anda rd  devia t ion for the  
bond angles is 1.20 degrees. 

Table 5 gives the  coefficients in the  equat ions of 
the  mean  planes of 4-bromoestradiol  calculated by  
the  method  of Schomaker ,  Waser ,  Marsh & Bergman  
(1959). The p l ana r i t y  of the  entire molecule is de- 
scribed by  a root  mean  square  dis tance of 0.241 A 
of all  the  carbon a toms (excluding C18) f rom the  
best  plane of the  molecule 

(0" 150x + 0.733y - 0"635z - 2-543 = 0 ) .  

The root  mean  square  dis tances of a toms  from rings 
A, B, C , D  are 0.025, 0.228, 0.257, and  0.219 
respectively.  Shorter  root  mean  square  dis tances are 
obta ined by  fu r the r  dividing the  r ing sys tem (with 
the  exception of r ing A) as shown in Table 6. The 
perpendicular  distances of each a tom from the  one 
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Table 4. Bond lengths and bond angles 
in 4-bromoestradiol 

B o n d  lengths 

C(I)-C(2) 1.389 k 
c(2)-c(3) 
C(3)-C(4) 
C(3)-O(3) 
c(4)-c(5) 
C(4)-Br 
c(5)-C(lO) 
C(10)-C(1) 
c ( 5 ) - c ( 6 )  
c ( 6 ) - c ( 7 )  
c ( 7 ) - C ( 8 )  
C ( 8 ) - c ( 9 )  
c ( 9 ) - C ( l O )  
G(9)-C(ll) 
C(I l)-C(12) 
C(12) -C(13)  
c(13)-c(14) 
c(14)-c(8) 
C(14)-C(15) 
C(15) -C(16 )  
C(16)-C(17) 
C(17) -C(13)  
C(17) -O(17)  
C(13)-C(18) 

B o n d  ang le s  

C ( 1 ) - C ( 2 ) - C ( 3 )  I18-9 ° Entire 1 . 4 0 0  C(2)-C(3)-C(4) 118.6 molecule 
1.390 C ( 3 ) - C ( 4 ) - C ( 5 )  123.0 

A 
1.362 C ( 4 ) - C ( 5 ) - C ( 1 0 )  119.1 

B *  
1.371 C(5)-C(10)-C(1) I18.6 BI 
1.931 C ( 1 0 ) - C ( 1 ) - C ( 2 )  123.0 B 2  
1.423 C ( 3 ) - C ( 4 ) - B r  116.9 B 3  
1.373 B r - C ( 4 ) - C ( 5 )  118.5 

C 
1.518 C ( 2 ) - C ( 3 ) - O ( 3 )  122.7 

C1 
1.556 C ( 4 ) - C ( 3 ) - O ( 3 )  120-8 

C2 
1.536 C ( 1 0 ) - C ( 5 ) - C ( 6 )  123-6 

C3 
1-559 C ( 5 ) - C ( 6 ) - C ( 7 )  110.1 

D 
1.544 C ( 6 ) - C ( 7 ) - C ( 8 )  109.1 D 1  
1.557 C ( 7 ) - C ( 8 ) - C ( 9 )  107.6 D 2  
1.570 C ( 8 ) - C ( 9 ) - C ( 1 0 )  110.0 

B 3 - C 1  
1.536 C ( 9 ) - C ( 1 0 ) - C ( 5 )  120.5 Ca-D1  
1.534 C ( 8 ) - C ( 1 4 ) - C ( 1 3 )  l l l -I  
1 . 5 2 8  C(14)-C(13)-C(12) 113.8 
1"566 C ( 1 3 ) - C ( 1 2 ) - C ( 1 1 )  109.2 
1.584 C ( 1 2 ) - C ( 1 1 ) - C ( 9 )  112.7 
1.568 C ( 1 1 ) - C ( 9 ) - C ( 8 )  109.6 
1.537 C ( 9 ) - C ( 8 ) - C ( 1 4 )  105.2 
1.479 C ( 1 2 ) - C ( 1 3 ) - C ( 1 8 )  109-9 
1.594 C ( 1 4 ) - C ( 1 5 ) - C ( 1 6 )  101.1 

C ( 1 5 ) - C ( 1 6 ) - C ( 1 7 )  105.6 
C(16)-C(17)-C(13) 104.5 
C(17)-C(13)-C(18) ii0.4 
C(17)-C(13)-C(14) 98-5 
C(13)-C(14)-C(15) i04.2 
C(16)-C(17)-O(17) 110.3 
C(13)-C(17)-O(17) 111.9 
C ( 7 ) - C ( 8 ) - C ( 1 4 )  113.3 
C(8)-C(14)-C(15) I17.9 
C(12)-C(13)-C(17) 113.7 
C(1)-C(10)-C(9) 120.0 
C ( 4 ) - C ( 5 ) - C ( 6 )  119.1 
C(10)-C(9)-C(I I) l l l .2 
C ( 1 8 ) - C ( 1 3 ) - C ( 1 4 )  116.6 

M e t h a n o l  m o l e c u l e  

C - O  1"415 

C(1) 
c ( 2 )  

c(3) 
c(4) 
c(5) 
C(6) 
C(7) 
c(s) 
C(9) 
C(10) 
C(ll) 
c(1 ) 
C(13) 
C(14) 
C(15) 
C(16) 
c(17) 

Table 7. The perpendicular distances ( 4 

A B B1 B2  B 3  

+ 0 . 0 3 1  . . . . . . .  
+ 0"047 . . . . . . .  
+ 0 . 0 1 0  . . . . . . .  
--0.011 . . . . . . .  
- - 0 . 0 8 7  + 0 . 0 7 3  0.000 . . . . .  

- -  + 0 . 1 0 8  0 .000 + 0 . 0 9 1  . . . .  
- -  - - 0 . 3 5 2  - -  - - 0 . 0 8 5  0"000 - -  ~ 
- -  + 0 . 3 8 2  - -  - -  0 .000 + 0 . 2 8 9  + 0 . 0 0 3  + 0 . 0 4 1  
- -  - - 0 . 1 6 2  - -  + 0 . 0 9 6  0.000 - - 0 . 2 5 2  + 0 " 0 0 3  - -  

- - 0 . 0 0 3  - - 0 - 0 4 9  0 .000 - - 0 . 0 8 2  . . . .  
. . . . .  + 0 . 2 2 7  + 0 . 0 0 4  - - 0 . 0 3 9  

Table 5. Coefficients a, b, c, d, in the equations 
(ax + by + cz + d = O) 

of the best planes of 4-bromoestradiol 
a b c d 

0.150 0-733 - - 0 - 6 3 5  - - 2 - 5 4 3  
- -  0.009 0.857 - -  0-516 - -  3-325 

0.066 0.783 - - 0 . 6 1 8  - - 2 . 4 8 2  
- - 0 . 0 0 9  0.815 - - 0 . 5 7 9  - - 2 . 5 4 9  
- - 0 . 1 1 9  0.758 - - 0 . 6 4 1  - - 1 - 1 3 8  

0 .756 0 .560 - - 0 . 3 6 2  - - 4 . 9 7 0  
0 .286 0.702 - - 0 . 6 5 2  - - 2 . 5 7 0  
0.770 0.527 - -  0 .358 - -  4 .822 

- - 0 . 0 4 4  0-695 - - 0 . 7 1 7  - -  1-243 
0 .773 0.511 - - 0 . 3 7 7  - - 3 - 3 3 9  
0-178 0.686 --  0 .704 - -  1.932 
0 .670 0 .488 --  0 .559 - -  1-994 

- - 0 . 0 2 6  0 .689 - - 0 - 7 2 5  --  1.798 
0-777 0.532 --  0 .335 - -  5-049 
0-715 0.510 - - 0 . 4 7 9  - - 2 - 6 0 2  

* B d e s i g n a t e s  t h e  e n t i r e  r i ng  B ,  C t h e  e n t i r e  C r ing ,  
D t h e  e n t i r e  / )  r ing .  

Table 6. The root mean square distance (~/2) of the atoms 
from the best planes of 4-bromoestradiol 

V~ 
E n t i r e  m o l e c u l e  0 . 2 4 1 / ~  

A 0.025 
B 0.228 
B1  0.000 
B 2  0.081 
B 3  0.000 
C 0.257 
C1 0.000 
C2 O.O40 
C3 0-000 
D 0-219 
D1  0.000 
D 2  0.122 

B 3 - C 1  0-055 
C3-D1  0.076 

) of individual atoms from one more of the mean planes 

C C1 C2 C3 D 1)1 D2  

-0.214 - -  ÷0.045 +0.001 - -  - -  - -  

+ 0 . 2 5 2  - -  - -  + 0 . 0 0 1  + 0 . 3 1 5  0-000 + 0 . 0 9 6  
- - 0 . 2 9 2  - -  + 0 " 0 4 0  + 0 " 0 0 1  - - 0 . 2 7 5  0"000 

. . . .  + 0 - 1 2 3  0"000 - -0"088  

. . . .  + 0 . 0 5 2  - -  + 0 . 1 4 6  

. . . . .  0 .219 - -  - - 0 . 1 4 3  

Entire 
m o l e c u l e  

- -  0.266 
--0.072 
+0.211 
+0.311 
+0.066 
+0-125 
-- 0-450 
+0.149 
--0-410 
--0.176 
+0.216 
-0.034 
+0.458 
- -  0-232 
+ 0-067 
+ 0 . 0 7 1  
- - 0 . 0 6 9  

C(18) 
Br 
0(3) 
o ( 1 7 )  

M e t h a n o l  
group 

O 
0 

+ 0 . 1 2 7  
+ 0 . 1 0 2  

m 

m 

m 

N q 

N m 

M 

m 

N 

u 

N 

m 

u 

- -  + 1 . 8 9 4  + 1 . 2 1 2  + 1 . 6 5 8  + 1 - 9 7 7  
. . . .  + 0-885 
. . . .  + 0 - 4 9 1  

- - 0 . 3 5 1  - -  - - 1 - 2 9 8  + 0 . 6 8 7  

m m m 

+ 1 . 8 3 3  

+ 0 - 5 2 8  
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or more best planes which contain it  are listed in 
Table 7. 

The geometry of the side groups of the 4-bromo- 
estradiol molecule may  be described as follows: 

(a) The bromine atom, which is a t tached to carbon 
four, lies at  a distance of 0.127 2~ from the best plane 
of ring A. The Br-C(4) bond makes an angle of 4.1 ° 
with the line of intersection of (1) the plane which 
is perpendicular to ring A and contains the Br-C(4) 
bond and (2) the plane of ring A. The bromine atom, 
therefore, has an equatorial configuration. 

(b) The phenol oxygen atom, which is a t tached to 
C(3), is at  a distance of 0.102 /~ from the best plane 
of ring A. The O(3)-C(3) bond makes an angle of 3.4 ° 
with the line of intersection of (1) the plane per- 
pendicular to ring A containing the 0(3)-C(3) bond 
and (2) the plane of ring A. The phenolic oxygen, 
therefore, has an equatorial configuration. 

(c) The hydroxyl  oxygen atom (attached to C17) 
is 0.351 ~ from the best plane of ring D. The 
O(17)-C(17) bond makes an angle of 27.7 ° with the 
line of intersection of (1) the plane perpendicular to 
ring D containing the O(17)-C(17) bond and (2) the 
plane of ring D. The hydroxyl  oxygen atom, therefore, 
has an equatorial configuration. 

(d) The methyl  carbon atom (attached to C13) is 
1.894 ~ from the best plane of ring D. This distance 
approximately represents the sum of the C(]3)-C(18) 
bond length (1.594 J~) and the perpendicular distance 
of C(13) (0.315 ]~) to the best plane of ring D. 
A similar relationship exists between the methyl 

carbon and the best plane of the entire molecule. 
The C(18)-C(13) bond makes an angle of 85.9 ° with 
the line of intersection of (1) the plane containing 
the C(18)-C(13) bond and perpendicular to ring D 
and (2) the plane of ring D. The methyl carbon atom, 
therefore, has an axial configuration. 

The angles between the various portions of the 
intramolecular chair-chair configuration have been 
calculated and are listed in Table 8. I t  can be seen 

Table 8. The dihedral angles between best planes 
of  4-bromoestradiol 

Planes Angle 
A - B  171"6 ° 
A-B1 175-2 
B1-B2 171.1 
B2-B3 124.4 
B3-G 147.7 
B3-C1 177.6 
B-C 166-3 
C1-C2 126-9 
C2-C3 126.8 
C3-D 138.2 
C3-D1 167"7 
C-D 172.8 
D1-D2 136.6 

tha t  the chair of ring B is unsymmetrical ,  having intra- 
chair angles of 171.1 and 124.4 degrees. The ring 
C chair, on the other hand, is symmetrical  with 
intra-chair angles of 126.9 and 126.8 degrees. B3 and 
C1 are almost the same plane, as is shown by an 
interplane angle of 178 °. This is further i l lustrate4 

T 0 " 3 " ~  ~ 4"7~---~1.637 5.31¢~%4.o42 I 
• ~ /  /o~ .. . .  / \-o.~6~ ~.~'~ I ~°.%c.~1 "(',~) 

\ AU'IO," --Z'-~IO~. ~ CH3 ~ I IV ,'"'. 7"217/I 

OH 0 418 -- 1 145 4 699 r / , " \ 1 , , ,  1" 
-/--- "" :1"038 CH3 0'847 

" 1 1.81, 0.7611 \ .... 1 Jl.814 °~12s / \~.o~ I , ,,_3_, ' " C H  ', • , ,,"~,~, / ~4'~/ I C H 3 / ~ ' ~ .  ) 2 - 3 1 6  - 0 . 1 8 2 k  / . . . .  3 " ' / I / 
- 0"647 5"434 ,'" ", III 

U-o.,sA I,.o,o '" t,o~,,,,, U o"~ 4~5 ~~%[ "h2.37~ 'O -u"  $8c"~ J1"03,~ "".u'Y:z -- H Br ~ ! I,, 

/ - o , , V  "-,,,.,7, " ", ")0'~H2.854 /,,'051, /1"629 4.18 A / 2  ,.,,,. / 
", -'" ~ C H  "~'°CH-~ 

(o ,~) 

Fig. 3. 4-Bromoestradiol: stacking diagram. 
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by a root mean square distance of 0.055 /~ of atoms 
C(7), C(8), C(9), and C(ll) from the mean plane B3-C1 
(0"777x÷O'532y-O.335z-5.049=O). Planes C3 and 
D1, however, are less similar in this respect, since 
they have an interplane angle of 167 °, and since atoms 
C(12), C(13), C(14), and C(15) have a root mean square 
distance of 0.076 A from the mean plane of C3-D1 
(0.715x + 0.510y- 0.479z - 2.602 = 0). 

The stacking diagram for 4-bromoestradiol parallel 
to the x-y  plane is shown in Fig. 3. The numbers 
beside each atom represent the height of the atom 
along z. The molecules are joined together in quasi- 
polymeric chains parallel to the x axis by hydrogen 
bonds between 0(3) and O(17) which are 2.87/~ long. 
The position of the methanol group is stabilized by 

Table 9. Distances of closest approach 
less than 4.000/~ 

z direction x direction 

O(3)-0(17) 2.869 C(1)-C(6) 3.848 
O(3)-O(methanol) 2.604 C(3)-O(rnethanol) 3.450 
O(17)-O(methanol) 2.736 C(4)-C(14) 3"993 
C(2)-C(methanol) 3.652 C(7)-Br 3"966 
C(3)-O(17) 3.908 C(18)-C(12) 3"921 
C(3)-C(methanol) 3.517 C(18)-C(11) 3.755 
C(4)-C(methanol) 3-750 O(3)-C(methanol) 3.337 
C(16)-Br 3.698 O(3)-C(7) 3.689 
C(17)-Br 3.847 Br-C(2) 3.845 
C(17)-O(methanol) 3.751 C(methanol)-O(17) 3.851 
O(3)-C(17) 3.459 
O(3)-C(methanol) 3.823 

y direction 

C(6)-C(15) 3.756 
C(6)-C(16) 3.709 
C(7)-O(3) 3-689 
C(12)-C(18) 3.921 
Br-C(15) 3.727 

two hydrogen bonds. One of these is 2.60 A in length 
and joins the methanol oxygen atom to the phenolic 
oxygen atom, 0(3). The other is 2.74 A long and bonds 
the methanol oxygen atom to the hydroxyl oxygen 
atom, O(17). Numerous van der Waals interactions 
hold the molecules together in the x-, y-, and z- 
directions. Table 9 shows the various distances of 
closest approach less than 4-000 /~. 
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Atomic Coordinates of A1PO4 

BY ]3. SIIARAN* AND B. N. DUTTA 

Department of Physics, Banaras Hindu University, India 

(Received 23 November 1962) 

The X-ray powder diffraction data on A1PO 4 have been obtained on a diffraetometer. The system is 
found to be trigonal with cell constants a =4.941 /~, c = 10.95 /~ and space group P3121. From the 
known similarity between ALP04 and s.quartz, the atomic coordinates have been determined to be 

O(1): x = 0.275, y = 0.406, z = 0.118 
0(2): x = 0.275, y = 0-406, z = 0.600 

Al: x = 0.500 
P: x = 0.500 

The reliability index is 0.16. 

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

The study of compounds similar to quartz is a subject 
of considerable interest; Buerger (1948, 1954) has dis- 

* Present address: Indian Institute of Technology, New 
Delhi-16, India. 

cussed the physico-chemical basis of the structure of 
such compounds in detail. The structure of aluminum 
phosphate which is iso-electronic with quartz is of 
still greater interest. According to Buerger (1948), 
A1PO4 is a half-breed derivative of quartz in which 
half of the Si positions are occupied by trivalent 


