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The Crystal and Molecular Structure of 3-Chloro-5-androsten-17p-ol

By CHARLES M.WEEKS, A. COOPER* AND DORITA A. NORTON
The Medical Foundation of Buffalo, 73 High Street, Buffalo, New York 14203, U.S.A.

(Received 25 April 1969 and in revised form 11 March 1970)

The crystal structure of the methanol complex of 3g-chloro-5-androsten-178-ol (C1oH2OCI1. 3CH 3OH)
has been determined from three-dimensional X-ray data collected by the stationary-counter stationary-
crystal technique and refined to a final reliability index of R=9-0% for 2456 observed reflections.
Crystals formed in methanol are monoclinic, space group P2, with cell constants a=22-565, b=
12:319, ¢=6656 A, and f=95-5°. The asymmetric unit consists of one methanol and two steroid
molecules which are all joined by hydrogen bonds to form helices in the direction of the ¢ axis. The
two steroid molecules in the asymmetric unit are related by a non-crystallographic, approximate

twofold rotation axis.

Introduction

Two features of the crystal and molecular structure
of 3f-chloro-5-androsten-178-ol (Fig. 1) are of particu-
lar interest. First, it was desired to determine what, if
any, distortion of the normal geometry of the steroid
nucleus is caused by the presence of unsaturation at
the C(5)-C(6) bond. Previous crystal structure deter-
minations of molecules possessing isolated double
bonds at this position (Carlisle & Crowfoot, 1945;
Burki & Nowacki, 1956; O’Donnell & Ladd, 1967;
Solo, Singh, Shefter & Cooper, 1968) have been re-
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Fig. 1. Atomic numbering for 3B-chloro-5-androsten-174-ol.

* Present address: Hospital Data Sciences, Inc., 516 Fifth
Avenue Suite 1006, New York, New York 10036.

latively inaccurate because of the presence of very
heavy atoms.

The second interesting feature of this molecule is
that two steroid molecules are present in the asym-
metric unit. The early crystallographic investigations
of steroids by Bernal and his collaborators revealed that
the presence of more than one molecule in the asym-
metric unit is frequent among the sterols (Bernal,
Crowfoot & Fankuchen, 1940), and later X-ray studies
have shown that this phenomenon occurs in other
classes of steroids as well including the estrogens
(Ohrt, Haner & Norton, 1964), pregnanes (Haner &
Norton, 1963), and androstanes (Norton, Lu & Camp-
bell, 1962). Consequently, the presence of more than
one molecule in the asymmetric unit of steroid crystal
structures does not appear to be correlated in 2 simple
way with any particular hydrocarbon skeleton or the
nature and location of functional groups.

Experimental

Slow evaporation of a solution of 3f-chloro-5-andro-
sten-17f-0l in methanol results in the formation of a
crystalline 2:1 complex of the steroid with methanol.
The systematic absences (0kO for k& odd) in the dif-
fraction pattern of these crystals are consistent with
the monoclinic space group P2;. The unit-cell dimen-
sions were determined by a least-squares analysis of
35 independent measurements of 26 for high angle
data. The crystal data are:
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Table 1. Comparison of | Fo| and | F.| calculated for the refined atomic parameters. The structure amplitudes
are given on ten times absolute scale.
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Table 1 (cont.)
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3p-Chloro-5-androsten-17p-0l methanol complex
(2C19H»OCI. CH;30H), M =649-8,

a=22-565+ 0-005, b=12-319 + 0-003,
¢=6:656+0-003 A, f=95-50 +0-02°

(at 20°C; Cu Koy =1-50451 A), V'=1841-5 A3;
Diy=1-18 g.cm~3 (by flotation), Z=4,

Dy;=1-17 g.cm™3, u=18-41 cm1, F(000)=780.
Space group P2, C2, No. 4.

The intensities of 3657 independent spectra having 20
less than 140° were measured by the stationary-counter
stationary-crystal technique on a General Electric
single-crystal orienter using Cu K« radiation mono-
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chromatized by balanced nickel and cobalt filters, and
ten second counts were made with each filter. The
crystal used for the intensity measurements was a cube
with edges of 0-2 mm, and it was oriented such that b
was parallel with the ¢ axis of the goniometer. Lorentz,
polarization, and a-splitting corrections were ap-
plied to the raw data, and structure factor amplitudes
were computed after the intensity data had been placed
on an absolute scale by Wilson’s (1942) method. A
reflection was regarded as unobserved if the intensity
was less than twice its standard deviation.

A three-dimensional Patterson synthesis was cal-
culated, and the positions of the two chlorine atoms
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Table 2. Atomic parameters

(a) Atomic coordinates and anisotropic thermal parameters for the nonhydrogen atoms
Thermal parameters are of the form exp [—2n2(Uq1h2a*2 + 22U hka*b*+ .. )] .
The standard deviations of the last two figures are given in parentheses.
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81
1)
8)
9

cocoooooo000000000000

0.35311(38) 0.16577176) 0.6161 (14) 0.0418148) 0.0481(52) 0.0554152) =0.0127(41) 0.0111(38) 0.0051(41)
0.41232(42)  U.13890179) 047238 (15)  0.05Y4(5%1  0.0918(50)  0.0311(53)  ©0.0082{44)  0.0068(42)  0.0098(42}
0.459201(38) 0.22648(70) 0.7052 (14) 0.0455149) 0.0314{43) 0.0566(53) =-0.0017137) 0,0241(39}) =-0,0039{38)
] 0.45329133)  0.271861161) 0.4877 (11) 0.0421142} 0.0264(37) 0.0337(38} -0.0037(33) 0.0129(30) -0.0023{32}
201100 0.39249(37)  0.32254(73)  0.4253 (13}  0.0475(46}  0.0363(43)  0.0459(45)  0.0041(40)  0.0193(35)  0.0022(38)
20011) 0.504941(37) 0.34452(97) 0.4463 (13) 0.0318(42) 0.0842(76) 0.0452(511 -0.0041(46) 0.0103(34) 0.0110150}
20012) 0.56667136) 0.296631811) 0.5104 (13) 0.0376145) 0.0580(56) 0.0511(501) 0.0001{431 0,0230(37} 0.0055(42}
2Ct13) 0.571741(33) 0.26789169) 0.7356 (11} 0.0354(40) 0.0402144) 0.0359139) 0.0051¢(35) 0.0138{30} =-0.0123(34)
2Ct14)  0.52152(34)  0.1B734(68)  0.7641 (12)  0.0607(43]  0.0329(40)  0.0384(40}  0.0033(36)  0.0129(32) =0.0018¢35)
2C(15) 0.53869(39) 0.13845(82) 0.9793 {15) 0.0409148) 0.0486(541 0.0632(57) 0.0036(43) 0.0111(41) 0.0064145)
2Ct16) 0.60676141) 0.14318(90) 0.9988 (15) 0.0474(50) 0.0642(631 0.0542(56) 0.0164148] 0.0111(41) 0.0085(48}
2001 0.62502(36) 0.19500(76) 0.8037 (13) 0.0430(46) 0.0412(47) 0.0481146) 0.00211(39) 0.0170136) =-0.0148(40)
2C(18) 0.56958(40) 0.36762(80) 0.8696 (15) 0.,0410(49) 0.0445(52) 0.0647(59) 0.0002{43) 0.0138{41) -0.0122(46)
2C419) 0.38503(40) 0.432661082) 045251 (17} 0.0372(48) 0.0490(56) 0.0776(69) 0.00061431 0.01221(45) 0.0081(51)
20417) 0.68022(25) 0.25173(68) 0.8419 « 9) 0.0358(32) 0.0881(501} 0.0500135) 0.0005(34) 0.0056(26) =0,0207(36)
ME O 0.73796(36) 04315091761 0.1878 (10} 0.0989156) []
o

«0787(541) 0.0482(39) 0.0230(50) -0.0084(35) -0.0062(39}
ME C 0.72171(59) 0.41824199) 0.,2250 (19} 0.0933(88)

+0842(92) 0.0715{79) =-0.0108177) -0.0199164) -0.0175(70)

(b) Atomic coordinates of the hydrogen atoms
Molecule 1 Molecule 2

x/a y/b zfe x/a y/b z/c
H(14) 1-010 0-178 1-228 0-416* 0-395* 0-143*
H(1B) 1-018 0-034 1-224 0-394 0-266 0-134
H(Q24) 1-094 0-058 1-466 0-319* 0-363* —0-065*
H(2B) 1-120 0-166 1-232 0-296 0-435 0-141
H®3) 1-110 —-0-075 1-248 0-277 0-205 0-054
H44) 1-117 —0-087 0920 0-260 0-196 0415
H(4B) 1-141 0-034 0-887 0-264 0-334 0-438
H(5) 1-052 —0-123 0-710 0-309 0-138 0-704
H(74) 0-950 —0-129 0-731 0-422 0-070 0682
H(7B) 0975 —0-062 0-458 0-419 0-125 0-868
H(8) 0-956 0-083 0-555 0-447 0-259 0-777
H©O) 0-929 0-018 0-959 0-458 0:220 0412
H(114) 0-931 0-231 0-861 0-491 0418 0-530
H(11B) 0918 0-203 1-020 0-507 0-332 0-292
H(124) 0-823 0-225 0-867 0-589 0-349 0-477
H(12B) 0-836 0-094 0-934 0-574* 0-226* 0-424*
H(14) 0-857 —0-014 0-693 0-537 . 0-138 0-687
H(154) 0-858 —0-080 0-339 0-520 0-062 0-973
H(15B) 0-869 0-021 0-312 0-510 0171 1-039
H(16A4) 0-760 —0-020 0-309 0618 0-084 1-029
H(16B) 0777 0-087 0-259 0-620 0-200 1-125
HA17) 0-753 0-039 0-631 0-642 0-130 0-744
H(184) 0-847 0-240 0-399 0-578 0376 1-025
H(18B) 0-905* 0-222* 0-495* 0-532 0-395 0-881
H(18C) 0-849 0-303 0-508 0-605 0-401 0-859
H(194) 1-045 0-228 0-719 0-406 0-430 0-665
H(19B) 1-077 0-216 0-850 0-345 0-441 0-529
H(190) 1-026 0-283 0-921 0-416 0-494 0-531
H(170) 0-733* 0-234* 0-387* 0-699 0-250 0-752

Methanol
H(MeA) 0-733 0-445 0-334
H(MeB) 0-665 0-390 0-248
H(MeC) 0-735 0-482 0-138
H(MeO) 0-725 0-312 0-041

* This hydrogen atoms was not seen in the Fourier difference synthesis and was placed at its geometrically expected position.
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were determined. This information was used to calcu- tions, and when the R indext was 10-9% for the ob-
late an initial Fourier synthesis, and the remaining served reflections, two successive difference maps were
nonhydrogen atoms were located by routine applica- R —
tion of the heavy atom method. Least-squares refine- t g index: (]| Fol — I‘fclglz(lllljull. -

e . . - uamlty minimized: w ol = |[L¢l|)e.
menﬁ of the positional and' anisotropic thqrmal param Weighting scheme w1 if |Fol <15, Jw=15/1F,| other-
eters of [h.e nonhydrogen' dtoms was carried out using wise. Scattering factors: International Tables for X-ray Crys-
a block-diagonal approximation to the normal equa- rallography (1962).

Table 3. Least-squares planes
(a) Least-squares planes through the atoms of the steroid nucleus

The equations are of the form /X+mY+4nZ=p where X, Y and Z are expressed in A units relative to the orthogonal axes parallel
to a, b and c*.

/ m n P

Al C(2), C@3), C4 0-86051 0-5092+ 0-0058% 21-213%
0-7408 —-0-6707 0-0346 2:394
A2 C), C2), C@4), C(5) 0-2112 0-8690 —0-4473 2-387
—0-0331 0-8785 04765 3-935
B2 C6), C(M, C9), C(0) —0-2211 —0-6222 0-7509 —0978
—0-0859 0-6492 0-7556 3-866
B3C1 C(7), C(@8), C9), C(1) 0-8104 0-5362 —0-2359 16-010
0-6067 —0-7444 —0-2786 2:693
C2 C(8), C(11), C(12), C(14) 0-1119 0-7357 —0-6679 —-0-189
0-8959 0-7365 0-6704 6-089
C3D1 C(12), C(13), C(14), C(15) 0-7970 0-5367 —0-2769 14-405
—0-5885 0-7520 0-2965 —3-488
D2 C(13), C(15), C(16), C(17) 0-1954 0-7430 —0-6397 2122
0-0920 0-7447 0-6609 6-722
D3 C(14), C(15), C(16), CUT) 0-3883 0-8374 —0-3845 6294
—0-0791 0-9100 0-4068 3:271
A C(), C2), C@3), C4), C(5), C(0) 0-4800 0-8183 —0-3161 9-590
—0-2916 0-8961 0-3345 1-815
B C(5), C(6), C(N), C®B), C9), C(0) —0-3943 —0-6107 0-6867 —5-203
—0-2394 0-6826 0:6904 2:461
C C8), C(9), C(1), C(12), C(13), C(14) 0-3983 0-7402 —0-5416 6-094
—0-1709 0-8173 0-5502 2980
D C(13), C(14), C(15), C(16), C(17) 0-3768 0-7284 —0-5721 5-524
—0-0935 0-7952 0-5990 4-066
C(1)-C(17) 0-4065 0-7357 —0-5416 6-184
—-0-1977 0-8096 0-5526 2:571

1 These values are given with those for molecule 1 above those for molecule 2.

(b) Interplanar angles

Plane 1 Plane 2 Angle
Al A2 128-4%
126:6

B3Cl1 B2 133-6
138-2

B3Cl C2 130-0
1329

C3D1 Cc2 1319
1344

C3D1 D2 137-0
1345

C3D1 D3 149-9
1483

A B 154-9
155-8

B C 168-8
168-1

C D 1777
174-6

C(H-C(17) (100) 113-9
101-4

C(1)-C(17) (010) 137-3
1440

C(1)-C(17) (001) 1227
123:5

1 Angles are given with the values for molecule 1 above those for molecule 2.
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computed on which the positions of all but five hydro-
gen atoms could be located. The unresolved hydrogen
atoms were placed at their geometrically expected
positions, and two additional least-squares cycles were
performed with all the hydrogen atoms included in the
calculations. The parameters of the hydrogen atoms
(Biso=3'0) were not refined, and refinement was
terminated when all calculated shifts were less than }
the corresponding standard deviations. The final re-
liability index was 12-7% for all 3657 independent
spectra and 9-0% for the 2456 observed reflections.
The structure factor amplitudes for all reflections are
listed in Table 1, and the refined positional and thermal
parameters are given in Table 2. The thermal motions
of the atoms are consistent with molecular librations
about the principal axes of inertia of the steroid mol-
ecules.

Discussion

The intramolecular geometries of the two independent
molecules of 3f-chloro-5-androsten-178-ol are similar
but not identical. The interatomic distances and valency
angles involving only nonhydrogen atoms are shown
in Fig. 2(a) and (b), and the estimated standard
deviations of these quantities lie in the ranges
0-010-0-017 A and 0-5-0-9° respectively. The carbon-
hydrogen distances are in the range 0-75-1-15 A. The
absolute value of the average deviations between cor-
responding bond distances and angles in the two mol-
ecules are 0-016 A and 1-5° respectively. The ethylenic
linkage joining C(5) and C(6) in each molecule is
within two standard deviations of the accepted value
of 1-34 A. Similarly, the C(4)-C(5) and C(6)-C(7)
distances, but not the distances C(5)-C(10), are within
two standard deviations of the expected value of
1-505 A for sp3-sp? bonds (Bartell & Bonham, 1960).

The equations of the planes through the major
regions of the steroid nucleus are presented in Table
3(a), and the usual interplanar angles in Table 3(4).

STRUCTURE OF 35-CHLORO-5-ANDROSTEN-178-OL

As is usually observed in steroid structures (Norton,
1965), the dihedral angles between adjacent planar
regions of the nucleus are greater than 120°. Fig. 3

©®)

Fig.2. Interatomic distances and valency angles for 38-chloro-
5-androsten-178-ol. The values for molecule 1 are shown
above these for molecule 2, and the standard deviations of
these quantities lie in the ranges 0-010-0-017 A and 0-5-0-9°
respectively. (@) Interatomic distances and (b) valency
angles.

Table 4. Torsional angles in the rings

9(A-B) is the torsional angle about the 4-B bond, in which the other two atoms required to define the angle are those attached
to either end of the bond and are in the ring in question.

A ring Bring
Bond p(A-B)* Bond p(A-B)*

C(1)-C2 —56-61 C(5)-C(6) 1-3%
—55-0 06
C(2)-C(3) 56-8 C(a)-C(7) 161
58-5 12-3
C(3)-C4) —55-8 C(7)-C(8) —46-8
—58-0 —406
C(4)-C(5) 542 C(8)-C(9) 660
53-0 60-1
C(5)-C(10) —50-2 C(9)-C(10) —47-5
—47-5 —46-8
C(1)-C(10) 51-6 C(5)-C(10) 14-4
485 16-6

C ring D ring
Bond o(A-B)* Bond p(A-B)*
C@®—C@H  —49-0% C(13)-C(14) 455t
—44-6 47-4
C(9)—C11) 48-8 C(14)-C(15) -—30-8
48-8 —30-4
C(11)-C(12) —536 C(15)-C(16) 3.7
—56-7 12
C(12)-C(13) 57-4 C(16)-C(17) 249
58-1 28-2
C(13)-C(14) —62:8 C(13)-C(17) -—43-6
—59'5 —46-0
C(®)—C14) 59-1
526

* The sign convention for the direction of the torsional angle is that of Klyne & Prelog (1960).
1 These values are given with those for molecule 1 above those for molecule 2.
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illustrates the projections of the molecules parallel to
the respective least-squares planes through C(1)-C(17).
The presence of unsaturation at C(5)-C(6) does not
significantly affect the overall planarity of the steroid
nucleus, since the root-mean-square deviations of
atoms C(1) to C(17) from planarity for the two mol-
ecules are 0-274 and 0-278 A. The torsion angles are
given in Table 4. The A and C rings are in the chair
conformation, the B rings have half-chair conforma-
tions, and the D rings have f-envelope conformations
as shown by the torsional angles C(14)-C(15)-C(16)-
C(17) which are each only slightly different from 0°,

2.0+

10 %)
2Ao—]
2.0+
N RJ\ L
C(4) o117
0.0 <l P o) )
_‘\/\/ <=
c(7)

2.0~

Fig.3. Projections of single molecules parallel to the least-
squares planes through the steroid nucleus, C(1)-C(17).
The projection of molecule 1 is above that for molecule 2.
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and the parameters 4 and ¢, (Altona, Geise & Romers,
1968) which have the values 27-3 and 46-8 for mole-
cule 1 and 32-5 and 49-3 for molecule 2.

The packing of the molecules is shown in Fig. 4.
The two steroid molecules and the methanol molecule
comprising the asymmetric unit are joined by hydrogen
bonds and form helices in the direction of the ¢ axis.
The two independent molecules are related by a pseudo
twofold rotation axis approximately parallel to b and
situated roughly at (4+y%). The favorable hydrogen
bonding pattern appears to be a major reason for the
presence of two steroid molecules in the asymmetric
unit in this particular instance. The geometry of these
hydrogen bonds is summarized in Table 5. Half of
the 28 intermolecular contacts between nonhydrogen
atoms which are less than 4 A (Table 6) are in the
neighborhood of the hydrogen bonds. Hydrogen bonds
also exist between crystallographically independent
steroid molecules in the structures of estriol (Cooper,
Norton & Hauptman, 1969) and Sa-bromo-68,19-
oxido-3$-hydroxypregnan-20-one (Gopalakrishna,
Cooper & Norton, 1969). However, no hydrogen
bonds were found between crystallographically inde-
pendent molecules in crystals of 14¢,17a-ethano-16a-
iodopregn-5-ene-3f$-0l-20-one acetate (Solo, Singh,
Shefter & Cooper, 1968). Crystals of 4-bromoestradiol
(Norton, Kartha & Lu, 1964) and 2f-hydroxytesto-
sterone 2-acetate 17-chloroacetate (Duax, Osawa,
Eger & Pokrywiecki, 1971), are examples of crystalline
complexes where the steroid-methanol ratio is 1:1 and

Table 5. Geometry of the hydrogen bonds

Hydrogen donor-hydrogen
distance A-H
10(17)-1H(170)f t 1-04 A
20(17)-2H(170) 0-76
Me O-H(Me O) 099

Me O .- - TH(170)t
10(17)- - -2H(170)
20(17)- - *H(Me O)

Hydrogen acceptor—hydrogen
distance B---H

Position*
Distance Angle of hydrogen
A---B A-H--+B acceptor (B)
167 A 271 A 179° 1/000
2:00 2-71 154 1/000
1-76 2-65 148 1/00T

* The equivalent positions are: 1=(x,y,2); 2=(1—-x,%+y,1—2). Me O-H(Me O) (1/00T) means that the second atom,
H(Me 0), is at equivalent position 1, translated one unit-cell in the —c direction.

1 Position of 1H(170) is theoretical.

Table 6. Intermolecular distances between nonhydrogen atoms which are less than 4 A.

Contact Position*  Distance
1C(2)—2C1 1/101 3-95A
1C(3)—1C(18) 2/111 3-99
1C(6)—1C(18) 2/110 3.93
1C(12)-20(17) 1/000 3-89
1C(12)-MeO 1/001 394
1C(15)-2Cl 2/01T 376
1C(16)-2C1 2/011 3-88
1C(17)-20(17) 1/000 3-58
1C(17)-MeO 1/000 3.58
1C(18)-1Cl 2/101 396
1C(18)-MeO 1/000 339
10(17) -2C(12) 1/000 3-96
10(17) -2C(17) 1/000 323
10(17)-20(17) 1/000 271

Contact Position*  Distance
10(17) -MeC 1/000 3-45 A
10(17) -MeO 1/000 2-71
2C(1)—2C(8) 1/00T 3-98
2C(2)—2C(16) 2/000 391
2C(2)—I1Cl 1/10T 391
2C(4)—1Cl 1/701 3-81
2C(6)—MeC 2/070 3-69
2C(16)-MeO 1/001 376
2C(17)-2C(19) 2/010 390
2C(17)-MeO 1/001 374
20(17) -MeC 1/001 3-34
20(17) -MeO 1/001 265
MeC —1Cl 2/100 3-99
MeC —1Cl 2/101 377

* The equivalent positions are designated in the same manner as for Table 5.
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there is only one steroid molecule in the asymmetric
unit. In the 4-bromoestradiol structure, chains of
hydrogen bonded molecules occur parallel to a, and
the methanol molecule is hydrogen bonded to both
of the hydroxyl groups which are also bonded to each
other. In the latter example, the methanol molecules
are bonded to the steroid molecules at O(3), but no
extended network of hydrogen bonds occurs.

The X-ray analysis of 3§-chloro-5-androsten-174-ol
has revealed no substantial deviations in the geometry
of the steroid nucleus coincident with the introduction
of unsaturation at C(5)-C(6). The presence of two
molecules in the asymmetric unit of this steroid appears
to result from hydrogen bonds, and the two crystal-
lographically independent molecules are related by a
noncrystallographic twofold rotation axis.

The authors are grateful to Mr C. T. Lu and Mr R.
Coss who collected the intensity data.

This investigation was supported by U. S. Public
Health Research Grant No. Ca 10906-02 from the
National Cancer Institute.
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