o CHLORINE .

|31 Moleeular axrangement in the po-proJectior
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Here, as given by buax and Norton [28), the length of
the steroid is the direction parallel to the ¢(10)}-¢(13)
direction, the width is the dimension parallel to the
C(12)~C(14) direction and the thickness i s the dimension
orthogonal to the length and the width. This type of
packing arrangement is frequently observed i n steroid
structures with two molecules per unit cell [29]. The
thickness of the molecule makes an angle of 35° with the
a~axis. The width of We molecule is at 8° to the b-axis
and the length is at 5° to the c-axis. Therefore, the
modified Hodgkin notation [29] is Moy obgoCres 211.

The molecules are arranged i n clearly separated
layers which are parallel to the ab-plane. The adjacent
molecules inside a layer arerelated by the 2; screw axis
and hence are oriented antiparallel to each other. W.ithin
each layer, the molecules are tilted with respect to the
plane normal giving rise to a smectic C-type of packing.
This type of layered moleoular arrangement, with the
moleoules within the layer oriented antiparallel, is found
to occur in may steroid erystal structures consisting of
two molecules in the unit cell [29]. Aoy the cholestane
group of steroids, choleeteryl iodide {5}, 7-bromocholesteryl
chloride (6}, 3',3'-dichlore-28,3p~-dihydrocyclobuta(2, 3)-5a~
cholestan—-4°(3'H)-one [12] and 2a,3g-dichloro- and 2a,3p-
dibromo-5g-cholestane [8] all have a similar molecular
arrangement in the erystal. It isinteresting tonote



that the molecular structure for cholesteryl chloride
and bromide predicted by Bernal et al [2] in 1940, isin
broad agreement with the results of the present analysis.

As mentioned i n Chapter 1, the cholesteric liquid
crystal may be looked upon as a twieted nematic and there-
fore, a cholesterogenic crystal structure could be
expected to have an imbricated molecular arrangement as
In the case of a nematogen. The layered arrangement of
cholesteryl chloride and cholesteryl bromide seems to
suggest that these compounds mey have a latent smectic C
(or twisted smectic C) phase which does not appear before
the compound transforms from the cholesteric phase to the
solid phase. This possibility i s also supported by the
fact that cholesteryl myristate (3], which has a similar
layered arrangement oOf molecules i n the crystalline phase,
exhibits a smectic A phase intermediate between its solid
and aholesteric phases.

I n cholesteryl chloride and bromide, the three-
dimensional sCructure i s stebilised by non-bonded van der
waals forces between the molecules. Table 4.11 lists all
the intermolecular contact distances less than 4 4 for
both the structures. There are no significantly ehort

intermolecular contacts. This i s another common feature,
of many cholestane structures and signifies the rather

*loose’ packing i n the crystal. The only intermolecular
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that the moleeular structure for cholesteryl chloride
and bromide predioted by Bernal et al {2] in 1940, isin

broad agreement with the results of the present analysis.

As mentioned i n Chapter 1, the cholesteriec liquid
orystal mey be looked upon as a twisted nematic and there-
fore, a cholesterogenio exrystal structure eould be
expeoted to have an imbricated moleocular arrangement as
In the case of a nematogen. The layered arrangement Of
cholesteryl chloride and oholesteryl bromide seems to
suggest that these compounds mey have a latent smectio C
(or twisted smectie C) phase which does not appear before
the compound transforms from the cholesteric phase to the
solid phase. 'Phis goseibility i s also supported by the
fact that cholenteryl myristate (3}, which has a similar
layered arrangement of molecules i n the erystalline phase,
exhibits a smectio A phase intermediate between its solid

and cholestericC phases.

| n cholesteryl chloride and bromide, the three-
dimensional structure i S stabilised by non-bonded van der
Wads forcee between the molecules. Tablie 4.11 lists all
the intermolecular oontact distances |ess than 4 4 for
both the structures. There are no significantly tahort

intermolecular contacts. 7Thia IS another cammon feature,
of many cholestane structures and signifies the rather

'loose' packing i n the e¢rystal. The only intemmolecular



TABLE 4.1

(0]
Intermolecular short contacts < 4 A

(1) Cholesteryl Chloride

a(1)®
c(2)®
c(4)®
c(6)?
c(n)®
c(7)®
c(s)?

c(12)® -
c(16)?
c(19)®
¢(19)®
c(19)®
c(26)®
c(27)®

c(22)®
o(24)P
a®
c(262)9
c(262)%
c(26)¢
c(262)8
c(14)P
c(21)®
0(262)f
c(a7)!
c1®
c(en)®
c(272)i

- - o W T - T T -

-e e L 1]

a8 L 1]

- L 1]

3,82 4
3.94
3,86
3.89
3.40
3,93
3.91
3.96
3,94
3.82
3.97
3.38
3,83
3.80

Xy ¥, &

1-x, 54y, =z
=X Lo
’ Y“Qa -

=X, I35

X, y"""l, z

2-x' '%#YD
2-x, é+y,
1—3, %+y'
1-x, y”%i

(i1) Cholesteryl Bromide

c(1)®
c(4)®
e(n)*
c(7)®
e(n®
c(a)®
c{8)®
¢(19)2
¢(19)%
c(26)®
¢(26)®
c(21)®

z
et

-
-z

- e ]

. -z".’n

1

c(22)®
32’
c(262)4
c(11)®
c(26)8
c(262)8
o(26)9
c(en)*
¢(262)%
o(27)®
c(272)t
o(z72)t

3.72 A
3.85
3.44
%.69
3.86
3.70
3.83
3.73
3.99
3.81
3.95
%.99



oontaot distance less than the sus of the tan dor
Waeds radii is duo to the introduction of disorder

iN the chain atoms and i S between U(7) of One molecule
and 0(262) of its neighbour related by the 2, screw
axig. This distance is aqual to 340 A in cholesteryl
chloride ana 344 4 in cholesteryl bromide. Each
molecule is surrounded by 10 neighbours.

The determination of the absolute configuration
of the moleculee, using anomalous secattering effects,
is under way. The results will be reported elsewhere.
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CHAPTER 4

CRYSTAL AND MOLECULAR STRUCTURE OF CHOLESIERYL CHLORIDE
AND THE ISOMORPHOUS CHOLESTERYL BROMIDE

4.1 Introduction

Cholesteryl chloride (027H4501) and cholesteryl
bromide (Cy,H,Br}(III) are compounds belonging to the
cholestane group of steroids. Both the compounds are
cholesterogenic and exhibit monotropic mesomorphism,

i.e., ON heating, they transform directly tO the isotropic
phase, but, mﬂﬂlghgggling, pass through an intermediate
liquid crystallineé(see belOW) .

97°C
Cholesteryl Soli%f-vwwwmm% I?ptrOPic
chloride
\ / 62°C
cholesteric
100.5°C _
Cholesteryl So0lid ————————> |SQOtropic
bromide Ay /

\ _JGS&”C
cholesteri

They supercoal from the cholesteric phase to the solid

phase.
Bassed on their preliminary X-ray and optical

studies i N 19%3, Bernal and Crowfoot [1] predicted the
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orientation of these isomorphous molecules in the unit
cell. Later, Bernal et ai [2] undertook a slightly more
detailed X-ray investigation and worked out the approxi-
mate molecular structure as derived from the (h 01)
projection Patterson synthesis. No further X-ray studies

on these compounds have been reported in the literature.

Unlike the X-ray data on nematogenic and smecto-
genic compounds, single crystal ZX-ray analyses of
cholesterogens have been vexry few in number. Apart from
the crystal structures of cholesteryl chloride and
cholesteryl bromide reported i n this chapter, cholesteryl
myristate {3] is the only other compound exhibiting the
cholesteric nesophase whose erystal Structure has been
determined by single erystal X-ray methods. But cholesteryl
myristate shows a smeetic A phase prior to the cholesteric
phase whereas, as already pointed out, cholesteryl chloride
and cholesteryl bromide exhibit only the cholesteric phase.
Barnard and Lydon (4] have détermined the unit cell
dimensions and space groupe of a series of n-alkyl esters
of cholesterol which exhibit cholesteric mesophase.

However, Crystal structures of a number of non-
mesogenic compounds belonging to the choleotane group of
steroids have been reported. These include cholesteryl
iodide [5}s+ 7-bromo-cholesteryl bromide, ohloride ad

methyl ether [6] 5 2p,3q~dichloro-5a~cholestane [7]3
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20, 38-dibromo-Sa-cholestane [8]; 2ea,38-dichloro-5¢-
cholestane (8}s cholesteryl monohydrate [9); cholest-
4-en-3-one [10]3; cholesteryl g-toluene sulphonate [11];
4',4'~dichloro 28,38-dihydrocyclobuta(2,3)~-5a~cholestan~
3'(4'H)~one [12]; 3°',3'~dichloro~28,38 '=-dihydrocyclobuta
(2,3)~5a-cholestan-4'-(3'H)~one [12]; 43,58-epoxycholestan~
3-one [13]; 4B,58~epoxycholestan~-6-one [14]13 Sa,14p3~-
cholest-7-ene-%g,158~diol di-n-bromobenzoate [15]s
2,4-dibromocholesta~1,4,6-triene~3~one [16}; cholesteryl
17~bromoheptadecanocate [17]; and sodium cholesteryl sulphate
dihydrate [18]. Bernal et a1 [2] have surveyed a large
number of sterol derivatives belonging to the cholestergl
series and recorded their unit cell dimensions, space

group ad data on exrystal morphology and optics.

4.2 Experimental

oholesteryl chloride and oholesteryl bromide were
erystallised from solutions in acetone. Whereas cholesteryl
chloride erystallised easily, the bromide erystals were
obtained after repeated trials. Crxystals of both the
compounds were white, transparent, platy and elongated.
The bromide arystale ware very small ad fragile; the
chloride crystals were bigger and easier to handle.

Oseillation and Weissenberg photographs were
recorded with the crystals of both the compounds mounted
along ad perpendicular to the needle axes. The aiffraction
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patterns showed that both the crystals belonged to the
monoclinic system and were isomorphous. The space
group wes determined as Pz2,, based on the systematic
extinctions of the type oko, k odd.

The direct cell dimension b was measured from the
rotation photograph. The values of the reciprocal cell
dimensions a*, ¢* and g* were obtained from the b-axis
sero level weissenberg photograph and from these the
values of a, ¢ and g were calculated. The densities of
both the crystals, as measured by flotation i n agueous
potassium iodide solution, indicated that there were two
molecules per unit cell. The crystal data for both the

oompounds are listed in Table 4.1.

Intensity data

Three-dimensional intensity data were recorded
from the reciprocal levels hxl, X= 0 to 4 for cholesteryl
chloride and K = 0 to 3 for oholesteryl bromide. Multifilm
equi~inclination Weissenberg technique was used, with
nickel-filtered copper radiation (A = 1.5418 3). The
chloride crystal used for data oollection was in the form
of an approximate oylinder of mean radius 0018 an (ur = 0.25)
As mentioned earlier, the bromide crystals were very mall
and fragile and hence could not be shaped into cylinders.
The bromide crystal used for data aollection had a



TABLE 4.1

Crystal Data
Cholesteryl Cholesteryl
chloride bromide
027H4501 027H453r
Molecular weight 405.92 449.57
a 10.82  0.01 A 11.10 + 0.01 A
b 7.61 4 0.02 7.56 + 0,02
¢ 21.46 + G.01 21,83 + 0.01
8 151.8 + 0.3° 133.9 + 0.3°
Space group P21 P2,
2 2 2
@) -3
\C 1.02 &n. om"'3 1-13 gh. Ci
S 1.03 gm. 1.14 gn. om >
w for copper 13.41 en”™" 23.99 cn”

Kot radiation



rectangular oross-section of 0.035 x 0.005 om. Intensity
data from the okl reciprocal levels were also recorded
with a chloride erystal of mean radius 0.022 on (pr = 0.3)
and a bromide erystal of eross~section 0.033 X 0.009 an

The diffraction patterne of both the compounds were
=x weak and faded away at relatively low Bragg angles.
The nighest ¢ recorded wae only 42¢52' for oholesteryl
chloride and 37°35' for oholeeteryl bromide.  The total
number of independent, observable reflections reaorded
was 487 and 293 for the ehloride and the bromide compounds
respectively. These are only 8% and 5% of the total
number of possible reflections i N the respective Cukw
spheres.

The intensities were estimated visually by compa-
rison with a calibrated strip. Eaeh reflection was
measured at |east twice and averaged. The measured intensi-
ties were oorrected for Lorentz-polarisation factors [19]
and spot shape effect [20].

Since the chloride crystals ueed for intensity data
collection were nearly cylindrical, the absorption correction
for cylindrical specimens, as given by Palm [21], wee applied

to the ehloride data. As mentioned earlier, the bromide
oerystals used were platy with a rectangular cross-section.
Hence, the computer programme ABSCOR, written by Ramesh
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Narayan, based on the method of Busing and Levy {22]
was used for correcting the absorption effects i n the
bromide data. This programme ABSCOR calculates the
absorption correction for monoelinic crystals of
rectangular cross-section mounted along the unique axis.
Por crystals mounted along the non-unique axis, the
programme is applicable only for correcting the
equatorial reflections. The principle behind the
calculations in ABSCOR is briefly described below.

Big. 4.1(a) shows the rectangular cross-section
of a monoolinic erystal mounted along its unique axis.
A rectangular coordinate system (1, 3, k) 1s chosen with
1 and 3 along the reciprocal cell vectors a* and b¥
so that % is perpendicular to i inthe &* o* plane.
The Oross-section of the erystal i n the xs-planeis a
rectangle of dimensions p x ¢ with the g edge oriented
along the direction ho;* 4 lo;* and the p-edge being
perpendicular toit, i.e., the p-faces of the crystal
are parallel to the planes (ho o] 10).

The equations of the four lines bounding the
erystal Cross-section can be written down with respect
to the coordinate frame (?., 3, X ) fnterms of p, q,
ho’ 10, etc.

The Ewald sphere construction is shownin Pig. 4.2.
For simplicity, the case of a zero level reflection hol



Pigure 4.2



Will be considered first. n, and n, are the unit
vectors along the reverse direction of the primary

beam, and the forward direction of the diffraoted beam,
respectively. 8 is the Bragg angle corresponding to the
reflection thol and O“AR Is the vector h;‘ + 10;‘ in
the reciprocal space. ai i s obtained by rotating O 1
in the clockwise direction by an angle (8 - 325) and
normalising it. Similarly 1, is obtained by rotating
0 R by (% = 8) and normalising it.

. . ~
Having obtained expressions for 2, and n

’
and the equations of the four bounding lines o trTe
crystal cross-section, the absorption correction i s calcu-
lated as follows. The rectangular crystal cross section
Is divided into a grid of n x m points (Fig. 4.1 (b)).

From any given grid point, the lengths of the interoepts
on the four bounding lines of the crystal are calculated
along the direction 31 . The smallest positive intercept
value (BG) is the length , traversed in the crystal by
the incident beam. Similarf'y, the length 1. traversed
by the diffracted beam is also ealeculated (GR). The
absorption correction for this grid point i s then given
by e"“(liﬂr), where u is the linear absorption co-
efficient for the crystal. Similar values are calculated
for all the nx m grid points and these are averaged
using the Simpson's rule for integration [23]., This
Integrated value gives the absorption correction



corresponding to the hol reflection considered,

The above discussion is for an equatorial reflection
of the type hnol. For the higher level reflections
(k # o) obtained from a crystal mounted along the unigue
axis, the values of 1; and 1,, as calculated above,
corregpond to the projected path lengths i n the xz-plane.
These values are scaled up by a factor sea», , where
Y, 18 the equi~inelination angle corresponding to the nth
level {lxl= n), to account for the deviation from the
equatorial plane. The scaled values are then used for

calculating; the absorption correction.

ABBCOR wes also used t 0 estimate the absorption
correction for the k1 type of equatorial reflections
obtained from a crystal mounted along the a-axis. Here,
the values of the indices h and k, and &* and b*, were

interchanged during the calculations.

The intensities were gealed t 0 an absolute value
using Wilson's statistics {24]., Fom the Wilson's graphs,
drawn using the three-dimensional intensity data, the
overall isotropic temperature factors B were estimated
as equal to 7.1 A"2 and 59 32, wvhich correspond to
ul - 0.09 32 and 0.07 Aa for the chloride and the bromide
structures respectively. These values are slightly high,
especially for the chloride structure, and the paucity



of the high angle observbd data in these structures
could be correlated to the large overall thexmal

parameters.

Structure Determination

Since the cholesteryl bromide molecule contained
the heavy bromine atom, the structure solution of the
Isomorphous compounds was attempted by the heavy atom
method [25] wsing the data from the bromide derivative.

A three-dimensional bromine-sharpened Patterson mgp was
computed using the intensity data of cholesteryl bromide.
In the space group P2,, the equivalent positions in the
unit cell are x, y, z and %, $ +y, 5. The Patterson
vector [u v w] = [2X%, %, 2%] represents the vectors
between the atoms related by the 2, sacrew axis and,
therefore, the v = -% section i n the Patterson mgp
corresponds to the wuHarker plane. The veotor distribution
I n the Patterson mg was highly directional. The veotor
density was found to be in the form of a strip running
parallel to the c-oell edge. In additioen to the highly
directional oharaoter, the very preferential distribution
of the Patterson vectorsin only a few sections of the
map Was very oonspicuous. Apart from the plane v = O,
which included the self-vectors at the origin, the

Barker plane v = % was the only other section where
vectors were found to be concentrated. fThe vector
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distribution in the other sectiona of the three-
dimensional mg only corresponded to the gradual fall

of the peak distribution found i n the v = 0 and Vv = 3
sections. The vector density distributionin the Harker
section was in the form of a strip of approximate width
6 A running parallel to the z-axis and centred about the
line u = »% These features indicated that the molecules

1S

were arranged parallel to the c-axis at x % (and by
symmetry at x = % also) inthe unit cell. The length
of the cholesteryl bromide, molecule i s approximately

19 3, and i s quite close to the length of the e-cell
edge, which is 21.83 i, Fig. 4.3 shows the vector
distribution i n the w#arker section of the Patterson
mep. The Br-Br vector, with a peak height nearly 1.5
times greater than the next highest peak could be easily
identified in the Harker plane. The x and z coordinates
of the bromine atom were calculated from the position of
the Br-Br vector in the |: arker section as x = -?523 and
5 = %—. The three-dimensional chlorine-sharpened
Patterson map was also computed at this stage, and it
was found to contain all the features of the bromine~

sharpened Patteraon mgp described above.

The x and 5 coordinates Of the bromine atom
obtained from the Patterson mgp were refined by block-
diagonal structure factor least~squares procedure after
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assigning the isotropic temperature factor of 5.9 A

obtained from the wilson's graph. In the space group
p2,, since the origin of the unit cell has to be on the
2, screw axis, and since there is no unique origin point
along the unique axis, in order to define the origin,
the y-coordinate of the bromine atom was assigned
arbitrarily and kept fixed. The R-factor at the end of
two cycles of refinement was 0.445.

A bromine-phased ¥ouriexr mgp and a difference
Fourier mgp were next computed. The eleotron density
distribution i n these maps were running parallel to the
c-axis, thus confirming the orientation indicated by the
vector density distribution in the Patterson map.
However, Dy placing atoms on the prominent high peaks
i n the electron density mgp, mo satisfactory melecular
moedel could be fitted. There were many more high peeks
than required. This feature was probably due to the use
of very limited data, which introduced very strong series
termination effects. Hence, as the next step, refinement
of the occupancy factors of 49 highest peaks in the
Fourier maps was undertaken. (Fig. 44 shows the peak
distribution i n the bromine-phased Fourier mgp.) Each
of these peak positions was assigned a normalised oOccupancy
factor of 0.%5 with the scattering factore of carbon, SO
that the effective number ¢f acatterers in the asymmetric

port of the unit cell was approximately equivalent to
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27 carbon atoms, which is the total number of carbon
atoms per molecule. fthe aontribution of the bromine
atom wae included in the structure factor caleulations.
At the end of two cycles of refinement of occupancy
factors, 19 positions were found to have occupancy
values greater than 0.7, while the others had values much
less than 0.4. Occupancy values of 1.0 were assigned to
these 19 positions and four cycles of |least-squares
Calculations refining the isotropic temperature faetors
and the positional coordinates were carried out, The
R-value reduced to 0.314. At the end of the fourth
cycle of refinement, 5 among the 19 positions were found
to have very high temperature factors (B > 20) and hence
were rejected from further calculations. The remaining
14 atomic positions have been marked in Fig. 45. In
order to appreciate the departure of this model from
the final structure, the Pinal refined coordinatee have
also been marked in this diagram. A Fourier magp wes
computed inoluding the contributions from the 14 atoms
(carbons) and the bromine atom. The electron density
distribution in this mag was not sufficiently resoclved
to enable the identification of the rest of the atomic
positions i n an unambiguous manner, but a unigue molecular
model which explained all the major features of the
electron density distribution could be fitted on the

dif fuse density. Subsequent lesat-sgquares calculations
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proved that the trial molecular model wes correct.
The model wes furthexr refined with both the bromide

and the obloride data.

Qe to the meagre amount of reflections data
avallable, the presence of 28 non-hydrogen atoms in the
asymmetric part of the unit cell leads to a very poor
refleotions to parameters ratio, the value being; v 4.1
for the chloride structure and ~2.6 for the bromide
structure. Hence, least-squares technigue alone could
not be employed for a meaningful. refinement of the
structure; Fourier and difference Fourier methods were
coupled with the least-squares teehnigue during the
refinement of the struecture. After every two eycles
of leeet-squares oalculations, Bourier and differenae
Fourier maps were computed. The maps were computed
after removing the contributions of 6 to 7 ecarbon atoms
at a time (i.e., atoms belonging to a ring or the end
chain). %kis corresponded t0 nearly 75-80% of the
‘_{t ‘ensure correct phasing.

I n general, the Fourier mags were considered more

scattering matter always put in

reliable anmd, whenever the least-squares refinement led
to bad molecular geomstry, the atemic coordinates were
adjueted only on the basis of the maps. The coordinates

derived on the vasie of these maos were used in the
subsequent least-squares calculations. fThus, the

positions of all the atoms in the molecule were adjusted



with the help of a aeries of Fourier and difference
Fourier maps and |leaat-squares refinement. 6 successive
cycles of refinement with the bromide data employing
this combination of teehniques reduoed the R-value to
0.183. All the atoms were refined isotropically and
Cruickshank's weighting scheme (26] of the form

W= 1/(a + bE, + oF%) with o = 1814, b = =0.014 and

O = 0,001 was used, A similar refinement on the trial
model using the chloride data and Cruickshank's weighting
scheme with a = 0.139, b = 0.207 and c = ~0.001 gave an
R-value of 0.22. Since the number of reflections for
cholesteryl chloride was slightly larger than for
cholesteryl bromide, all further refinement was carried

out on the chloride structure.

At this stags, some of the atoms of the ahain
at ¢(17) were found to have higher temperature factors
than the atoms i n the sterol nueleus. |In particular,
the themmal parameters of C(25), C{(26) and C(27) were
found to be significantly large. (Atem numbering is
shown i n Pig. {11 ). In the chloride structure, the
average ¥ value for the sterol ring eystem was 104 3\2
and thgae of c(z's)é ¢(26) and ©{27) were 17.8 A ,
15.1 A and 18.3 A respectively. Also, the molecular
dimenaions involving these three aloms were very different
from the standard values. The bond distances ¢{24)-C(25),

6(25)-C(26) and ¢(26)-c(27) were 1.80 &, 1.28 & g
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1.68 A respectively. All of them correspondto € 5 - ¢ g
sp Sp

type of bonds. Similar unusual features were found to
occur in the bromide structure also. Manual adjustnent

of these position6 wes not effective as the least-squares
shifts always tended to move the atoms back to the original
positions, leading to unsatisfactory molecular dimensions.
'Phase disconcerting features suggested the presence of
disorder in this part of the molecule. Hence, a difference
Pourier mgp wes computed using the chloride data, after
removing the contributions from the three atoms. The

map contained very diffuse areas of positive electron
density, the value varying from 1e/}13 to 3e/33. M this
distribution, two sets of positions could be fixed for each
of the three carbon atoms which were not included in the
map. Fig. 4.6 shows the eanposite electron density distri-
bution i n this region and the two sets of positiens assigned
for the three chain atoms. Least-squares refinement of

the occupansy factors of these two sets of positions wes
carried cut, starting with an initial value of ¢.5 for each
of them. The occupancy factors of the two sets refined

to the values 0.65 ad 0.35 respectively i n four eycles.
The set with the occupanoy value 0.65 corresponds to the
original set of positions.

Another striking feature noted from the difference
map was regarding the atoms ¢l and the covalently bonded

carbon atom ¢(3). rhe difference eleotron density aistri-



e s
st e

ma 4.-' Sompeeite glppiemn e g s e,

f_u1ed for the chain atoms ¢(25), 0(26) end al27)
have boon marked.



bution near the €1 and C(3) positions indicated highly
anisotropic thermal motions for these atoms ad there-
fore, in the subsequent calculatiomns, CL and C{(3) were
assigned anisotropic thermal parameters. Five more
cycles of block-diagonal least-squares refinement with
anisotropic thermal parameters for Cl| and C(3), alternated
with Fourier and difference Fourier synthesis, reduced
the R~factor to 0.18. The two sevs of positions for
¢(25), ¢(26) and ¢{27) were also refined isoiropically.
The molecular dimensions involving the atoms in the end
chain had noticeably improved after including the disorder
I N the least- squares refinement. In the course of the
laaat- squares refinement, the low angle reflections

110, 200 and 207 had F, values much greater than their
respective, ¥, values and hence were corrected for the
secondary extinction effect by the method of Zachariasen [27].

The refined coordinates of cholesteryl chloxride
were used to refine the structure of cholesteryl bromide.
Five cycles of least-squares refinement, altemmated with
Fourier and difference Fourier syntheses, using the
bromide data, gave an 3l-vdue of 0155 The atomsBr
and 0(3) were assigned anisotropio thermal parameters
during the refinement. The reflections 11C and 200 were
corrected fcr secondary extinction effects.

The refinement of the anisotropic thermal parameters



for the remaining atoms i n the molecule was not under-
taken due to %helack of a sufficient number of reflections.
The scattering factors given by Cromer and Waber [28] were
used i n these gcaleulations. Corrections for the anomalous

scattering effect have not been included.

4.4 Results and Discussion

The final positional and thermal parameters of
cholesteryl chloride and cholesteryl bromide are listed in
tables 4.2 and 4.3 respectively., Tables 44 and 45 give
the respective structure factors. The interatomic distances
are marked in Figures 4.7 and 4.8 and the valency angles
are listed in Tables 4.6 and 4.7 respectively. As
mentioned earlier, the number of observed reflectious was
very small and consequently, the standard deviations of
the molecular dimensions are high. However, as the number
of observed reflections for the ehloride Structure was
slightly more than that for the bromide structure, the
standard deviations for the dimensions i n the former are
found to be slightly lower than those i n the latter. Even
though the accuracy oOf the structure determination is
lowered on account of the large standard deviations of
the molecular dimensions, the details of the confermation
of the molecule and the molecular packing in the crystal
are not disputable. fThe lengths of the unsaturated ¢-¢
bonds in the steroid skeleton average to 1.55 + 0.08 }
and 1.58 + 0.17 % inthe chloride and the bromide structures
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structure faotors (x10)

the measured reflections of

-

.

The observed and esleulated valuer of

ard $ha phase values for all

cholesteryl chloride.
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and caloulated values Of structure factor 1¢
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Bond lengths ~ Cholesteryl Chleoride
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el ~G{3)-C(2)
€1 =C(3)-0(4)
G(1)=c(2)-0(3)
c(2)-c(3)-c(4)
G(3)-C(4)-C(5)
Cc(4)~-c(5)-c(10)
¢(5)=-c(10)-C(1)
¢(10)-c{1)-c(2)
c(5)=c(6)~c(7)
c{6)~-c(7)-C(8)
c{7)~c(8)~C(9)
¢c{a)=-c(9)-c(10)
c{9)~c(10)-C(5)
¢{10)-C(5) 6(6)
c(1)-c(10)-c(19)
¢{9)-C{10)-c(19)
€(1)~¢(10)~0(9)
C(5)~-c{10)}-C(19)
C(4)-c(5)-0(6)
o(8)~c(9)-c(11)
Cc(9)~c{11)~C(12)
C(11)=~C(12)-C(13)
C(12)-C(12)~3(14)
0(13)-C(14)=-C(8)
c(13)-C(14)-C(15)
Cc(14)-C(15)~c(16)

TABLE 4.6

Yalency Angles (°)
Cholestexryl Chloride

119(5)
110(5)
118(5)
111(6)
109(5)
121(5)
110(5)
114(5)
128(6)
113(5)
106(4)
115(4)
111(5)
119(5)

99{4)
112(4)
110(4)
114(5)
120(5)
113(4)
107(4)
110(4)
101{4)
110(4)

87(4)
110(5)

c(15)~c(16)~C(17)
c(16)~c(17)~C(13)
C(17)-c(13)-c(14)
c(12)~c(13)-c(17)
C{12)-c(13)~0(18)
G(17)~-0(13)-C(18)
¢(14)~C{13)-~C(18)
¢(8)~G(14)-C(15)
c(7)-c(8)~C(14)

c(10)-c(9)-c(11)

C(13)-c(17)~c(20)
g(16)-c(17)-c(20)
c{17)~-¢c(20)~C(21)
C(17)-0(20)~c(22)
¢(21)=¢{20)~C(22)
e(20)~c(22)~C(23)
0(22)~-C(23)~C(24)
c(23)-c(24)~C(25)
C(24)-C(25)-C(26)
c(24)-c(25)~c{27)
0(26)-c(25)-c(27)
c(23)-c(24)-0(2%2)

C(24)~C(252)--0(262)
0{24)-c(252)~C(272)
¢{262)-c(252)-c(272)

95(4)
111(4)
95(4)
113(4)
113(4)
112(4)
121(4)
118(4)
110(4)
103(4)
120(4)
101(4)
114(4)
109(4)
109(4)
106(4)
105(5)
116(6)
112(7)
108(8)
124(8)
102(8)
90(12)
95(13)
108(16)
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respectively. The average values of the valency angles
involving s;p3 hybridized carbon atoms i n the eyclohexane
rings of the chloride and the bromide structures are

110 £ 4° and 111 & 9° respeotively. The valency angles

I n the syclopentane ring average to 102 + 4° and 104 + 8¢
respectively.

The molecular dimensions of the terminal chain,
partioularly in the region beyond the atom ¢(24), are
not reliable because Of the disorder i N this region.
Other crystal structures in the choleatane group of
steroids exhibiting a similar type of disorder inthe

same region of the molecule are cholesterol monohydrate
{9], cholesteryl myristate [3] 3 ocholesteryl p-toluene

sulphonate {11], cholesteryl 17-bromoheptadecancate [17]
and sodium cholesteryl sulphate dihydrate [18]. Chandroes
and Bordner [ 11] propose that such a disorder of the
molecule could be of significance i n the study of biological
membrane systems and mey be taken as an indication that

the *%ail' isin a liquid or semi-liquid state in the
membrane system.

The appropriate ring torsion angles for the two
erystal structures are listed in Tables 48 and 4.9
respectively. The averages Of the endoeyclic torsion
angles o the rings 4,8,C and D in the cholesteryl chloride
molecule are 48°, 302, 63° and 3%6® respectively. The

a¥
(DA



 PABLE 4.8

Porsion Angles (®) = Cholesteryl Chloride

Ring 4

G(10)-G(1)=C(2)~c(3) -50
¢(1)-c(2)~c(3)-c(4) 5%
¢(2)-0(3)-C(4)~C(5) -47
c{3)-c(4)-c(5)-c(10) 48
C(4)~c(5)~0(10)-C(1) "y
C(2)=C{1)-C(10)-c(5)} 43
Ring B

c(10)~Cc(5)-C(6)~Cc(7) 5
c(5)~c(6)~c(7)-C(8) 8
c{6)-c(7)~Cc(8)~C(9) -38
c(7)-c(8)-~C(9)-c(10) 62
c(8)-c(9)~-c(10)~C(5) -51
C(6)=C{5)=-c{10)~-C(9) 16
Ring ©

c(14)-c(8)~C(9)~C(11) -62
e(8)~-c(9)-c{11)=-c(12) 54
¢(9)-c(11)=c(12)-C(13) ~58
C(1a)-c(12)-c(13)~c{.14) 63
¢(12)-¢{13)~-c(14)~0(8) -70
C(9)-c(8)-c(14)-C(13) 69
Ring D

C(17)~¢(13)-0(14)-¢(15) 53
C(13)~-Cc(14)-c(15)-C(16) ~46
C(14)-C(15)-C(16)~-C(17) 19
¢(15)-C(16)-C(17)-C(13) 19

C(14)~C{13)-C(17)~C(16) -46



TABLE 4.9

Torsion Angles (°) = Cholesteryl Bromide

Ring A

c(10)~-c(1)-c(2)-c(3)
c(1)-¢(2)-c(3)~-c(4)
c(2)~c(3)-c(4)~-c(5)
c(3)-Cc(4)-c(5)-c(10)
c(4)-c(5)~c(10)-c(1)
g{2)~c(1)-c(10)-c(5)

Ring; B
C(10)-¢(5)~-c(6)~C(7)
c(5)-Cc(6)-C(T7)-C(8)
c(6)-c(7)~-c(8)-C(5)
c(7)-c(8)-c(9)~c(10)
c(8)-¢(9)~-c(10)~C(5)
¢(6)~C(5)~0(10)~C(9)

Ring C
C{14)=~c(8)=0(9)-c(11)
c(8)-C(9)=c(11)~c(12)
¢{9)-c(11)-c(12)~c(13)
¢c(11)~c(12)-c(13)~C(14)
c(12)-c(13)~¢c(14)-c(8)
c(2)-Cc(8)-C(14)-C(13)

Ring D

c(17)-c(13)~c(14)-c(15)
C(13)-C(14)~C(15)-C(16)
c(14)~c(15)=-Cc(16)~C{17)
¢(15)-c(16)~-Cc(17)-0{13)
c(14)~Cc(13)=-c(17)-C(16)

-4 8
64
-56
54
-he
42

~12
25
-45
62

~3<

24

~-52
37
-31
44

-63

64

48
~35
11
18
-41

40



oorresponding values for cholesteryl bromide are 53°,

37¢, 49° and 30°. The nomenolature for theringsis as
shown ia (III). The asymmetry parameters, AC, and
AC,, of Duax and Norton [29}, which define the deviation
of the conformation of aring from the ideal conformations,
have been caleulated for the rings of both the struotures

These are listed in Table 4.10. The mirror plane

asymmetry parameter AC, given by
m s iR
2= (gy + 9
eI
AC =
8 n '

i s a measure of the deviations from mirror symmetry about
a plane perpendicular to the dominant ring plane. The

two-fold axis asymmetry parameter AGC, given by

m 2 11/2
}_* Wi - ‘Pi)
i=1

Ac, = -
is & measure of the deviaticns from two-fold symmetry
about an axis lying in the &Gominant ring plans. The
cpi's and cpj'fs are symmetry related torsion angles
and n IS the number of such pairs (Fig. 4.9). The nomen-
clature defining the location of an asymmetry parameter
includee the symmetry symbol and the lewer numbered atom
or bond intersected by the symmetry element. For example,



ABLE 4.10

Asymmetry Parameters

(1) For Cholesteryl chloride

Ring A AC (1) = 6.7 ACy(1-2) = 7.6
0Cg(2) = 3.7 ACy(2-3) = 4.5
ACy(3) = 3.8 AC,(3~4) = 5.4
Ring B AC (5) = 31.4 AC,(5-6) = 11.2
A (6) = 15.9 DOH(6-T) = 44.7
DC(T) = 47.3 L0,(7-8) = 55.6
Ring C ACS(B) = 0.7 A02(8—9) = 13,8
ACL(9) = 9.0 AC,(9-11) = 5.3
AC (11) = 2.4 AC,(11-12) = 8.6
Ring D AC(13) = 19.2 AC,(13-14) = 0.65
AC (14) = 20.0 AC,(14-15) = 52
NG (15) = 54.5 AC,(15-16) = 83.6
Acs(m) = 70,1 A02(16—-17) = 83,2
NG (17) = 53.7 A02(17-‘--13) = 51,1



Table 4.10 (continued)

(11) For Cholesteryl bronide

Ring 4

Ring B

Ring C

Ring b

ACL (1)
AC,(2)
AC(3)

AC,(5)
NG (6)
AC (1)

Ac (8)
AC(9)

=

it

R

#

7.8
12.1
8.1

19.5
i5.4
34.8

18.2
23.5

Ac (1) = 5.8

AC(13)
Ac (14)
Aca(‘ls)
AC (16)
Ac_(17)

13.2
23.3
49.3
57.1
44.6

AC,(1-2) = 157
AC,(2-3) = 9.8
AC,(3-4) = 7.8

A02(5-6) = 5,0
HCL(6-T) = 35.4
Aca('r-a) m- 38,2

Acz(a-s;*) = 28,5
Aez(11~12) = 9.3

AcCy(13-14) = 6.5

A02(14-15) 49.0
Ac,(15-16) = 72.9

A0,(16-17) = 68.9
AC,(17-13) = 58.7

1]
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g
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in Fig. 4.9(a), the two-fold axis biseots the bonds 1-2
and 4-5, and hence %hecorresponding asymmetry parameter
i S represented a8 Al,{1~2). Similarly, the asymmetry
parametexr connected with the mirror plane passing through
atoms 2 and 5 (shown in Fig. 4,9(b)) is represented as
AT (2).

Rings A and ¢ in the molecule are i n chain
sonformation with ring C more distorted than ring A In
ring ¢, the mirror plane through the atoms €(11)-C(14) is
dominant. Ring 5 has an 83,% half-chair conformation
induced by the double bond between Q5 and ¢(6). Ring
D is i n 138,14a half-chair conformation.

A aurvey of the ring conformations i n the various
eryastal struotures belonging to the cholestane group of
steroids indicates that ¢yelohexane rings comprised Of
sp3 hybridized carbon atoms tend to have chair conformation.
Thie IS found tO be true in the case of oholesteryl echloride
and oholesteryl bromide. It would be appropriate to
compare these imomorphous crystal structures with those
of cholesteryl ivdide (form B) (%}, cholesteryl p-toluene
sulfonate [11] and sodium cholesteryl sulphate dihydrate
[18] wince all these have identical sterold skeletons,

with a double bond between G(5) and ¢(6). It is found
that the conformations of rings A, 3 and ¢ are the same

in all these structures. Ring D i n choleeteryl iodide



isin 139.179_: half-chair conformation, whereas in all

the others it is found to have the 138, 14a half-chair
conformation, The A-B ring junctions i n cholesteryl
chloride ad cholesteryl bromide are quasi~trans. 2he
other two ring Junctions, viz., B-C and C-D are trans.
This is in conformity with the ring junction geometry
required in the ¢holestane group of steroids [30]. The
side ehain at C(17) is in an extended conformation. The
pseudo-torsion angle ¢(19)-C{10) ... C(13)-C(16) 1is 15¢
in the chloride, structure and 11° in the bromide structure.
The ccrreeponding value i n the crystal. structure of
cholesteryl iodide [5] is 7°. Thus, the overall apparent
twist of the steroid nucleus in these srystal structures

1S small.

Fig. 4.10 givee the perspective view of the
cholesteryl chloride molecule. | n Fig. 4.11, the final
positional coordinates of cholesteryl chloride and
cholesteryl bromide have been plotted together to enable

a aomparison of the isomorphous structures.

Fig. 4.12 and 4.13 show the molecular packing in
the ac- and bc-planes for cholesteryl chloride. Since
the packing diagrams for cholesteryl bromide are identical,

they are net shown separately. The unit cell is two
molecules thick, one molecule wide and one molecule long.
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