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Abstract: There are two possible isomers of the useful steroid spin label, 3-doxyl-5a-cholestane [CA 18353-76-9]. In order to
determine which of these isomers is present in the recrystallized synthetic product, the spin label was trapped in a thiourea
inclusion crystal. An esr spectral analysis unambiguously identifies the included spin label as 3(e)-doxyl-5a-cholestane, the
isomer with the C-N bond in the equatorial position with respect to the steroid A ring. By computer subtraction of the corre-
sponding solution spectrum, it is estimated that at least 95% of the recrystallized synthetic product is the equatorial isomer.
No axial isomer was detected in the recrystallized synthetic product or the inclusion crystals.

In 1967 Keana, Keana, and Beetham! introduced what
has become one of the widely used spin labels for studying
biological membranes. The molecule is 3-doxyl-5a-choles-
tane (1), the 4’,4’-dimethyloxazolidine- V-oxyl derivative of
Sa-cholestan-3-one.

1

Important information concerning the orientation, aniso-
tropic motion, and diffusion of membrane lipids is being ob-
tained using this steroid and closely related derivatives.2-8
An analysis of the resulting electron spin resonance line
shapes requires a knowledge of the stereochemistry of 1.
Given the stereochemistry of the parent compound, Sa-cho-
lestan-3-one, the oxazolidine ring formation leads to two
possible isomers as shown in Figure 1. The purpose of this
study is to identify which of these two isomers predominates

in the crystalline product used in the spin-labeling experi-
ments.

We approach this problem by trapping 1 in the tubular
cavities of a thiourea inclusion crystal. The basic structure
of the thiourea inclusion crystal, which is independent of
the guest molecule, has hexagonal cavities 7 A in diameter
extending along the sixfold symmetry axis. The guest mole-
cule 1 can only orient in the tubular cavities with its long
axis (z,) parallel to the needle axis of the crystal. With this
knowledge of the orientation and an analysis of the esr spec-
tral anisotropy, it is possible to unambiguously identify the
isomer of 1 present in the crystal.

Experimental Section

3-Doxyl-Sa-cholestane was synthesized from 5a-cholestan-3-one
(Steraloids, Inc.) by the procedure of Keana, et al.,! and recrystal-
lized from ethanol (mp 160-161° uncor). Single crystals of the 3-
doxyl-5a-cholestane-thiourea inclusion compound were grown as
follows. The spin label (8 mg) was dissolved in 6 ml of ethanol sat-
urated with thiourea (Mallinckrodt); this solution was saturated
with D(+)-camphor (U. S. P. grade, Aldrich Chemical Co.); a
small excess of camphor was then added and the solution warmed
on a hot plate to dissolve the excess; the warmed solution was al-
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Figure 1. Structures of the two isomers of the 3-doxyl-Sa-cholestane
spin label.

lowed to cool to room temperature with small needle-like crystals
forming over a period of 3 hr. The camphor acts as a2 molecular
spacer to minimize magnetic interactions between spin labels in
the tubular cavities of the inclusion crystal.

The esr spectra of several inclusion crystals (1 X 3 mm) aligned
on the Teflon tip of a crystal mount were recorded at 9.5 GHz on a
Varian E-line spectrometer. 4 and g values were measured using a
V-4502 spectrometer equipped with a V-4532 dual cavity. The A4
values were measured as the distance between the low-field and
center lines on the single-crystal esr spectra (because of line broad-
ening of the high-field line at some orientations). Di-tert-butyl ni-
troxide was used as a reference. A 5 X 1074 M solution of this ni-
troxide in 0.01 M phosphate buffer (pH 7.0) has an '*N coupling
constant of 17.16 £ 0.01 G and a g value of 2.0056 + 0.0001.°

The solution spectrum of 3-doxyl-Sa-cholestane, which had pre-
viously been trapped in inclusion crystals, was obtained in the fol-
lowing manner. The inclusion crystal (17.3 mg) was dissolved in
1.3 ml of H;0-methanol (3:1, v/v) and then extracted with 1.0 ml
of CDCl;. The CDCl; solution was deoxygenated by bubbling N,
into it. Solution spectra were recorded at 9.5 GHz on a Varian E-
line spectrometer with the modulation amplitude set at 2 X 102
G.

Results and Discussion

A. General Properties of the Inclusion Crystals and Orien-
tation of the Guest Molecules. Esr spectra of the cholestane
nitroxide trapped in thiourea consist of 2/ + | = 3 lines
with the center position (g value) and !“N hyperfine split-
ting (A) varying with the orientation of the crystal in the
magnetic field (). Defining Z; to be the needle axis of the
inclusion crystal, the esr spectra with H parallel and per-
pendicular to this axis are shown in Figure 2. These spectra
represent the minimum and maximum splittings observed
for any orientation of the crystal and are therefore the prin-
cipal orientations. The H perpendicular to Z; spectrum is
invarient to rotation of the crystal about its needle axis.
This interesting behavior, combined with the observed line
shape, can result only from rapid rotation or large ampli-
tude oscillations of the spin label about the crystalline Z,
axis and is consistent with previous studies showing that or-

y
ALz, A
| i
_J’\ |
\ |
| I
| —]
206

Figure 2, Room temperature esr spectra of 3-doxyl-Sa-cholestane
trapped in a single crystal of thiourea. The top and bottom spectra
were recorded with the magnetic field parallel and perpendicular to the
crystalline needle axis, Zi, respectively.

ganic molecules trapped in thiourea exhibit a high degree of
motion.-!3

A molecular model of the hexagonal cavity in the thio-
urea inclusion crystal was constructed using the X-ray crys-
tallographic data of Lenne!! and Schlenk!? (Figure 3). This
cavity parallels the crystalline needle axis, Z,. Corey-Paul-
ing-Koltun space-filling models of both isomers of the cho-
lestane nitroxide are essentially cylindrical in shape with a
length of 24 A (along the z» molecular axis) and a diameter
of 6 A. Upon inclusion, either isomer would be oriented
with the molecular z; axis parallel to the crystalline needle
axis, Z, (Figure 4). The invariance of the esr spectrum to
rotation about Z; when H is perpendicular to Z, can now
clearly be interpreted as the result of rapid rotation or large
amplitude oscillation about the molecular axis, z».

B. The Anisotropy of the Esr Spectra Fits Only the Equa-
torial Isomer. An esr spectral determination of orientation
or molecular motion requires a knowledge of the spatial re-
lationship between the nitroxide axes (x,y,z) and the molec-
ular axes (x2,)2,z2) of both the cholestane nitroxide isomers
in Figure 1. The 3(e)-doxyl-5a-cholestane (isomer A) has
the N-O group in an equatorial position on the same side of
the steroid A ring as the Cy9 axial methyl group and has
been referred to as the cis isomer.? Isomer B, 3(a)-doxyl-
Sa-cholestane, has the N-O group in an axial position. The
nitroxide z axis, defined as parallel to the nitrogen and oxy-
gen 2p orbitals associated with the unpaired electron, is
nearly perpendicular to the long molecular z, axis in both
isomers. However, the orientation of the nitroxide y axis
differs with respect to the z; axis in the two cases. Previous
studies employing the cholestane nitroxide spin label2-® ac-
knowledge the possible existence of both isomers but as-
sume the presence of only the equatorial isomer, 3(e)-doxyl-
5a-cholestane, for the purpose of theoretical treatments. In-
clusion of the cholestane nitroxide in thiourea affords the
opportunity of using esr spectral anisotropy to examine this
assumption. :

The rapid rotation model provides a good description of
the spectral anisotropy of this spin label trapped in thiourea
in spite of the fact that the relative line heights of the H
perpendicular to Z; spectrum in Figure 2 indicate that we
are dealing with a somewhat lower frequency or amplitude
of motion. The rapid rotation model is justified because the
H perpendicular to the Z; spectrum is isotropic to rotation
about Z, and because we are more interested in 4 and g
value anisotropy than spectral line shape. Detailed descrip-

Journal of the American Chemical Society | 97:3 / February 5, 1975


x2.y2.z2

Figure 3. Top view of the hexagonal cavity formed in thiourea crystals.
The diameter of the cavity is approximately 7 A .

tions of the rapid rotation model for spin labels are given
elsewhere.*!'* The main effect of rapid rotation is to reduce
the spin Hamiltonian to an axially symmetric form with
motion-averaged principal values g, g,, and 4|, 4, . For
example

8 = g, cos’ 0, + g, (1 —cos® 6,) +

(gex — 8yy) Sin® 0, cos® ¢, (1)
and
g = ., 2(1 = cos® 8,) + g,,(1 + cos? 6,) +

where g.., g,,. g.. are the principal values of the nitroxide g
tensor. Cos 6, 1s the direction cosine between the molecular
z3 axis and the nitroxide z axis and cos V¥ is the direction
cosine between y, and y (see Figure 1). The corresponding
equations for 4| and 4, are exactly the same as eq 1 and 2
with A,,, A,,, A.. replacing g««, gy, .- The resulting an-
isotropy equations are

g = ;,:, 0082 0[} + er_ Sine 6}[I (3)
and
A = (A cos® 0, + /12 sin’ Qn)”? (4)

where 6y is the angle between the magnetic field and the
axis of rotation, z,; and g and A4 characterize the three-line
esr spectrum in the laboratory coordinates.

We now calculate the motion averaged 4 and g principal
values from eq 1 and 2. From Figure 1 it is evident that the
z, molecular axis lies in the xy plane of the nitroxide and
the molecular x, axis is parallel to the nitroxide z axis for
both isomers. Thus 6, , defined by the direction cosine be-
tween z; and z, is ~90° in each case. However, >, defined
by the direction cosine between y;, and y, differs considera-
bly for the two isomers, being approximately 106° for the
equatorial 1somer and —35° for the axial isomer. Using
these values of 6, and ¥, and the principal values of 2-dox-

Table I. Calculated and Experimental Motion Averaged
Principal Values

Equatorial Axial
isomer isomer Exptle
21l 2.0060 2.0078 2.0061
& 2.0054 2.0045 2.0055
4, G 5.4 5.7 5.5
4,,G 19.4 19.2 20.0

¢ The experimental errors are estimated to be +0.0002 for ¢ and
=+0.1 for A.
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Figure 4. Top view of the hexagonal cavity in a thiourea inclusion crys-
tal occupied by the 3(e)-doxyl-Sa-cholestane molecule.
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Figure 5. Anisotropy of the splitting constant of 3-doxyl-Sa-cholestane
trapped in thiourea. The open circles are experimental points. The
dashed and dotted lines are the predicted anisotropies of the equatorial
and axial isomers, respectively.

ylpropane (g, = 2.0088, g,, = 2.0058, g.. = 2.0022, 4, =
59G, A, =54G, A,. =329 G)"" ineq | and 2, the mo-
tion averaged principal values for each isomer are those
given in the first two columns of Table I. There is little dif-
ference between 4| or A calculated for the two isomers.
However, significant differences exist in the averaged g
values of the equatorial and axial isomers. The g value an-
isotropy described by eq 3 thus affords a means of distin-
guishing between the two isomers.

Esr spectra of the cholestane nitroxide in a thiourea in-
clusion crystal were recorded at 10° intervals from 0 to
180° as the crystal was rotated in the magnetic field. Since
the cholestane nitroxide is oriented in the inclusion crystal
with the molecular z, axis coincident with the Z; axis, 6y in
eq 3 and 4 becomes the angle between the magnetic field
and the Z, crystal axis. In Figure 5 the experimental split-
tings and the predicted splittings for each isomer calculated
from eq 4 are plotted vs. 6. This plot does not clearly deter-
mine which isomer is included but the similarity of the pre-
dicted and experimental curves supports the use of the rota-
tion model to describe the overall experiment.

A plot of the experimental g values vs. 6 is given in Fig-
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Figure 6. The g value anisotropy of 3-doxyl-5a-cholestane included in
the thiourea host crystal. The open circles are experimental points. The
dashed lines are the predicted anisotropies of the equatorial and axial
isomers.

ure 6. Also plotted in Figure 6 are the predicted g value an-
isotropies for the equatorial and axial isomers calculated
from eq 3 and the motion averaged principal values of
Table 1. We note that the experimental curve (solid line) is
very nearly the same as that predicted for the equatorial
isomer. The difference between these two curves can be ac-
counted for by the choice of the 2-doxylpropane values and
polarity effects. The predicted anisotropy curve of the axial
isomer is markedly different from the experimental data.
No spectral lines are observed which could be assigned to
the axial isomer. The presence of as little as 10% of the
axial isomer would have easily been detected because of the
large difference in g value anisotropies. We conclude there-
fore that only the equatorial isomer, 3(e)-doxyl-Sa-choles-
tane, is present in the thiourea inclusion crystal.

C. Solution Spectra Confirm That the Equatorial Isomer
Predominates in the Synthetic Product. Thus far we have
shown that only the equatorial isomer is detected in the in-
clusion crystal. The next logical step is to conclude that only
the equatorial isomer is present in the recrystallized product
from the 3-doxyl-Sa-cholestane synthesis. There is, how-
ever, a possibility that the inclusion crystal preferentially
selects the equatorial isomer from the synthetic product.
For example, it has been reported that when thiourea inclu-
sion crystals are formed from mixtures of squalene isomers
the all-trans isomer is preferentially included.!® The models
of Figure 1 show that the N-O and 4’-methyl groups of the
axial isomer distort the cylindrical symmetry which could
make it thermodynamically less likely to be trapped in the
inclusion crystals. In order to examine this possibility the
solution spectra of the trapped spin label and that of the
crystalline reaction product are compared. These solution
spectra are given in Figure 7. There is no discernable differ-
ence between these two spectra. Furthermore, we have per-
formed a spectral subtraction of spectrum a from b and find
no residual component.'® We conclude that the overwhelm-
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Figure 7. The esr solution spectra of 3-doxyl-Sa-cholestane obtained
(a) by extraction from the inclusion crystal and (b) directly from the
recrystallized reaction product. In both cases the solvent was deoxy-
genated CDCl; and the spectra were recorded at room temperature.

ing majority (>>95%) of the recrystallized cholestane nitrox-
ide is the equatorial isomer, 3(e)-doxyl-5a-cholestane.'”
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