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The cordon-national equilibrium of lo,2Sdihydroxyvitamin DS (3) was studied by variable 
temperature ‘H and r3C NMR spectroscopy. At temperatures below - 100°C two conforma- 
tions in a ratio of 55 : 45 were observed by splitting of the signals for H-3cr, H-4o, and H-6. A 
free enthalpy of interconversion was estimated to be AGFg3., ,39.6 kJ/mol from the r3C NMR 
spectrum at -80°C. From an analysis of the A-ring coupling constants in various solvents, 
we propose that the A-ring of 3 undergoes chair-chair interconversion in hydrophobic media 
and chair-half-chair interconversion in hydrophilic media. 6 1990 Academic PXSS, 1~. 

INTRODUCTION 

It is well known that vitamin D3 (1) is hydroxylated to 25-hydroxyvitamin D3 (2) 
in the liver and subsequently to la,25-dihydroxyvitamin D3 [ 1 ,25-(OH)*D3, (3)] in 
the kidney (1). The renal metabolite 1,25-(OH)zDj is capable of producing all the 
known physiological responses attributable to vitamin D3, such as calcium ab- 
sorption in intestine, bone calcium mobilization, and calcification of bone (I, 2). 
The mode of action of 1 ,25-(OH)*D3 is believed to be mediated by an intracellular 
receptor as is the case for other classical steroid hormones (3). An active form of 
vitamin D3, 1 ,25-(OH)*D3, binds an intracellular receptor protein present in the 
target organs with high affinity and specificity, and formation of this hormone- 
protein complex is thought to be the first step for vitamin D actions. Topological 
features of vitamin D metabolites as receptor ligands are very important. There- 
fore, actual conformations of vitamin D metabolites have been a subject of consid- 
erable interest. Recently the primary structure of the human vitamin D receptor 
protein was determined (4). However, topological features of the binding site(s) 
have yet to be clarified. To obtain insights into this important hormone action, 
further in-depth knowledge of the actual conformation of the active hormone is 
necessary (Scheme 1). 

In the crystalline form, vitamin D3 exists as a 1 : 1 mixture of two different chair 
forms of the A-ring (5). The conformation of 25-hydroxyvitamin D3 in the crystal- 
line state appears to exist as only one of those conformations with the 3@-hydroxyl 
group equatorial (6). However, no X-ray analysis of vitamin D3 derivatives pos- 
sessing a biologically important la-hydroxyl group has been reported. 

In solution, vitamin D and its derivatives, including 1 ,25-(OH)2D3, have been 
discussed by means of NMR spectroscopy. These studies have shown that the A- 
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(1) Vitamin D, (R,=H, R,=H) 
(2) 25Hydroxyvitamin D, (Rr=H, R,=OH) 

(3) lcc,25Dihydroxyvitamin D, (Rt=OH, R,=OH) 

SCHEME I 

ring of these compounds exists in two chair conformations, which are under 
dynamic equilibrium in solution (7-18). However, two conformations were not 
directly observed in solution and the equilibrium was only discussed on their 
averaged proton-proton vicinal coupling constants. As far as 1,25-(OH)2D3 is 
concerned, a few reports suggested that two chair conformations exist in an 
almost equal ratio based on the vicinal coupling constant of H-3a-H-4 (10, 18). To 
obtain further information on the actual conformation of this class of important 
hormones we undertook a study on solution conformation of 1 ,25-(OH)2D3, taking 
advantage of variable temperature ‘H and i3C NMR spectroscopy. Here we de- 
scribe a conformational equilibrium of the A-ring of 1,25-(OH)2D3, and solvent 
effects for conformation are also discussed. 

RESULTS AND DISCUSSION 

NMR spectroscopy is most appropriate for the conformational analysis, espe- 
cially cyclohexane derivatives like the A-ring of 1,2.5-(OH)2D3. Various parame- 
ters can be used for the investigation of conformational equilibrium such as the 
areas of the separated signals, the chemical shifts, the coupling constants, and the 
bandwidth of the signals (19). The variable temperature NMR technique is one of 
the most frequently used technique for analysis of conformational interconver- 
sion. First, we investigated the iH NMR spectra of 1 ,25-(OH)2D3 at a variable low 
temperature, which are shown in Fig. 1. While the resolution was not high due to 
high viscosity of the solvent under these conditions, each signal at H-3a, H-4cr, 
and H-6 was well split into pairs below -100°C. These experiments clearly indi- 
cated that 1,25-(OH)zD3 exists in two major conformations under the conditions, 
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FIG. 1. Variable temperature IH NMR (400 MHz) spectra of 1,2.5-(OH),D,: (A) at - 110°C in 
CD30D-CFC13 (1: l), (B) at -100°C in CD30D-CFC&, (C) at -100°C in CD30D, (D) at -90°C in 
CD30D, (E) at -80°C in CDSOD, and (F) at 0°C in CD,OD. The asterisks denote the solvent signals. 

and the relative equilibrium ratio was estimated to be approximately 55 : 45 from 
these spectra. One of the split signals of the H-3 observed at about 4.2 ppm at 
- 100°C must be assigned to an equatorially oriented proton and the other at about 
4.0 ppm to an axially oriented proton on the basis of the shielding effect of a 
cyclohexane ring (19). This ratio is in good agreement with the calculated ratio 
from the coupling constant between H-3a and H-4/3 (IO, 18). Unfortunately, other 
kinetic parameters could not be determined from the spectra, because a lower 
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temperature NMR spectrum was not informative due to low resolution. Conse- 
quently, the exact chemical shifts of protons on the A-ring due to two frozen 
conformations were not accurately obtained and it was also difficult to analyze the 
separated signal shapes due to homonuclear coupling. But, at any rate, this is the 
first, to our knowledge, to directly observe two conformations of the vitamin D 
derivatives in solution. 

It should be noted that, as to the protons on the A-ring, the signals of H-3a and 
H-4a were observed in paired signals, but the signal of H-1/3 could not be ob- 
served as two signals under the same conditions. Since the chemical shift differ- 
ences between equatorially and axially oriented oxymethine protons in chair- 
formed cyclohexane derivatives are generally relatively large ((20, 21) see also 
Fig. 3), H-l nucleus would have given rise to large chemical shift differences in 
two conformations such as those of the previously proposed complete chair-chair 
interconversion (10, 18). The fact was reverse; therefore, the present data may 
imply that two A-ring conformations of 1,25-(OH)2D3 are not in the complete 
chair-chair interconversion and that either one or both conformations might be 
deformed chair conformation under these conditions. 

i3C NMR analysis is suitable for the study of the conformational equilibrium 
because of superior signal separation and of elimination from complication due to 
homonuclear coupling (22). We therefore investigated this equilibrium by means 
of i3C NMR spectroscopy under variable temperature. As can be seen in Fig. 2, 
the signals, especially those due to the A-ring carbons, changed from sharp lines 
at 20°C into the broad signals below -80°C. Signal splitting was not detected even 
at -100°C. Thus, as in the case of ‘H NMR spectra, the exact chemical shifts of 
the two possible conformations could not be determined. However, since the 
coalescence temperatures of the signals of the C-l and C-4 carbons were esti- 
mated to be near -80°C from the spectra, an approximate value for the equilib- 
rium rate constant K, was estimated to be about 80 s-i from the half-maximum 
intensity linewidth (23) from the signals of the C-l and C-4 at -80°C. A free 
enthalpy of the interconversion barrier at this temperature was calculated to be 
about, AGf,., , 39.6 kJ/mol by the Eyring equation (22). 

To determine the actual two conformations of 1 ,25-(OH)*D3, we analyzed the 
averaged coupling constants on ‘H NMR compared with model compounds as 
well as the previous studies (7-28). Previous work used the coupling constants of 
3,3,4,4,5,5hexadeuteriocyclohexanol as the model for the coupling constants of 
H-3a of vitamin D derivatives. Because the coupling constants in various solvents 
were not obtained, we chose cis- and truns-4-tert-butylcyclohexanol as the model 
compounds for the coupling constants of H-3a. As the suitable model compounds 
of the coupling constants of H-lfi, cis- and trans-5-tert-butyl-2-methylenecyclo- 
hexanol were synthesized. The chemical shifts and the coupling constants of the 
model compounds are shown in Fig. 3, and the chemical shifts and the coupling 
constants of 1,25-(OH)zDs are listed in Table 1. We were aware, at this point, of 
solvent dependency of the proton-proton coupling constants on the A-ring, espe- 
cially the H-lb signal in ‘H NMR spectra. In CDjOD, the H-l signal of 1,25- 
(OH)*D3 was observed as a triplet at 4.29 ppm (J = 6.0 Hz), but as a double 
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k4.9 (4.8) 
J=2.7 (2.8) 

FIG. 3. Observed chemical shifts and coupling constants of the model compounds in CDClr and 
CDrOD. Coupling constants are given in hertz and data recorded in CD30D are shown in parentheses. 

doublet at 4.43 ppm (J = 4.0 and 7.5 Hz) in CDC13 (24). The partial spectra of 1,25- 
(OH)*DS in CD30D, CDC&, and mixed solvents are shown in Fig. 4. 

Averaged values of J axlal,axial equalorial,equatorial -J and Jaxial,equatorial-Jequalorial,axial of the 

model compounds based on the equilibrium ratio (55 : 45) appear to agree quite 
satisfactorily with the vicinal coupling constants of H-3~H-4a and H-3a-H-4P in 
all solvents, respectively. In the case of the H-l signal, calculated values accord- 
ing to the equilibrium ratio are reproducible with those of the experimental values 
in CDClj, but, in CDjOD, averaged values are largely out of the experimental 
coupling constants. The larger coupling constant of H-l (i.e., Ju-IP,H-Za) tends to 

TABLE 1 

Chemical Shifts and Coupling Constants of 1,25-(OH)1D1 in 
CDSOD and CDQ” 

In CDxOD In CDCll 

18-H 0.52 (s) 0.54 (s) 
21-H 0.91 (d, J = 6.3) 0.94 (d, J = 6.2) 
26 and 27-H 1.11 (s) 1.20 (s) 
4fl-H 2.20 (dd, J = 13.5, 6.8) 2.32 (dd, J = 13.6, 6.7) 
4a-H 2.46 (dd, J = 13.5, 3.5) 2.59 (dd, J = 13.5, 3.4) 
9fi-H 2.82 (dd, J = 11.9, 3.6) 2.83 (dd, .I = 11.8, 3.7) 
3a-H 4.07 (m) 4.23 (tt, J = 6.5, 3.5) 
lp-H 4.29 (t, J = 6.0) 4.43 (dd, .I = 7.5, 4.0) 
19E-H 4.84 (dd, J = 2.3, 0.9) 5.00 (br s) 
19Z-H 5.23 (dd, .I = 1.2, 2.4) 5.33 (br t, J = 1.4) 
7-H 6.03 (d, .I = 11.3) 6.02 (d, .I = 11.3) 
6-H 6.27 (d, J = 11.3) 6.38 (d, J = 11.3) 

n Chemical shifts are in 6 units. Multiplicities and coupling con- 
stants (in hertz) are given in parentheses. 
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PPM !  
~----r-T-p-n-l-r--r-- ,I----~rrr-l-r--,~-,-~~, 

4.4 4.2 4.0 

FIG. 4. Segments of ‘H NMR spectra (500 MHz) of 1 ,25-(OH)2DS in various solvents: (A) in CDC&, 
(B) in CDQ-CD,OD (5 : 5), (C) in CDC&-CDSOD (3 : 7). and (D) in CDSOD. 

decrease and the smaller one (i.e., Ju+.& to increase depending upon the 
hydrophilic nature of the solvent. These results suggest that, in a nonpolar sol- 
vent, the A-ring of 1,25-(OH)2D, exists in two chair conformation, whereas, in 
hydrophilic media, such a complete chair-chair interconversion becomes less 
favorable. In methanol the coupling constant of H-2-H-3 was also affected by 
deformation of the A-ring. 

Thus, we propose that the A-ring of I ,25-(OH)2D3 exists in equilibrium between 
two chair conformations in chloroform and that, in methanol, the A-ring of I ,25- 
(OH)zD3 is under equilibrium between a chair conformation and a half-chair con- 
formation. As shown in Fig. 5, in CDJOD, one conformer consists of a chair 
conformation possessing the equatorial orientation of the 3/3-hydroxyl group and 
the axial-oriented la-hydroxyl group. The other has the axial 3/3-hydroxyl group, 
the pseudo-equatorial la-hydroxyl group, and the flattered nature of conjugated 
double bond moiety. These arguments were reinforced by calculations of the 
vicinal coupling constants of the proposed conformations using the Karplus-Al- 
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:L‘_ Hod in CD,OD 

OH 

55 : 45 

FIG. 5. Proposed conformations under dynamic equilibrium of 1,25-(OH)zD3 in CDCI, and CD3OD. 

tona correlations (25). The deformed cyclohexane conformation may be attributed 
to an unfavorable interaction between the exomethylene group and the lar-hy- 
drox.yl group, and a coplanarity of the conjugated double bond may play an 
important role. Since such an interaction between the exomethylene and the la- 
hydroxyl group may be increased by hydrogen bonding of the la-hydroxyl group 
with hydroxylic media, in methanol such a repulsion might be superior to the 
energy due to the deformation of the cyclohexane ring, but in chloroform the 
reverse may be the case. Since the proposed equilibrium may cause close shield- 
ing environments of the H-l nuclei between two conformations, it seems likely 
that the H-l signal was not split by ‘H NMR spectroscopy at low temperatures. 

To confirm the supposed conformations under equilibrium, MM2 calculations 
together with a m system treatment were carried out taking into account the 
possible conformations on the model compounds of the A-ring of 1,25-(OH)zD3. 
As shown in Fig. 6, two minima were obtained within a reasonable energy range. 
The calculations are in good agreement with the experimental results, thereby 
concluding that the A-ring of 1,25-(OH)*D3 exists in two chair conformations in 
the hydrophobic media. But, the calculations were not reproducible for the con- 
formations in hydrophilic media, because the MM2 calculation did not consider 
the interaction with the solvent. 

Studies on structure-activity relationships for vitamin D and related derivatives 
discussed previously that the la-hydroxyl group was essential for the biological 
activities (26). It was also claimed that the equatorial orientation of the la-hy- 
droxyl group was important for optimization of biological activities on the basis of 
studies on relationships between conformations and biological activities of dihy- 
drotachysterols (8, 9). However, the present studies, using natural hormone I ,25- 
(OH)zD3, suggest that the equatorial orientation of the la-hydroxyl group is less 
favorable and prefers the pseudo-equatorial direction at the ground state under 
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& Model compound of A-ring of 1,2S-(OH),D, 

Ho““ 
OH 

9.22 kcal Steric Energy 8.86 kcal 

FIG. 6. The results of MM2 calculation of the model compound for the A-ring of l,ZS-tOH)lD,. 

hydrophilic conditions. We recently discussed that a zigzag conformation of the 
side chain in 1,25-(OH)2D3 was important for biological activities (27). But, the 
concept of conformational optimization of biological activities, especially eluci- 
dating an actual binding conformation of 1,25-(OH)2D3 to the receptor, is clearly 
one that should be further examined. 

In conclusion, we were successful in directly observing the two major confor- 
mations of 1,25-(OH)zD3 with the low temperature ‘H NMR spectroscopy and the 
equilibrium ratio of two conformations at - 100°C was determined as approxi- 
mately 55 : 45. Kinetic parameters of the equilibrium at -80°C were approximated 
from a 13C NMR spectrum. The analysis of proton coupling constants allowed us 
to propose that two conformations of the A-ring of 1,25-(OH)*D3 underwent 
chair-chair and chair-half-chair interconversion in hydrophobic and hydrophilic 
media, respectively. 

EXPERIMENTAL 

Crystalline 1,25-(OH)zDJ was obtained from Duphar B. V. (Amsterdam, Hol- 
land). The samples of cis- and trans-5-tert-butyl-2-methylenecyclohexanol were 
synthesized in the present study. A mixture of cis- and trans-4-tert-butylcyclohex- 
an01 were commercially available from Tokyo Kasei Co., Ltd. (Tokyo, Japan) and 
their ‘H NMR spectra were measured as a mixture. Variable temperature ‘H and 
13C NMR spectra were recorded on JEOL GSX-400 (400 MHz) and JEOL GX-270 
(67.5 MHz) spectrometers, respectively. The other ‘H NMR spectra were taken 
on JEOL GX-270 (270 MHz) and/or GSXJOO (500 MHz) spectrometers. All 
chemical shifts were measured relative to internal tetramethylsilane. The melting 
point was determined on a hot stage with a microscope and is uncorrected. 
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Column chromatography was carried out on silica gel 60 (E. Merck, 70-230 
mesh). 

truns-5-tert-Butyl-2-m’ethylenecyclohexanol. To a solution of 4-tert-butylmethy- 
lenecyclohexane (3.7 g, 0.243 mmol) were added Se02 (134 mg, 5 mol%) and a 
solution of tert-butylhydroperoxide in 2,2,4-trimethylpentane (8.1 ml, 1 .O eq). The 
mixture was stirred overnight at room temperature and a saturated solution of 
Na2S03 solution was added. After 1 h of stirring, the organic phase was separated 
and an aqueous layer was extracted with ether. The combined organic layers were 
washed with brine, dried over Na$Od, filtered, and concentrated to give a pale 
yellow oil. This oil was purified by column chromatography on silica gel (eluted 
with hexane-ether, 5: 1) to give the title product as an oil (3.5 g, 86%). This was 
kept in a refrigerator to crystallize into colorless needles; mp 45-48°C; ‘H NMR 
(CDC&) 6; 0.85 (9H, s, C-CHJ, 4.35 (lH, br t, .I = 2.7 Hz), 4.73 (lH, t, J = 2.1 
Hz, exomethylene), 4.82 (IH, t, J = 1.9 Hz, exomethylene). Anal. Calcd for 
ClrH200: C, 78.51; H, 11.98. Found: C, 78.29; H, 11.86. 

cis-5-tert-Butyl-2-methylenecyclohexanol. Pyridinium chlorochromate (2.6 g, 
11.8 mmol) was added to a mixture of truns-5-tert-butyl-2-methylenecyclohexanol 
(1.0 g, 5.95 mmol) and powdered molecular sieves 3A (5.0 g) in dry CH2C12 (30 
ml). After 1 h of stirring, the mixture was diluted with a 5 times volume of ether 
and passed through a column of Florisil(25 g). After removal of the solvent, the 
oily residue was dissolved in THF (10 ml) and cooled to 0°C. LiAlH4 (226 mg, 5.95 
mmol) was added. The mixture was stirred for 1 h at the same temperature. Water 
was carefully added to destroy the excess reagent and the mixture was extracted 
with ether. The organic phase was washed with an aqueous 10% solution of 
tartaric acid, saturated aqueous NaHC03 solution, and brine, successively, dried 
over Na$SO,, filtered, and evaporated. The oily residue was purified by column 
chromatography eluting with hexane-ether (5 : 1) as eluant to give the title product 
(223 mg, 22%) as a colorless oil. ‘H NMR (CDCl3 6; 0.86 (9H, s, C-CH3), 4.04 
(IH, br dd, J = 10.5 and 4.2 Hz), 4.75 (lH, q, J = 1.7 Hz, exomethylene), 4.90 
(lH, q, J = 1.5 Hz, exomethylene). Anal. Calcd for CllHZOO: C, 78.51; H, 11.98. 
Found: C, 78.23; H, 11.79. Further elution of hexane-ether (5 : 1) gave 4-tert- 
butyl-1-cyclohexenylmethanol (479 mg, 48%) as a slightly yellow oil. ‘H NMR 
(CDClj) 6; 0.85 (9H, s, C-CHj), 4.00 (2H, br s, -CH,OH), 5.65 (lH, m, olefinic). 
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