
NMR is one of the most effective analytical instrumenta-
tions to elucidate the dynamic nature of organic molecule in
solution.1,2) Other instrumental analyses such as MS and X-
ray help to reveal the role of hydrogen bonding in solution
which are of great importance in the field of biology and or-
ganic chemistry.

A great number of reports with respect to development of
the new NMR-based techniques using nuclear Overhauser ef-
fect (NOE) and molecular diffusion measurement have been
presented.3—8) Although, many reports can be found about
correlation between molecular weight and diffusion coeffi-
cient of small molecule in polymer or polymer gel,9–11) sys-
tematic studies of diffusion coefficient of small molecule it-
self in solution have not been reported so far.

Recently, we reported the structure analysis, in solution, of
five steroid compounds (progesterone 1, estrone 2, cortisone
3, hydrocortisone 4, cholic acid 5) by the use of cold-spray
ionization (CSI)-MS,12) PFG NMR and X-ray analysis.13)

Narcissistic aggregation (formation of large-scale aggregated
chain structure or cluster) based on the intermolecular hydro-
gen bonding at the hydroxyl and carboxyl functionalities was
confirmed. Moreover, in this previous report, reasonable cor-
relation between hydrogen bonding and cluster formation
was obtained in the crystal as well as in solution. However,
quantitative analysis based on strength of the hydrogen bond-
ing and diffusion coefficient was not achieved by PFG NMR.

Therefore, accurate NMR diffusion experiments on the
five initial steroids as well as seven additional one are pre-
sented. The formation of the hydrogen bound clusters in di-
luted solution quantified by diffusion coefficient measure-
ments. The results obtained from PFG NMR are further con-
firmed and compared with the results obtained by CSI-MS
and X-ray analysis.

Results and Discussions
A total of twelve steroid compounds including the previ-

ous steroids (1—5,13) androsterone 6, norethisterone 7, dehy-
droepiandrosterone acetate 8, 11a-hyrodoxyprogesterone 9,
corticosterone 10, prednisolone acetate 11, cholic acid
methyl ester 12), have been analyzed.

CSI-MS measurements are performed to analyze the na-
ture of the steroids in solution. As previously described, the
twelve compounds are classified through three hydrogen
bonding types, strong (type A), weak (type B) and none (type
C). The strength depends on the number of hydroxyl
group(s) in the backbone chain. Compounds 6—12 exhibit
significant correlation between the number of hydrogen
bonding and the cluster formation as observed in the CSI-
MS spectra. Typical pattern of the CSI-MS spectra of each
type, A (11), B (9) and C (8) are shown in Fig. 1. Na� at-
tached to the molecular ion peaks are undeniably observed in
type A compounds, which includes 3, 4, 5, and 11. Rather
weak aggregation is observed in type B spectra, compounds
2, 6, 7, 9, 10, and 12 whereas no chain interaction is seen for
compounds 1 and 8 (type C). The CSI-MS classification of
the cluster type is summarized in Table 1.

The self-diffusion coefficient (Dobs), obtained by PFG
NMR, of the steroid compounds are measured.14,15) The cor-
relations of Dobs vs. molecular weight Mcal

16—20) and Dobs vs.
calculated volume Vcal are obtained as shown in Figs. 2a and
b, respectively. The calibration profile (lines A, C) are deter-
mined from seven reference compounds; ethyl acetate,
methyl cyclohexane, xylene, methyl benzoate, pyrene, iso-
propyl palmitate and tri-n-caprylin (open circle). No hydro-
gen bonding for these compounds is expected because they
have neither hydroxyl nor carboxyl groups. The least-squares
results based on the ten steroid compounds (open triangle),
excluding non interactive type compounds 1 and 8 (closed
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triangle), are represented in lines B and D. The least-squares
result to determine each calibration profile is listed in Table
2. Mcal, Vcal and Dobs used in these experiments are shown in
Table 3.

The high profile fitting, observed in line C (R2�0.99)
when comparing the least-squares lines A and C, suggests
that the molecular volume might be critical to determine dif-
fusion coefficient. A shift of least-squares lines in both line
pair, A–B and C–D indicates a reduction of the diffusion co-
efficient. This strongly suggests that for these steroid com-
pounds the formation of intermolecular hydrogen bonding in
solution makes the molecules large enough to resist diffusion
in solution. In the case of least-squares lines C and D
(y�ax�k), the inclination (k) of both lines are almost identi-
cal. The k values in line C and D are �0.65 and �0.63, re-
spectively. This is corroborated by the presence on line C
(Fig. 2b) of 1 and 8. The two compounds show no intermole-
cular hydrogen bonding in solution. On the other hand, the
other steroid compounds, which possess hydroxyl group(s),
are clearly located line D (Fig. 2b) indicating the formation
of intermolecular hydrogen bonding. Although CSI-MS mea-
surement in solution suggests that the observed diffusion co-
efficient Dobs may vary on the number of hydrogen bonding,
the actual observed Dobs value determined from the diffusion
studies diminished constantly without correlation on the de-
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Fig. 1. Typical Three Types of Spectra, A, Strong (Compound 11), B,
Moderate (Compound 9) and C, Weak (Compound 8)

Fig. 2. (a) Correlation between Molecular Weight and Dobs, (b) Correla-
tion between Molecular Volume and Dobs

Full (upper) and expanded (lower) range are shown. �: reference compounds, �:
steroid compounds, �: the steroid compounds excluding least-squares calculation.

Table 1. Classification of the Cluster Type Observed by CSI-MS

Steroid Type of spectrum

1a) C
2a) B
3a) A
4a) A
5a) A
6 B
7 B
8 C
9 B

10 B
11 A
12 B

a) See ref. 13.



creasing number of hydrogen bonds.
The crystal structures of the twelve steroid compounds

have been elucidated in order to confirm the formation of in-
termolecular hydrogen bonding in the solid state, see Fig. 3.
Hydrogen bonding in crystals are represented by dotted line.
Methanol molecules are observed in the crystal packing of 4,
5 and 12. Strong hydrogen bonds are formed between
methanol and the corresponding steroid molecule (4, 5, 12).
Solvent molecule is not observed in the other crystals. 3 and
10 have two hydroxyl groups in backbone. 10 forms one-di-
mensional chain structure while 3 exhibit two-dimensional
hydrogen bonding network. CSI-MS spectra of these two
compounds are found to be quite different from each other,
suggesting different cluster structure in solution. Compound
12 which formed dimeric cluster in the crystal belonged to
type B classified based on CSI-MS analysis. Hydrogen bond-
ings are observed in every hydroxyl groups of the steroid
compounds. It is found that the hydroxyl group, which plays
important donor roles in hydrogen bonding, might form hy-
drogen bonding in solution in most cases. However, no hy-
drogen bonding between methanol and carbonyl group is ob-
served, methanol being a good proton acceptor.

In conclusion, formation of hydrogen bonding in steroid
compounds in diluted solution is observed by using PFG
NMR, CSI-MS and X-ray analysis. By NMR diffusion stud-
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Fig. 3. The Crystal Structure of Steroid Compounds by X-Ray Analysis

The dotted lines denoted hydrogen bonding.

Table 2. Least-Square Results of the Calibration Profiles

Reference Steroid

Mcal�Dobs A: y�2.96�10�8x�0.66 B: y�1.93�10�8x�0.61

(R2�0.96) (R2�0.84)
Vcal�Dobs C: y�2.53�10�27x�0.63 D: y�5.57�10�8x�0.65

(R2�0.99) (R2�0.88)

Table 3. Calculated Molecular Weight (Mcal), Molecular Volume (Vcal) and
Observed Diffusion Coefficient (Dobs) of Steroid Compounds

Steroid Mcal Vcal (�10�28 m3) Dobs (�10�10 m2/s)

1a) 314 2.25 6.98
2a) 270 1.81 6.29
3a) 360 2.32 5.58
4a) 362 2.36 5.18
5a) 408 2.84 4.54
6 290 2.12 5.85
7 298 2.07 5.72
8 330 2.28 6.81
9 330 2.28 5.38

10 346 2.33 5.40
11 402 2.61 5.17
12 422 2.96 4.61

a) See ref. 13.



ies, clear least-squares lines shift of observed diffusion coef-
ficient vs. molecular weight and volume comparing reference
compound and steroid compound definitely prove the forma-
tion of cluster of these compounds in solution. However this
result obtained from the diffusion study only characterizes
the cluster formation of the steroid compound, because an
averaged molecular state is observed in solution in the case
of NMR measurement. Quantitative study to prove the exis-
tence in solution of weak hydrogen bond interactions is per-
formed by CSI-MS measurement where in the solid state, X-
ray structure analysis is used.

Experimental
All the steroid compounds (1—12) were measured at the following condi-

tions.
NMR diffusion experiments were carried out on a JEOL JNM LA-600

spectrometer. The measurement conditions were as follows: pulse sequence,
bipolar-pulse-pair stimulated-echo (BPP-STE), data size 32k, spectral width
6500 Hz, gradient length 0.8—1.5 ms, diffusion time 100—110 ms, recycle
delay 7.5 s, solvent CD3OD : D2O�98 : 2, temperature 10 °C, sample con-
centration 10 mM. The gradient strength was varied 15 steps to 30 Gauss/cm.
Dobs were measured after 1 h at 10 °C for stabilization and by using 3 mm
I.D. sample tube due to the decrease of the solution by thermal convection.
The volume of the electron density isosurface was determined after optimiz-
ing the molecular geometry using MOPAC with PM3 parameters on CAChe
WorkSystem Version 5.02.

CSI-MS measurements were performed with a sector (BE) mass spec-
trometer (JMS-700, JEOL) equipped with a CSI source. Typical measure-
ment conditions are as follows: ionization mode positive CSI, acceleration
voltage 5.0 kV, needle voltage 0 kV, orifice voltage 40 kV, sample flow rate
8 m l/min, solvent CH3OH : H2O�98 : 2, sample concentration 10 mM, spray
temperature �20 °C, resolution (10% valley definition) 1000.

X-Ray crystallographic diffraction data were obtained on a Bruker
SMART 1000 CCD diffractometer with graphite-monochromated MoKa ra-
diation. The structures were solved by direct method and refined by full-ma-
trix least-squares method. All non-hydrogen atoms were refined anisotropi-
cally. All calculations were performed using the teXsan crystal structure so-
lution software package. Single crystals were obtained by recrystallization
from methanol solution at room temperature.

All steroid compounds were purchased from Tokyo Kasei Kogyo Co., Ltd.
Reference compounds in diffusion studies were also commercially available.
All reagents were used without purification. Deuterated solvents, 99.8%
CD3OD and 99.9% D2O, were purchased from Merck Ltd. and Cambridge
Isotope Laboratories, Inc., respectively.

Androsterone (6) The CSI-MS spectrum is classified into type B. The
diffusion coefficient is 5.85�10�10 m2/s. Crystal data: C19H30O2, M�290.44,
monoclinic, space group P21(#4), a�9.445(2), b�7.954(2), c�11.715(3),
V�820.3(3) Å3, a�90°, b�111.251(3)°, g�90°, Z�2, Dcalc�1.176 g cm�3,
T�173.2 K, m=0.74 cm�1, (MoKa�0.71069 Å), R�0.049, (Rw�0.057) for
4902 observed reflections [I�2.0s(I)], GOF�1.620 (CCDC 261296).

Norethisterone (7) The CSI-MS spectrum is classified into type B. The
diffusion coefficient is 5.72�10�10 m2/s. Crystal data: C20H26O2, M�298.42,
orthorhombic, space group P212121(#19), a�6.514(2), b�12.066(3),
c�20.748(6), V�1630.7(7) Å3, Z�4, Dcalc�1.215 g cm�3, T�173.2 K,
m�0.76 cm�1, (MoKa�0.71069 Å), R�0.039, (Rw�0.052) for 9950 ob-
served reflections [I�2.0s(I)], GOF�1.070 (CCDC 261297).

Dehydroepiandrosterone Acetate (8) The CSI-MS spectrum is classi-
fied into type C. The diffusion coefficient is 6.81�10�10 m2/s. Crystal data:
C21H30O3, M�330.47, orthorhombic, space group P212121(#19),
a�9.008(3), b�12.549(4), c�16.567(5), V�1872.8(9) Å3, Z�4,
Dcalc�1.172 g cm�3, T�173.2 K, m�0.76 cm�1, (MoKa�0.71069 Å),
R�0.044, (Rw�0.056) for 11311 observed reflections [I�2.0s(I)],
GOF�1.130 (CCDC 261298).

11aa-Hydroxyprogesterone (9) The CSI-MS spectrum is classified into
type B. The diffusion coefficient is 5.38�10�10 m2/s. Crystal data: C21H30O3,
M�330.47, orthorhombic, space group P212121(#19), a�8.414(2),
b�10.686(3), c�20.050(5), V�1802.8(6) Å3, Z�4, Dcalc�1.217 g cm�3,
T�173.2 K, m�0.79 cm�1, (MoKa�0.71069 Å), R�0.034, (Rw�0.045) for
10953 observed reflections [I�2.0s(I)], GOF�0.940 (CCDC 261299).

Corticosterone (10) The CSI-MS spectrum is classified into type B.
The diffusion coefficient is 5.40�10�10 m2/s. Crystal data: C21H30O4,
M�346.47, monoclinic, space group P21(#4), a�8.308(2), b�12.192(4),
c�8.953(3), V�906.8(4) Å3, Z�2, Dcalc�1.269 g cm�3, T�173.2 K,
m�0.86 cm�1, (MoKa�0.71069 Å), R�0.043, (Rw�0.049) for 5346 ob-
served reflections [I�2.0s(I)], GOF�1.390 (CCDC 261300).

Prednisolone Acetate (11) The CSI-MS spectrum is classified into type
A. The diffusion coefficient is 5.17�10�10 m2/s. Crystal data: C23H30O6,
M�402.49, monoclinic, space group P21(#4), a�8.519(5), b�13.915(8),
c�8.985(5), V�1039.1(9) Å3, a�90°, b�102.688(8)°, g�90°, Z�2,
Dcalc�1.286 g cm�3, T�173.2 K, m�0.92 cm�1, (MoKa�0.71069 Å),
R�0.077, (Rw�0.093) for 6279 observed reflections [I�2.0s(I)],
GOF�1.790 (CCDC 261301).

Cholic Acid Methyl Ester (12) The CSI-MS spectrum is classified into
type B. The diffusion coefficient is 4.61�10�10 m2/s. Crystal data:
C25H42O5(CH3OH), M�454.65, monoclinic, space group C2(#5),
a�24.894(6), b�7.778(2), c�15.087(4), V�2512.7(10) Å3, a�90°,
b�120.672(3)°, g�90°, Z�4, Dcalc�1.202 g cm�3, T�173.2 K,
m�0.83 cm�1, (MoKa�0.71069 Å), R�0.046, (Rw�0.057) for 7644 ob-
served reflections [I�2.0s(I)], GOF�1.110 (CCDC 261302).
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