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NMR Relaxation Studies on Testosterone in Solution: Magnetic Field Dependence
of '3C T, and Anisotropies in the Chemical Shift
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The magnetic field dependence of NMR '*C relaxation times have been measured for testosterone
in CDCl,. The data were analysed by a computer-assisted method based on the molecular
reorientational motion. For the quaternary carbons, contributions from other than the dipole—dipole
relaxation mechanisms are separated into the two terms of chemical-shift anisotropy (7,¢4) and
spin—rotation interaction (7,SR). Anisotropies in the chemical shift are derived from 7,4 thus
separated. These anisotropies are comparable to the existing data, supporting this method of
treatment. The barrier to internal rotation is determined for the two methyl groups; it is higher for
the 19-methyl by ca. 2 kJ mol™ than for the 18-methyl.

Recently the NMR spectra of steroids have become tractable:
several techniques have been exploited to determine relaxation
times! and NOE factors, and two-dimensional NMR
experiments have been performed in order to assign spectra and
to derive solution structures.? The !'3C spectrum of a
representative steroid testosterone [17B-hydroxyandrost-4-en-
3-one, (1)], has been assigned unequivocally by several
investigators.> In our previous study of testosterone by NMR
spectroscopy* the temperature dependence of '*C T, was
measured in [2Hg]DMSO and treated by a computer-assisted
method of analysis. As a result of this study, the dynamic
properties such as the rate constants, as well as the activation
energies, were derived for the molecular reorientational motion
and hence a mechanism was inferred for the relaxation of
quaternary carbons.

(1) Testosterone

The relaxation mechanism can also be studied by analysis of
the magnetic field dependence of relaxation times. Since high-
field NMR spectrometers have become available recently, such
a study is expected to afford a successful separation of the
components of the dipole-dipole interaction (7,PP), the
chemical shift anisotropy (7,*), and the spin-rotation
interaction (7,%%). The value of T,“* affords the anisotropy in
the chemical shift.> This anisotropy, which depends on the
electronic structure of molecule, has recently attracted attention
in organic structural chemistry in relation to solid-state NMR
spectroscopy. In the present study, T,“* and T, 5® are separately
determined and Ao is estimated for the quaternary carbons. The
resulting Ac values are comparable to the existing data.

Experimental
Testosterone obtained from Tokyo Kasei Co. and CDCI,; from
Merck were used without further purification. The sample

solution of 0.56 mol dm™ was sealed under Ar gas after being
degassed by the freeze—pump—thaw method. Pyrex tubes with
¢ = 10and 5 mm were used for the measurements under 25 and
125 MHz, respectively. The '3C relaxation time 7, was
measured with JEOL PS-100 (25 MHz) and GX-500 (125
MHz) spectrometers at room temperature. The inversion—
recovery method was adopted for the 7, measurement. The
relaxation times of the proton-bearing carbons and the
quaternary carbons were measured separately by adopting
different waiting times which were all longer than 5T,. The 90°
pulses were 14 ps at 25 MHz and 12 ps at 125 MHz. The number
of FID accumulations were 128 at 25 MHz and 64 at 125 MHz.
The measurement of '3C T, was repeated more than five times
and the raw data were averaged to obtain the experimental
values and their standard deviations. The NOE factors were
measured with waiting times longer than 107, using 64K data
points for the spectral width of 20 kHz at 125 MHz. The
computer program TIANSOC ¢ was used for the analysis of T,
data. Calculations were performed on NEAC S-1 000 and SX-2
computers at the Computation Centre, Osaka University.

Results and Discussion
The experimental T values are listed in Table 1. It is seen that
the magnetic field dependence is more pronounced than the
temperature dependence reported in the previous study,* which
indicates that a study of the former will be more useful. The T,
data for proton-bearing carbons are simulated by the program
T1ANSOCS® assuming a full contribution from the dipole—
dipole mechanism, since the experimental NOE factors are
larger than 1.8 (including errors of the order of +0.2 for these
carbons). The calculated values of T, are also listed in Table 1
(as T,PP,,..); the molecular dynamics parameters obtained are
listed in Table 2. The dynamic models adopted are the isotropic
and axially symmetric top models.® The anisotropic model gives
smaller standard deviations (sd) between the observed and
calculated relaxation times for the proton-bearing carbons
(Table 2) although the fully anisotropic model failed to give a
satisfactory simulation because of the rather small distribution
of the directional cosines for the C-H vectors in testosterone.
These results are in common with those observed in
[2H¢]DMSO.*

The molecular dynamics parameters determined here for
testosterone in CDCl; are seen to correspond approximately to
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Table 1. '3C T, “ Analysis of testosterone in CDCl, at 25 and 125 MHz.
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125 MHz 25 MHz
T]DD““ T1D cale

Shift

(ppm) Site T ovs Model 1?  Model2® 1 T ovs Model 1 Model 2
199.91 3¢ 8.57 + 0.20 33.93 29.65 0.61 18.44 + 0.24 28.81 23.37
171.53 5¢ 6.09 + 0.17 25.09 19.46 0.61 13.52 + 0.17 21.30 15.81
123.80 4 1.62 + 0.13 1.91 1.75 1.83 1.85 + 0.10 1.62 1.96
8144 17 1.77 + 0.11 1.78 1.77 1.85 148 + 0.09 1.51 1.37
53.96 9 1.74 + 0.10 1.80 1.66 1.85 1.50 + 0.11 1.53 1.38
50.52 14 1.74 + 0.16 1.80 1.70 1.78 149 + 0.04 1.53 1.34
42.84 13¢ 1048 + 0.31 15.54 13.80 1.82 10.94 + 0.16 13.19 11.14
38.70 10¢ 12.69 + 0.55 17.81 16.12 1.76 12.26 + 0.29 15.11 1245
36.48 12 093 + 0.09 0.96 0.95 1.81 0.82 + 0.04 0.82 0.88
35.74 1 1.56 + 0.07 097 1.23 1.90 1.20 + 0.05 0.82 0.95
35.74 8 1.56 + 0.07 1.77 1.74 1.90 1.20 + 0.05 1.51 1.35
3391 2 094 + 0.10 097 0.96 191 0.89 + 0.01 0.82 0.82
32.81 6 0.92 + 0.06 097 0.94 193 0.79 + 0.02 0.82 0.84
31.59 7 091 + 0.09 0.96 0.86 1.77 0.75 + 0.04 0.81 0.75
3034 16 0.99 + 0.05 0.96 0.94 1.96 0.81 + 0.06 0.82 0.87
23.37 15 091 + 0.04 0.96 1.09 1.98 0.73 + 0.05 0.81 0.79
20.70 11 0.89 + 0.05 0.96 0.88 191 0.75 + 0.03 0.81 0.75
17.42 194 191 + 0.14 191 191 1.98 1.82 + 0.07 1.82 1.82
11.09 184 3.00 + 0.19 3.00 3.00 193 2.56 + 0.10 2.56 2.56

“The unit of T, is s. * The molecular dynamics models are: isotropic model (model 1) and axially symmetric model (model 2). ¢ Quaternary carbon.

4 Methyl carbon.

Table 2. Molecular dynamics parameters of testosterone in CDCl;

measured at 25 and 125 MHz.

Table 3. Molecular dynamics parameters® for the internal rotation of
methyl groups in testosterone.

Model Parameters at 125 MHz at 25 MHz
Isotropic D/10° 57! 7.77 £ 0.95 8.59 + 0.76
sd/s® 0.206 0.161
Axially D,/10°s™! 1.88 + 0.15 1.79 + 0.14
symmetric D,/D, 19.3 + 3.2 153 + 2.7
0 41 + 9° 25 + 14°
[0) -39 +6° —49 + 21°
sd/s 0.152 0.135

9sd is the standard deviation between the observed and the recalculated
relaxation times for the proton-bearing carbons.

those determined in [2Hg]DMSO at 70 °C. These parameters
were found to be dependent on the solvent viscosity, in
[2Hs]DMSO.* However the value of In D obtained in CDCl, is
lower than that expected from the viscosity dependence in
[2H¢]DMSO. Further examination was not attempted, but two
factors can be cited to explain the above discrepancy. Firstly, the
viscosity of a solution is different to that of the pure solvent, and
secondly solute-solvent interactions can affect the dynamic
properties of solutes in solvents. The values of 6 and ¢, which
indicate the tilted angles between the major axis of the
reorientational motion and that of the moment of inertia (see
Figure 1 in ref. 6), are non-zero and do not change significantly
between the two solvents. Also the ratio of the two rate
constants D, and D,, which indicates the anisotropy in the
molecular motion, does not show any clear difference between
these two solvents.

Internal Rotation of Methyl Groups—This effect can be taken
into account by the program TIANSOC when the rotation
occurs around an axis tilted by a definite angle from the major

* Here, the temperature-dependent viscosity is predicted by the relation,
log n = —0.998 82 + 14.149/T + 111,256/T?, derived from the data
between 25 and 55 °C.”

Model 1°* Model 2°
Methyl
group Tyo0s D; Vo D, Vo  Conditions
19-Methyl 182  7.75 119 829 117 inCDCl, (25 MHz)
191 723 120 733 120 inCDCl, (125 MHz)
151 095 11.8 095 11.8 in[*H¢]JDMSO
(40 °C)*
245 126 122 125 122 in[?Hs]DMSO
(70 °C)¢
3.67 164 126 166 126 in[*Hs]DMSO
(100 °C)¢
18-Methyl 2.56 1563 101 155 101 inCDCI, (25 MHz)
300 1840 9.7 1720 99 inCDCl, (125 MHz)
219 254 92 345 84 in[*H,]DMSO
(40 °C)*
393 350 93 468 85 in[*Hs]DMSO
(70 °C)¢
574 429 96 502 9. in[*H,]JDMSO
(100 °C)¢

“ The units of T, D;, and V, are s, 10! 57!, and kJ mol™, respectively.
> The dynamics models for the molecular reorientational motion are
isotropic (model 1) and axially symmetric (model 2) ones. ¢ The data in
[2H4]DMSO are cited 4 for comparison and were measured at 25 MHz.

axis of molecular reorientational motion. In this case, the **C
T, of a methyl carbon is reproduced by an appropriate value of
the rate constant D; for the internal motion. Therefore, '3C T
for methyl groups thus calculated coincides with the observed
values, as shown in Table 1. The resulting D; values are listed
in Table 3. The barrier to internal rotation V is easily derived
for the methyl group from equation (1) where D, is the rate

D; = D;gexp(— Vo/RT) )]

constant pertinent to the zero barrier and is equal to
0.86 x 103 s7! at 30°C, adopting (kT/I)* as its measure.*
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Table 4.!3C T, © analysis of testosterone in CDCl, at 125 MHz.
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TibD " b
Shift
(ppm)  Site Tt Model1 Model2 T,°%* T, T, Ac (ppm) N,° Neate” Tobs”
199.91 3 8.57 339 297 115 147 52.1 196.2 3 0.57 0.61
171.53 5 6.09 25.1 19.5 8.04 102 380 2356 3 0.62 0.61
4284 13 10.5 15.5 13.8 322 74.3 56.8 87.3 7 1.51 1.82
3870 10 127 17.8 16.1 4.1 208.0 56.1 522 6 1.57 1.76

“ The unit of T, is s. ® The values of 7,PP,,,. of model 2 (axially symmetric model) are cited for the calculation of 1, since this model is more
elaborate, whereas those of model 1 (isotropic model) are cited for the calculation of Ac as in this case T, is expressed by an isotropic model using a
single t, value. © N, indicates the total number of a-protons, and 7 is the NOE factor.

The values of V, thus derived are included in Table 3, as are
the previous results observed for the same parameters in
[2Hg]DMSO. It is seen that the ¥, values observed in the
present case in CDCl; do not depend on the NMR frequency of
measurement and that they are consistent with those observed
in [2Hg]DMSO in the previous report. These facts support the
experimental methods and interpretation of the !3C T, data in
these studies. Our results indicate that the 18-methyl group
rotates faster than the 19-methyl group, in testosterone. This
trend is in common with that in 1-dehydrotestosterone (2), for
which 'H relaxation times (7)) are 1.1 s (18-methyl) and 0.6 s
(19-methyl) 2* whereas opposite results are reported in Su-
androstane (3), for which ¥, amounts to 12.6 kJ mol™
(18-methyl) and 9.6 kJ mol-! (19-methyl).® Furthermore, the
rate constant D; is larger for 19-methyl than that for 18-methyl
in several derivatives of 5z-androstane.® These results indicate
that unsaturation in the A-ring tends to hinder the internal
rotation of the 19-methyl. This tendency may be explained by
the interaction of methyl groups with the steroid axial hydrogens:
asymmetric placement of hydrogens will enhance a rotational
barrier, thereby slowing down the rate of internal rotation.®

OH

(2) 1-Dehydrotestosterone

(3) S5a-Androstane

Relaxation Times of the Quaternary Carbons—In this case
the contribution of other than the dipole—dipole relaxation,
T,°"*™s, can be derived after estimating the part of 7,°P from the
molecular dynamics parameters listed in Table 2 and then
subtracting this part from the experimental relaxation data as
shown in equation (2). T,°"*™ can then be separated into the

VT = 1Ty g — 1/T1PPcate @

two parts of T,5* (spin-rotation interaction term) and T,°A
(chemical-shift anisotropy term) from the analysis of the
magnetic field dependence, by means of the ‘iteration method’
already reported® and of the ‘1. correction method’ (see the

Appendix). The results are summarized in Table 4. The value
of T,PP_. parallels the number of «-protons, and the
contribution of T,PP becomes distinct for the sp* carbons of
C(10) and C(13). From the analysis of the temperature
dependence in [?Hg]DMSO in the previous report,* it is
suggested that the quaternary sp? carbons relax through both
the chemical-shift anisotropy and the spin—rotation interaction,
whereas the quaternary sp> carbons relax mainly through the
spin—rotation interaction and the dipole—dipole interactions
with the protons in the vicinity. This tendency is proved
quantitatively in the present study (see Table 4). The NOE
factors are calculated from the results of T, data simulation to
be 1.988 x T qus/ T1PP.aic- These values agree closely with the
experimental ones (Table 4), hence supporting this method of
analysis.

From the separated values of the T,“A anisotropy in the
chemical shift, Ac can be derived for the quaternary carbons
[equation (A3)]; the results are included in Table 4. Positive
values are tentatively assigned for Ac in Table 4 although only
absolute values are available from the relaxation time. The Ac
value of C=0O is ca. 200 ppm, approximately equal to the value of
acetone (193 ppm).® This value is seen to be decreased when an
electronegative atom is attached to the C=O group. That is,
Ac = 136.2 ppm for the N-C=0 carbon in strychnine in the
previous report® and Ac = 171.2 ppm for the F—-C=0O carbon.®

In conclusion, the magnetic field dependence of '*C T, values
for testosterone can be analysed successfully to give the
chemical shift anisotropies of quaternary carbons, through the
separation of the experimental relaxation time into its
components. Thus, this method of analysis is shown to be
important and useful in the study of the dynamics and
structures of molecules in solution.

Appendix

The ‘1, Correction Method’ for the Separation of T °"" into
the Two Terms of T, and TSR —In the previous report,® the
authors have proposed the ‘iteration method’ which is
summarized in equations (A1) and (A2). Here, the isotropic

1 _ I/Tlpthers(IZS) _ I/Tlothers(ZS) Al)
[TICA(125)]0 - 1 — {TC(ZS)/zsrc(l25)} (
1 _ 1 1
[TlCA(125)]" [TlCA(IZS)]O I:TlSit(IZS)]”_1
1 - (125)/., (25)
A B

1 — {t,@9)2500129)

model has been assumed for the simple expressions of T, and
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TSR [equations (A3) and (A4)].>1° Also 1., which is equal to
1T, = (2/15)2nv,Ac)t. (A3)
YT, = @P353){(C)? + 2C.)B3)11)  (A4)

1/6D, is allowed to differ at the two NMR frequencies of 25 and
125 MHz, since it is experimentally difficult to maintain a
constant sample temperature when the NMR frequency is
changed by using different spectrometers. The numerals in
parentheses indicate the frequencies at which the spectra were
measured. [ ], indicates a first estimate and [ ], means the nth
one. Equation (A2) is iterated to obtain a self-consistent value of
T,“A129 Then T,S*(12% js obtained according to equation
(A5). In fact, equation (A2) was repeated about five times only

I/Tlothers = I/TICA + l/TlsR (AS)

to reach the final values in Table 4.

In the present study, an alternative method is proposed which
may be called the ‘t, correction method’. This does not need
repeated calculations, in contrast with the ‘iteration method’.

Equations (A6) and (A7) hold for the T,°™*"* obtained at the

I/Tlolhers(IZS)l = l/TlCA(IZS)l + I/TISR(IZS)I (A6)
I/Tlolhers(ZS)Z = I/TICA(ZS)Z + I/TISR(25)2 (A7)

two NMR frequencies. Here, (125)1 indicates the value at 125
MHz corresponding to a correlation time 1.*’, and (25)2 means
the value at 25 MHz corresponding to the time 1.?. Equation
(A7) is corrected below for the difference in the NMR frequency
and .. From the expressions for 7,4 and T, %® [equations (A3)
and (A4)], equations (A8)—(A11) are obtained.

SR(25)2 = (25)2 /. (25)1 SR(25)1
T, {z22 29Ty (A8)

CA(25)2 _ 251 (25)2 CA(25)1
T, AR 1Ty (A9)
TISR(25)1 = TISR(125)1 (AIO)
T[CA(ZS)I — 25T1CA(125)1 (All)

Therefore, equation (A7) is transformed into equation (A12),

25)2
1 A 1 +
Tlolhers(25)2 Tc(l25)1 25 T[CA(IZS)I
(125)1
T, 1
e ——— (Al2)
TC(ZS)Z TISR(125)1

in which 1,25 is replaced by 1,25 since 1, itself does not
depend on the NMR frequency if other conditions are the same.
Elimination of the term 7T,S*(!2)! from equation (A12) using
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equation (A6) followed by rearrangement gives equation (A13).

I/TlCA(IZS)l = {I/Tlolhers(l25)l _ (TC(ZS)Z/IC(IZS)I)
(I/Tlolhers(25)2)}/{1 _ (1/25)(rc(25)2/th125)1)2} (A13)

Therefore, T,°A at 125 MHz can be calculated from the data of
T,°"** and 1, obtained at 125 MHz and at 25 MHz. T,® can
then be calculated from equation (AS).

The ‘iteration method’ is more appropriate when the values of
7. at the two NMR frequencies are not very different, or when
TSR is long and the spin-rotation mechanism does not
contribute significantly. In this case, the correction term (i.e. the
2nd term) on the right-hand side of equation (A2) is small and
[T,€A129], will converge rather easily. When this is not the
case, the ‘1, correction method’ will be efficient. However, in the
latter method, T, and T,5* are assumed only as possible
mechanisms for T,°"*"* and the 1. and v, dependences of T,¢A
and T,%® are utilized rigorously to eliminate the term of T,5%.
Therefore, the latter method is expected to become more
sensitive to the approximation (isotropic model) pertinent to
equation (A4) of T,5*. In the present study the two methods
gave consistent results, and no further comparisons were made.
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