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Abstract: Three novel 19-nor-1α,25-dihydroxyvitamin D3 derivatives modified at C1 and/or C3 with an
amino group were synthesized to study the influence of the substitution of one or both hydroxyl groups of A-
ring by amino groups on the affinity for vitamin D receptor (VDR) and vitamin D binding protein (hDBP), and
also on the antiproliferative activity. The A-ring precursors were prepared from cis,cis-1,3,5-cyclohexanetriol
applying a desymmetrization reaction of a prochiral 1,3-diol catalyzed by Pseudomonas cepacia lipase as a
key step. The structural elucidation of diastereoisomers were unambiguously assigned by NMR spectroscopy.

Keywords: 19-nor-vitamin D3 analogs; biocatalysis; enzymatic desymmetrization; A-ring amino derivatives of
calcitriol

Introduction

The biologically active metabolite of vitamin D3 (1,
Figure 1), known as Calcitriol [2, 1α,25-dihydroxyvita-
min D3, 1α,25-(OH)2-D3], regulates bone formation,
calcium, and phosphate homeostasis,[1] but it also is a
potent differentiator and growth inhibitor of several
types of cancer cells.[2]

To show the latter actions, supraphysiological doses
are required resulting in calcemic effects, which limit
the use of this natural hormone.[3] In order to overcome
this limitation, many structural modified analogs of the
1α,25-(OH)2-D3 have been synthesized.[4] Among the
changes, A-ring modified 19-nor derivatives, which
lack the methylene group at C19, are particularly
attractive, since show selective activities, induce potent

Figure 1. Structures of vitamin D3, its hormone and 1α,25-
(OH)2–19-nor-D3.
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differentiation and have a very low or absent bone
calcitropic activity,[5] in addition of increased stability
due to absence of conjugated triene. Thus, 1α,25-
dihydroxy-19-nor-vitamin D3 (3) shows minor calce-
mic effects while retaining good cell-differentiating
properties.[6] Single modifications on the structure of
the natural hormone, such as stereochemistry change
of C1 and C3, has a strong impact on activities of the
resulting new analogs.[7] On the other hand, Medicinal
Chemists often seek out for drug candidate develop-
ment in chiral amines due to their inherent properties
related with biologically relevant hydrogen bonding
capabilities.[8]

Most of new derivatives are hybrids, this implies
that more than one modification in one or more parts
within the molecule are present.

Despite the large number of derivatives of vitamin
D3, only a few analogs have amino groups in their
structures. The first amino vitamin D derivatives
synthesized were 3α- or 3β-amino-3-deoxyvitamin D3
(4, Figure 2).[9]

C2β-Amino[10] 5 or C2α/β-N,(N)-(di)substituted[11] 6
vitamin D compounds were also reported, since
substituents at C2 increase the biological activity of
these derivatives. Our research group has described the
preparation of mono or diamino 1α,25-(OH)2-D3

analogs 7 with several configurations at C1 and C3.[12]
The only analogs 8 described with modifications in the
side chain were patented by Hesse et al.,[13] in which
C25-hydroxyl was replaced by amino groups. A-Ring
monoamino derivatives 9 and 10[14] represent the only
examples of 19-nor-D3 analogs with an amino group in
their structure, both endocyclic and exocyclic, respec-
tively. Some of these derivatives have shown interest-
ing biological properties.

Taking into account all these precedents and our
research focused on the preparation of A-ring modified
analogs,[15] we now describe several new derivatives
(11–15) produced by replacing one or both hydroxyl
groups of the A-ring of 1α,25-dihydroxy-19-nor-
vitamin D3 by amino groups and to change the
configurations on C1 and C3 stereocenters (Figure 3).
In addition to the synthesis, we also report the
biological activities.

Results and Discussion
Chemistry
The synthetic strategy involves the coupling between a
ketone A-ring precursor and the sulfone of the CD
ring-side chain fragment to construct a diene using the
modified Julia olefination previously reported by
Kittaka.[16]

A-ring synthons were obtained starting from cis,cis-
1,3,5-cyclohexanetriol. Thus, triol 16 was monopro-
tected with tert-butyldimethylsilyl chloride (TBSCl),
Et3N, and NaH in THF to afford silyl ether 17 in 77%
yield (Scheme 1). Tosylation of 17 gave 18, which was
treated with tetrabutylamoniumfluoride (TBAF) to
provide 19. Transformation of tosyl groups to inverted
amines by reaction with NaN3 in DMF at 70 °C yield
20. Best results were achieved by direct conversion in
mild reaction conditions of diol 17 to diazide com-
pound 21 by treatment with Ph3P, DIAD and diphenyl-
phosphorylazide (DPPA) under Mitsunobu method.
After silyl deprotection, this approach provides the
diazide 20 in 54% yield (instead 30% yield) from triol
16. Next, compound 20 was treated with Dess Martin

Figure 2. Amino derivatives of vitamin D3 and 19-nor-D3.
Figure 3. Target C1 and C3 epimers of amino/diamino 19-nor-
vitamin D3 analogs.
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periodinane. However, the desired ketone 22 was
obtained as traces since the major product of the
reaction is the α,β-unsaturated ketone resulted from the
elimination of an azide group. As an alternative
sequence, diazide 20 was transformed to N-Boc
compound 23 by the Staundinger reaction using the
optimized conditions reported by Vilarrasa et al.[17]
Thus, treatment of 20 with Me3P in the presence of
NaOH 1 M and Boc2O afforded 23 in 63% yield.
Better yield was observed by hydrogenation of 20 in
the presence of Pd/C catalyst followed by insitu N-
protection with Boc2O, affording 23 in excellent yield
(93%). On the other hand, transformation of diazide 21
to N-Boc compound 25 and subsequent silyl depro-
tection provides 23 in lower yield. Oxidation of
alcohol 23 to ketone 24 was performed by two
methods. First, using the stable nitroxyl radical,
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), with
KBr and NaClO, compound 24 was obtained in 90%
yield. Controlled addition of NaClO and HCl is
required to maintain the pH of the reaction medium at
6.5–7.5. In addition, reaction of 23 with Dess Martin
periodinane give place to 24 in 80% yield. Due to its
simplicity, this is the method of choice for scaling
reactions.

To synthesised the aminoalcohol A-ring precursor
of 19-nor-vitamin D3 analogs 11 and 12, cis,cis-1,3,5-
cyclohexanetriol was monotosylated by treatment with
1 equivalent of BuLi in THF� Py followed by addition
of TsCl to led 26 in 70% yield (Scheme 2).

Next, asymmetric acylation of meso-diol 26 was
attempted exploiting the potential of enzymes in
desymmetrization processes. A similar process has
been described in the literature using Pseudomonas
fluorescens lipase (SAM II). The drawback of this
reaction was that the final product was not completely
enantiopure and five days of reaction were required.[18]
In the present study, two commercial immobilized
lipases were tested: Candida antarctica lipase type B
(CAL� B, Novozyme 435) and Pseudomonas cepacia
lipase (PSL-IM). The reactions were carried out with
vinyl acetate at 30 °C and THF, tert-butylmethyl ether
(TBME) or toluene as solvent (Table 1). In the absence
of biocatalyst, the acylation of 26 is not observed in
any of the solvents used after 24 h at 30 °C.Scheme 1. Synthesis of cis-diamino A-ring precursor 24.

Reagents and conditions: a) TBSCl, Et3N, NaH, THF, rt to
45 °C, 19.5 h, 77%; b) TsCl, Py, 0 °C, 48 h, 90%; c) TBAF,
THF, rt, 3 h, 71%; d) NaN3, DMF, 70 °C, 4 h, 60%; e) Ph3P,
DIAD, (PhO)2P(O)N3, THF, 0 °C to rt, 12.5 h, 83%; f) TBAF,
THF, 0 °C, 2 h, 85%; g) Dess-Martin, CH2Cl2, rt, traces; h)
Me3P, Boc2O, NaOH 1 M,THF, rt, overnight, 63% or Pd/C, H2,
Boc2O, EtOAc, rt, 18.5 h, 93%; i) Dess-Martin, NH4Cl, CH2Cl2,
rt, 30 min, 80% or TEMPO, KBr, NaClO, HCl, CH2Cl2, rt, 2 h,
90%; j) Pd/C, H2, Boc2O, EtOAc, rt, 18.5 h, 53%; k) TBAF,
THF, rt, 10 h, 82%.

Scheme 2. Synthesis of amino alcohol A-ring precursor 32.
Reagents and conditions: a) nBuLi, Py, then TsCl, THF, 45 °C to
rt, 15.5 h, 70%; b) Enzyme, vinyl acetate, solvent, 30 °C (see
details within text and Table 1); c) NaN3, DMF, 70 °C, 2 h,
89%; d) Pd/C, H2, Boc2O, EtOAc, rt, 18.5 h, 85%; e) TBSCl,
Imidazole, CH2Cl2, rt, overnight, 90%; f) K2CO3, MeOH, rt,
2 h, 85%; g) Dess-Martin, NH4Cl, CH2Cl2, rt, 30 min, 97%.

Table 1. Enzymatic desymmetrization of 26.[a]

Enzyme Solvent t (h) 26 (%) 27 (%) 33 (%) 27 ee (%)

CAL-B THF 8 7 51 42 >99
CAL-B Toluene 8 2 67 31 97
CAL-B TBME 5 – >99 – 63
PSL-IM THF 24 66 34 – >99
PSL-IM Toluene 17 2 98 – >99
PSL-IM TBME 8 7 93 – 95
[a] Ratio 26:Enzyme (1:0.5, w/w), 0.2 M substrate concentra-
tion, with vinyl acetate at 30 °C. All percentages were
determined by chiral HPLC.
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Acetylation of 26 in the presence of CAL� B takes
place in short reaction times. In THF or toluene,
monoacetate 27 is obtained in excellent enantiomeric
excess. However, diacetate 33 (Figure 4) is also
isolated in these conditions. Although the use of
TBME prevents the formation of the diacetylated
compound, the desired compound 27 is obtained in
low enantiomeric excess. On the other hand, when the
acetylation reaction was examined with Pseudomonas
cepacia lipase, excellent results were observed. Higher
conversions were achieved in toluene and TBME,
giving place exclusively to monoacetate 27 in >99% y
95% enantiomeric excess, respectively. Thus, treatment
of 26 with vinyl acetate, toluene, and PSL-IM at 30 °C
afforded after 17 h enantiopure compound 27 (deter-
mined by chiral HPLC, see Supplementary Informa-
tion) in 95% yield.

Diacetate formation in the acylation reaction cata-
lyzed by CAL� B has been observed in other cyclic
diols (in a lesser extent, 6–10%), although high ee was
obtained with the three solvents. In case of PSL-IM
catalyzed process also lower reactivity was observed in
THF.[19]

For the assignment of the absolute configurations of
27, transformation into the previously described com-
pound (� )-34[20] is carried out (Figure 4). For that,
tosylated (� )-27 was treated with cesium acetate in the
presence of 18-crown-6 in toluene at 60 °C to afford
the inverted acetate (� )-34 in 75% yield after 32 h.

The comparison of the specific rotation of this
compound to that described in the literature led us to
determine the (1R,3S,5S)-absolute configuration for the
product (� )-27 obtained from the enzymatic acetyla-
tion.

Tosylated 27 was transformed to azide 28 by the
treatment with NaN3, and the later was converted
directly to N-Boc compound 29. Protection of the free
alcohol as silyl ether and deprotection of the acetyl
group conducted to 31. Finally, oxidation of alcohol
with Dess-Martin periodinane afforded the A-ring
precursor 32 in excellent yield.

A-ring precursor trans-diamino-40 were obtained
starting from derivative (� )-34, which was protected
in high yield to the silyl ether (� )-35 (Scheme 3). To
corroborate the absolute configuration of (� )-27,
comparation of the specific rotation of (� )-35 was
done with the alpha-value of its enantiomer (+)-35
described in the literature. That is, we were performed
a double checked with two different known com-
pounds: (� )-34 and (+)-35 (Figure 4). Subsequent
saponification of the acetate ester with MeONa gives
place to 36. Transformation of 36 into 40 was
performed in a similar manner as above described for
24.

C1 or C3 amino derivatives of 1α,25-dihydroxy-19-
nor-vitamin D3 were synthesized as illustrated in
Scheme 4. Reaction of ketone 32 with the lithium
enolate of sulfone 41[21] takes place with excellent
diastereoselectivity, giving rise mainly to one of the
two possible diastereoisomers (ratio 97:3), which is
isolated after semipreparative HPLC. The structure

Figure 4. Several A-ring precursors of 19-nor-vitamin D3
analogs.

Scheme 3. Synthesis of trans-diamino A-ring precursor 40.
Reagents and conditions: a) TBSCl, Imidazol, CH2Cl2, rt,
overnight, 95%; b) MeONa, MeOH, rt, 2 h, 88%; c) Ph3P,
DIAD, (PhO)2P(O)N3, THF, 0 °C to rt, 12.5 h, 75%; d) TBAF,
THF, 0 °C, 2 h, 81%; e) Pd/C, H2, Boc2O, EtOAc, rt, 18.5 h,
95%; f) Dess-Martin, NH4Cl, CH2Cl2, rt, 30 min, 87%.

Scheme 4. Synthesis of amino alcohol analogs of 19-nor-
vitamin D3 11 and 12. Reagents and conditions: a) LHMDS,
THF, � 78 °C to rt, 7 h, 59%; b) EtOH sat. HCl, rt, 1 h, 87%.
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identification of this diastereoisomer was determined
as follows.

The protons at C1 and C3 are identified, but not
assigned, by two-dimensional 13C–1H HSQC analysis,
considering that carbon in adjacent position to a
carbamate group is upfield with respect to one adjacent
to the OTBS group. The signals corresponding to the
carbons at C14 and C17 (56.3 and 56.7 ppm) are
identified by one-dimensional DEPT-135, DEPT-90,
and two-dimensional 13C–1H HMBC analysis. A
correlation cross-peak between the signal at 56.7 ppm
and one of the alkenyl protons allows assignment of
H6 and H7, in addition to C14 and C17. At this point,
1D NMR selective NOE experiments were performed.
Selective irradiation of H7 leads to identification of
H10. This signal was also observed in the irradiation
of the broad singlet at 3.85 ppm, previously assigned
as the proton adjacent to the OTBS group, determining
its position in C1 and identifying this diastereoisomer
with the structure of 42.

Cleavage of the protecting groups in 42 was carried
out with a saturated solution of HCl in EtOH to afford
19-nor-vitamin D3 analog 11.

Similarly, coupling of cis-diamino ketone 24 with
the lithium enolate of sulfone 41 gave a mixture of 44
and 45 in a 30:70 ratio (tR of minor isomer 42.4 min, tR
major isomer 44.3 min; Kromasil 60 Å, 7 μm, Si 250×
20 mm, 3% iPrOH/hexane, 7 mL/min). Both diaster-
eoisomers were separated by semipreparative HPLC,
but structure elucidation was not possible by NMR
spectroscopy (Scheme 5).

Thus, C3-amino derivative 42 was transformed to
the (1R,3S)-diamino diastereoisomer by selective de-
protection of the silyl ether group, substitution of
hydroxyl group in 46 by azide with simultaneous
inversion of the configuration using the Mitsunobu
method, and subsequent treatment with Me3P in the
presence of Boc2O (Scheme 6).

Comparison of the HPLC chromatograms of the
diastereoisomeric mixture obtained after the coupling
reaction and the isomer synthesized from 42 allows the
identification of (1R,3S)-45 as the major diaster-
eoisomer obtained in the coupling process.

Treatment of 44 and 45 with a saturated solution of
HCl in EtOH provides 19-nor-vitamin D3 analogs 13
and 14, respectively.

Finally, synthesis of the trans-diamino analog 15
was carried out in the same manner by coupling of
ketone 40 and the lithium enolate of sulfone 41
(Scheme 7).

Biological Evaluation
We evaluated in vitro the affinity of compounds 11, 13,
14, and 15 for pig mucosa cytosol vitamin D receptor
(VDR) and for human vitamin D binding protein
(hDBP) in comparison to the natural hormone. These
compounds do not have the ability to access the VDR
binding pocket. With respect to their ability to bind the

Scheme 5. Synthesis of cis-diamino derivatives of 19-nor-
vitamin D3 13 and 14. Reagents and conditions: a) LHMDS,
THF, � 78 °C to rt, 7 h, 47%; b) EtOH sat. HCl, rt, 1 h, 90%
(13) and 92% (14).

Scheme 6. Synthesis of cis-diamino analog 45 from amino
alcohol protected derivative 42. Reagents and conditions: a)
TBAF, THF, 0 °C, 2 h, 64%; b) Ph3P, DIAD, (PhO)2P(O)N3,
THF, 0 °C to rt, 12.5 h, 62%; c) Me3P, Boc2O, NaOH 1 M, THF,
rt, overnight, 55%.

Scheme 7. Synthesis of trans-diamino analog of 19-nor-vitamin
D3 15. Reagents and conditions: a) LHMDS, THF, � 78 °C to rt,
7 h, 63%; b) EtOH sat. HCl, rt, 1 h, 87%.
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hDBP protein, only the analog carrying a 1β-hydroxyl
substituent (11) showed 10% of activity compared to
1α,25-(OH)2-D3 (Figure 5).

None of the synthesized analogues were able to
inhibit the proliferation of MCF-7 breast cancer cells.

Conclusion
We have synthesized 19-nor-1α,25-dihydroxyvitamin
D3 analogs with amino functionalization at C1 and/or
C3 in the A-ring via a Julia olefination to construct the
diene system. cis,cis-1,3,5-Cyclohexanetriol, a com-
mercial available compound with the appropriate
stereochemistry, was employed as starting material for
A-ring precursors. Key feature of these approaches is
the enzymatic desymmetrization reaction of a prochiral
1,3-diol catalyzed by Pseudomonas cepacia lipase in
high yield and enantioselectivity. The transformation
of alcohol to inverted amine was achieved by
activation of the hydroxyl group as tosylate followed
by reaction with NaN3 or by direct introduction of the
amino group with total inversion of the configuration
under Mitsunobu conditions using diphenylphosphor-
ylazide as nucleophile. The structural elucidation of
the analogs has been established by one-dimensional
(1H, 13C, DEPT-90, DEPT-135), two-dimensional (13C–
1H HMBC, 13C–1H HSQC), and selective NOE NMR
spectroscopy. Alternative syntheses were also carried
out to assign through indirect evidence the structure of
the cis-diamino diastereoisomers. Biological evaluation
of these analogs reveals that only the aminoalcohol
derivative with a 1β-hydroxyl exhibits a slight binding
capacity to the hDBP transporter protein, although the

required concentration for half maximal binding (EC50)
is 10 times higher than that of the natural hormone.
Unfortunately, the analogs were not able to bind to the
VDR and demonstrated no antiproliferative activity
(data not shown, see Supplementary Material).

Experimental Section
General. Candida antarctica lipase type B (CAL� B, Novo-
zyme 435, immobilized by adsorption in Lewatit, 9120 PLU/g)
was purchased from Novozymes. Pseudomonas cepacia lipase
(Lipase PS “Amano IM”, immobilized on diatomaceous earth,
943 U/g) was purchased from Amano Enzyme. The structure of
the synthesized compounds was determined by NMR spectro-
scopy. The signals of the 1H and 13C NMR spectra of the new
compounds are fully assigned on the basis of 1H and 13C
chemical shifts, proton coupling constants, and two-dimensional
1H� 1H (COSY) and 1H� 13C spectra (HSQC and HMBC). Full
NMR data for new compounds are available in the Supporting
Information. The level of purity is indicated by the inclusion of
copies of 1H, 13C, DEPT and 2D NMR spectra. Optical rotations
were recorded on a Perkin-Elmer 241 polarimeter, and values
are reported as follows: [α]λT (c: g/100 mL, solvent).

3α-Amino-1β,25-dihydroxy-3-deoxy-19-nor-vitamin D3 (11).
A solution of HCl/EtOH (5.6 mL), generated by bubbled
HCl(g) in EtOH, was added to a solution of 42 (13.5 mg,
0.02 mmol) in EtOH (455 μL). After being stirred at rt for 1 h,
solvents were concentrated, the residue was poured in saturated
aqueous NaHCO3 solution, and extracted with Et2O. The
combined organic layers were dried and concentrated. The
crude was purified by column chromatography (2% NH4OH/
MeOH) to afford 11 as a colorless oil (87% yield). Rf: 0.2 (2%
NH4OH/MeOH). HRMS (ESI+, m/z): Calcd. for C26H46NO2
[(M+H)+]: 404.3523. Found: 404.3497; Calcd. for
C26H45NNaO2 [(M+Na)+]: 426.3343. Found: 426.3328.

1β,3β-Diamino-25-hydroxy-3-deoxy-19-nor-vitamin D3 (13).
Same procedure as 11 but starting from 44. Column chromatog-
raphy (5% NH4OH/MeOH). Colorless oil (90% yield). Rf: 0.3
(5% NH4OH/MeOH). MS (ESI+, m/z): 403 [(M+H)+, 100%].
HRMS (ESI+, m/z): Calcd. for C26H47N2O [(M+H)+]:
403.3683. Found: 403.3700.

1α,3α-Diamino-25-hydroxy-3-deoxy-19-nor-vitamin D3 (14).
Same procedure as 11 but starting from 45. Column chromatog-
raphy (5% NH4OH/MeOH). Colorless oil (92% yield). Rf: 0.3
(5% NH4OH/MeOH). MS (ESI+, m/z): 403 [(M+H)+, 100%].
HRMS (ESI+, m/z): Calcd. for C26H47N2O [(M+H)+]:
403.3683. Found: 403.3677.

1β,3α-Diamino-25-hydroxy-3-deoxy-19-nor-vitamin D3 (15).
Same procedure as 11 but starting from 48. Column chromatog-
raphy (5% NH4OH/MeOH). Colorless oil (87% yield). Rf: 0.3
(5% NH4OH/MeOH). MS (ESI+, m/z): 403 [(M+H)+, 100%].
HRMS (ESI+, m/z): Calcd. for C26H47N2O [(M+H)+]:
403.3683. Found: 403.3659; Calcd. for C26H46N2NaO [(M+

Na)+]: 425.3502. Found: 425.3482.

(1R,3S,5 s)-5-((tert-Butyldimethylsilyl)oxy)cyclohexane-1,3-
diol (17). To a solution of 16 (2 g, 15.14 mmol) in anhydrous
THF (40 mL) at rt were successively added Et3N (2.3 mL,
16.64 mmol) and TBSCl (2.51 g, 16.64 mmol). After being

Figure 5. Affinity of amino/diamino 19-nor-vitamin D3 analogs
for human vitamin D binding protein (hDBP). Notes: 1α,25-
(OH)2-D3 (*); 11 (*); 13 (*); 14 (*); 15 (*).
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stirred at this temperature for 1.5 h, NaH (60% w/w in mineral
oil, 790 mg, 16.64 mmol) was added. When the solution
stopped bubbling, the mixture was heated at 45 °C for 18 h.
Next, it was cooled to 10 °C and filtered on Celite

®
. Solvents

were concentrated and the residue was ground in the presence
of hexane (20 mL) to give 17 as a white solid (77% yield). Mp:
122–125 °C. Rf: 0.6 (5% MeOH/EtOAc). HRMS (ESI+, m/z):
Calcd. for C12H27O3Si [(M+H)+]: 247.1724. Found: 247.1735.

(1R,3S,5 r)-5-((tert-Butyldimethylsilyl)oxy)cyclohexane-1,3-
diyl bis(p-toluensulfonate) (18). To a solution of 17 (2.46 g,
10 mmol) in anhydrous pyridine (8.7 mL) at 0 °C was added
freshly recrystallized TsCl (6.86 g, 36 mmol). The solution
changes from colorless to light pink and is stirred for 48 h at
0 °C. Next, it was poured into water and extracted with EtOAc.
The combined organic layers were concentrated to ~ 5 mL,
water was added (20 mL), and allowed to precipitate overnight.
After filtration, compound 18 is obtained as a white solid (90%
yield). Mp: 112–114 °C. Rf: 0.6 (30% EtOAc/hexane). MS
(ESI+, m/z): 577 [(M+Na)+, 100%].

(1R,3S,5 r)-5-Hydroxycyclohexane-1,3-diyl bis(p-toluensulfo-
nate) (19). TBAF (17.1 mL, 1 M in THF, 17.1 mmol) was
added to a solution of 18 (3.8 g, 6.85 mmol) in anhydrous THF
(30 mL), and the reaction was stirred for 3 h at rt. Then, 10 mL
of aqueous saturated solution of NaHCO3 was added and the
mixture was extracted with EtOAc. The combined organic
layers were dried and concentrated. The residue was purified by
column chromatography (40% EtOAc/hexane) to afford 19 as a
light pink solid (71% yield). Mp: 127–129 °C. Rf: 0.2 (40%
EtOAc/hexane). MS (ESI+, m/z): 463 [(M+Na)+, 100%].

(1 r,3R,5S)-3,5-Diazidocyclohexane-1-ol (20). From 19: NaN3
(3.18 g, 48.9 mmol) was added to a stirred solution of 19
(2.15 g, 4.89 mmol) in anhydrous DMF (35 mL). The reaction
was stirred for 4 h at 70 °C. Then, solvents were concentrated,
EtOAc was added, the mixture was filtered on Celite

®
, washed

with MeOH, and concentrated to leave a residue which was
purified by column chromatography (35% Et2O/hexane) to give
20 as a yellow oil (60% yield). From 21: TBAF (0.84 mL, 1 M
in THF, 0.84 mmol) was added dropwise to a solution of 21
(100 mg, 0.34 mmol) in anhydrous THF (3.4 mL) at 0 °C, and
the reaction was stirred at this temperature for 2 h. Then,
solvents were concentrated, the residue was poured in water,
and extracted with EtOAc. The combined organic layers were
dried and concentrated. The residue was purified by column
chromatography (35% EtOAc/hexane) to afford 20 as a yellow
oil (85% yield). Rf: 0.4 (50% Et2O/hexane). MS (ESI+, m/z):
183 [(M+H)+, 100%].

tert-Butyl(((1 r,3R,5S)-3,5-diazidocyclohexyl)oxy)-dimeth-
ylsilane (21). Diisopropilazodicarboxilate (1.20 mL,
5.86 mmol) was added dropwise to a stirred solution of 17
(555 mg, 2.25 mmol) and Ph3P (1.48 g, 5.62 mmol) in anhy-
drous THF (6.4 mL) at 0 °C. The mixture was stirred for 30 min
at this temperature and then, diphenylphosphoryl azide
(1.60 mL, 5.86 mmol) was added. Stirring continues vigorously
a rt for 12 h. Solvent was removed to leave a residue, which
was purified by column chromatography (2% Et2O/hexane) to
afford 21 as a yellow oil (83% yield). Rf: 0.6 (10% Et2O/
hexane). MS (ESI+, m/z): 296 [M+, 100%].

Di-tert-butyl ((1R,3S,5 r)-5-hydroxycyclohexane-1,3-
diyl)dicarbamate (23). A flask containing 20 (256 mg,
1.41 mmol) and Pd/C (105 mg) was exposed to a positive
pressure of hydrogen gas (balloon). Anhydrous and deoxygen-
ated EtOAc (5.6 mL) was added. The mixture was stirred
vigorously for 30 min and then, Boc2O (971 μL, 4.23 mmol)
was added. After 18 h of stirring, the mixture was filtered on
Celite

®
, washed with MeOH, and concentrated to afford a

residue which was purified by column chromatography (40%
EtOAc/hexane) to afford 23 as a white solid (93% yield). Mp:
235–242 °C (decompose). Rf: 0.6 (75% EtOAc/hexane). MS
(ESI+, m/z): 353 [(M+Na)+, 100%].

Di-tert-butyl ((1R,3S)-5-oxocyclohexane-1,3-diyl)-dicarba-
mate (24). To a solution of 23 (132 mg, 0.4 mmol) in anhydrous
CH2Cl2 (4 mL), NH4Cl (44 mg, 0.80 mmol) and Dess-Martin
reagent (193 mg, 0.44 mmol) were added. The mixture was
stirred at rt for 30 min. Then, it was added a mixture of
saturated aqueous Na2S2O3 and NaHCO3 solutions (1:1, v/v,
9.5 mL), and extracted with CH2Cl2. The combined organic
layers were dried and concentrated. The residue was purified by
column chromatography packed with deactivated alumina (30%
EtOAc/hexane) to afford 24 as a white solid (80% yield). Mp:
209–210 °C (decompose). Rf: 0.6 (50% EtOAc/hexane). MS
(ESI+, m/z): 351 [(M+Na)+, 100%]. HRMS (ESI+, m/z):
Calcd. for C16H28N2Na5O5 [(M+Na)+]: 351.1890. Found:
351.1857.

Di-tert-butyl ((1R,3S,5 r)-5-((tert-butyldimethylsilyl)-
oxy)cyclohexane-1,3-diyl)dicarbamate (25). Same procedure
as 23 but starting from 21. Column chromatography (15%
EtOAc/hexane). White solid (53% yield). Rf: 0.2 (20% EtOAc/
hexane). MS (ESI+, m/z): 445 [(M+H)+, 100%].

(1 s,3R,5S)-3,5-Dihydroxycyclohexyl 4-methylbenzene-
sulfonate (26). nBuLi (4.73 mL, 1.6 M in hexane, 7.57 mmol)
was added to a solution of 16 in anhydrous THF (6.4 mL), and
the mixture is stirred at 45 °C for 10 min. Then, anhydrous
pyridine (2.8 mL) was added, and the color of the solution turns
orange. After stirring 30 min at this temperature, the mixture
was cooled to 0 °C and freshly recrystallized TsCl (1.44 g,
7.71 mmol) was added. The reaction was allowed to reach rt
and stirred for 15 h. Then, the mixture was poured in water and
extracted with EtOAc. The combined organic layers were dried
and concentrated. The residue was purified by column
chromatography (50% EtOAc/hexane-EtOAc-15% iPrOH/
EtOAc as gradient eluent) to afford 26 as a white solid (70%
yield). Mp: 94–97 °C. Rf: 0.4 (5% MeOH/EtOAc). MS (ESI+,
m/z): 309 [(M+Na)+, 100%]. HRMS (ESI+, m/z): Calcd. for
C13H18NaO5S [(M+Na)+]: 309.0767. Found: 309.0759; Calcd.
for C26H36NaO10S2 [(2 M+Na)+]: 595.1642. Found: 595.1626.

(1R,3S,5S)-3-Hydroxy-5-(p-toluensulfonate)cyclohexyl
acetate (� )-(27). In a standard procedure, anhydrous solvent
freshly distilled on standard drying agent (10 mL) was added to
an Erlenmeyer flask that contain compound 26 (583 mg,
2.04 mmol), lipase (ratio 26:CAL� B is 1:0.5, w/w) and vinyl
acetate (940 μL, 10.2 mmol). The mixture is stirred at 30 °C and
250 rpm (reaction times are indicated in Table 1). Then, the
enzyme was filtered off, washed with CH2Cl2, and the solvents
concentrated. The residue was purified by column chromatog-
raphy (20–50% EtOAc/hexane as gradient eluent) to afford (� )-
27 as a yellow oil (95% yield, >99% ee, PSL-IM, toluene). Rf:
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0.6 (60% EtOAc/hexane). a½ �20

D =-14 (c=1, CHCl3). HRMS
(ESI+, m/z): Calcd. for C15H21O6S [(M+H)+]: 329.1053.
Found: 329.1043; Calcd. for C15H20O6SNa [(M+Na)+]:
351.0873. Found: 351.0886. Chiral HPLC retention times (see
Supporting Information): 17.0 min for (� )-27 and 20.6 min
(+)-27.

(1S,3R,5R)-3-Azido-5-hydroxycyclohexyl acetate (28). NaN3
(1.30 g, 19.9 mmol) was added to a stirred solution of 27
(1.31 g, 3.98 mmol) in anhydrous DMF (32 mL). The reaction
was stirred for 2 h at 70 °C and then solvent was concentrated.
The residue was poured into water and extracted with EtOAc.
The combined organic layers were dried and concentrated to
leave a crude which was purified by column chromatography
(50% EtOAc/hexane) to give 28 as a yellow oil (89% yield). Rf:
0.5 (60% EtOAc/hexane). a½ �20

D = +1.6 (c=1.6, CHCl3). MS
(ESI+, m/z): 222 [(M+Na)+, 100%]. HRMS (ESI+, m/z):
Calcd. for C8H13N3NaO3 [(M+Na)+]: 222.0849. Found:
222.0844.

(1S,3R,5R)-3-((tert-Butoxycarbonyl)amino)-5-hydroxycyclo-
hexyl acetate (29). A flask containing 28 (360 mg, 1.81 mmol)
and Pd/C (134 mg) was exposed to a positive pressure of
hydrogen gas (balloon). Anhydrous and deoxygenated EtOAc
(7.2 mL) was added. The mixture was stirred vigorously for
30 min and then, Boc2O (623 μL, 2.72 mmol) was added. After
18 h of stirring, the mixture was filtered on Celite

®
, washed

with MeOH, and concentrated to afford a residue which was
purified by column chromatography (40% EtOAc/hexane) to
afford 29 as a white foam solid (85% yield). Rf: 0.4 (70%
EtOAc/hexane). MS (ESI+, m/z): 296 [(M+Na)+, 100%].
HRMS (ESI+, m/z): Calcd. for C13H24NO5 [(M+H)+]:
274.1649. Found: 274.1637; Calcd. for C13H23NNaO5 [(M+

Na)+]: 296.1468. Found: 296.1481.

(1S,3S,5R)-3-((tert-Butoxycarbonyl)amino)-5-((tert-
butyldimethylsilyl)oxy)cyclohexyl acetate (30). Imidazole
(151 mg, 2.22 mmol) and TBSCl (309 mg, 2.05 mmol) was
added to a solution of 29 (467 mg, 1.71 mmol) in anhydrous
CH2Cl2 (6.8 mL). Afterwards, the reaction was stirred at rt
overnight. Solvents were concentrated and the residue purified
by column chromatography (15% EtOAc/hexane) to afford 30
as a colorless oil (90% yield). Rf: 0.3 (20% EtOAc/hexane). MS
(ESI+, m/z): 388 [(M+H)+, 100%], 272 [(M-TBDMS)+, 98%].
HRMS (ESI+, m/z): Calcd. for C19H38NO5Si [(M+H)+]:
388.2514. Found: 388.2508; Calcd. for C19H37NNaO5Si [(M+

Na)+]: 410.2333. Found: 410.2333.

tert-Butyl ((1S,3R,5S)-3-((tert-butyldimethylsilyl)oxy)-5-
hydroxycyclohexyl)carbamate (31). To a solution of 30
(500 mg, 1.29 mmol) in anhydrous MeOH (8.6 mL), K2CO3
(165 mg, 1.29 mmol) was added. After being stirred at rt for
2 h, a saturated aqueous NH4Cl solution was added until neutral
pH and extracted with EtOAc. The combined organic layers
were dried and concentrated. The residue was purified by
column chromatography (35% EtOAc/hexane) to afford 31 as a
colorless oil (85% yield). Rf: 0.4 (45% EtOAc/hexane). MS
(ESI+, m/z): 346 [(M+H)+, 100%], 368 [(M+H)+, 50%].
HRMS (ESI+, m/z): Calcd. for C17H36NO4Si [(M+H)+]:
346.2408. Found: 346.2391; Calcd. for C17H35NNaO5Si [(M+

Na)+]: 368.2228. Found: 368.2237.

tert-Butyl ((1R,3R)-3-((tert-butyldimethylsilyl)oxy)-5-
oxocyclohexyl)carbamate (32). Same procedure as 24 but
starting from 31. Column chromatography (20% EtOAc/
hexane). Colorless oil (97% yield). Rf: 0.6 (45% EtOAc/
hexane). HRMS (ESI+, m/z): Calcd. for C17H33NNaO4Si [(M+

Na)+]: 366.2071. Found: 366.2071.

(1R,3R)-5-Hydroxycyclohexane-1,3-diyl diacetate (34). To a
solution of (� )-27 (1.67 g, 5.14 mmol) in anhydrous toluene
(47 mL), 18-crown-6 (4.07 mg, 15.41 mmol) and cesium acetate
(3.02 g, 15.41 mmol) were added. The mixture is stirred for
32 h at 60 °C, poured in water, and extracted with EtOAc. The
combined organic layers were dried and concentrated. The
residue was purified by column chromatography (40–50%
EtOAc/hexane as gradient eluent) to afford (� )-34 as a
colorless oil (75% yield). Rf: 0.3 (30% EtOAc/hexane).
a½ �20

D =-13.6 (c=1, CHCl3). MS (ESI+, m/z): 217 [(M+H)+,
100%].

(1S,3S)-5-((tert-Butyldimethylsilyl)oxy)cyclohexane-1,3-diyl
diacetate (35). Same procedure as 30 but starting from 34.
Colorless oil (95% yield). Rf: 0.4 (20% EtOAc/hexane).
a½ �20

D =-14.9 (c=1, CHCl3). MS (ESI+, m/z): 271 [(M-OAc)+,
100%], 331 [(M+H)+, 70%]. HRMS (ESI+, m/z): Calcd. for
C16H30NaO5Si [(M+Na)+]: 353.1764. Found: 353.1755.

(1S,3S)-5-((tert-Butyldimethylsilyl)oxy)cyclohexane-1,3-diol
(36). NaOMe (918 mg, 16.14 mmol) was added to a solution of
35 (1.07 g, 3.23 mmol) in anhydrous MeOH (32 mL). After
being stirred at rt for 2 h, solid NH4Cl was added until neutral
pH. Solvents were concentrated and the residue filtered in a
short column chromatography (65% EtOAc/hexane) to afford
36 as a white solid (88% yield). Mp: 112–114 °C. Rf: 0.3 (70%
EtOAc/hexane). HRMS (ESI+, m/z): Calcd. for C12H26NaO3Si
[(M+Na)+]: 269.1543. Found: 269.1529.

tert-Butyl(((3R,5R)-3,5-diazidocyclohexyl)oxy)-dimeth-
ylsilane (37). Same procedure as 21 but starting from 36.
Column chromatography (5% Et2O/hexane). Yellow oil (75%
yield). Rf: 0.5 (10% Et2O/hexane). MS (ESI+, m/z): 296 [M+,
100%], 297 [(M+H)+, 70%].

(3R,5R)-3,5-Diazidocyclohexan-1-ol (38). Same procedure as
20 from 21 but starting from 37. Column chromatography (40%
Et2O/hexane). Yellow oil (81% yield). Rf: 0.4 (50% Et2O/
Hexane). MS (ESI+, m/z): 183 [(M+H)+, 100%].

Di-tert-butyl ((1R,3R)-5-hydroxycyclohexane-1,3-diyl)-dicar-
bamate (39). Same procedure as 23 but starting from 38. White
solid (95% yield). Rf: 0.3 (40% EtOAc/hexane). MS (ESI+, m/
z): 353 [(M+Na)+, 100%].

Di-tert-butyl ((1R,3R)-5-oxocyclohexane-1,3-diyl)-dicarba-
mate (40). Same procedure as 24 but starting from 39. Column
chromatography (20% EtOAc/hexane). White solid (87% yield).
Mp: 215–225 °C (decompose). Rf: 0.6 (40% EtOAc/hexane).
MS (ESI+, m/z): 351 [(M+Na)+, 100%].

Procedure for the synthesis of 42and 43. To a solution of 41
(167 mg, 0.30 mmol) in anhydrous THF (1.1 mL) at � 78 °C
was added dropwise LHMDS (289 μL, 1.0 M in THF,
0.29 mmol), resulting in a deep red color solution. The mixture
was stirred at the same temperature for 2 h, and then, was added
dropwise via cannula transfer to a solution of the corresponding
ketone 32 (103.1 mg, 0.30 mmol) in anhydrous THF (2.0 mL).
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A color change from red to yellow is observed. The reaction is
allowed to reach rt for 5 h. Then, it was poured into a saturated
aqueous solution of NH4Cl and extracted with Et2O. The
combined organic fractions were dried and concentrated to give
a crude that was purified by column chromatography (15%
Et2O/hexane) to give a 97:3 mixture of diastereosiomers in 59%
yield. The major diastereoisomer was isolated by preparative
HPLC (Kromasil 60 Å, 7 μm, Si 250×20 mm, 1% iPrOH/
hexane, 5 mL/min). tR (min) 42 (73.5).

1β-((tert-Butyldimethylsilyl)oxy)-3α-((tert-
butoxycarbonyl)amino)-25-ethoxymethyloxy-3-deoxy-19-
nor-vitamin D3 (42). Colorless oil. Rf: 0.8 (60% EtOAc/
hexane). MS (ESI+, m/z): 544 [(M-OTBDMS)+, 100%], 699
[(M+Na)+, 15%]. HRMS (ESI+, m/z): Calcd. for
C40H73NNaO6Si [(M+Na)+]: 698.5150. Found: 698.5146.

Procedure for the synthesis of 44and 45. Same procedure as
synthesis of 42 and 43 but starting from ketone 24. The crude
was purified by column chromatography (40% Et2O/hexane) to
give a 30:70 mixture of diastereosiomers in 47% yield. Both
isomers were separated by preparative HPLC (Kromasil 60 Å,
7 μm, Si 250×20 mm, 3% iPrOH/hexane, 7 mL/min). tR (min)
44 (42.4); 45 (44.3).

Synthesis of 45 from 47. To a solution of 47 (8 mg, 0.014 mmol)
in THF (200 μL) was added successively an aqueous solution of
1 M NaOH (30 μL), trimethylphosphine (41 μL, 0.041 mmol)
and Boc2O (9 μL, 0.041 mmol) resulting in a slightly yellow
solution. After being vigorously stirred at rt overnight, the
residue was extracted with EtOAc. The combined organic layers
were dried and concentrated to leave a crude which was purified
by column chromatography (60% Et2O/hexane) to afford 45 as
a colorless oil (55% yield).

1β,3β-Bis((tert-butoxycarbonyl)amino)-25-ethoxymethyloxy-
3-deoxy-19-nor-vitamin D3 (44). Colorless oil. Rf: 0.5 (60%
EtOAc/hexane). HRMS (ESI+, m/z): Calcd. for C39H68N2O6Si
[(M+Na)+]: 683.4975. Found: 683.5005.

1α,3α-Bis((tert-butoxycarbonyl)amino)-25-ethoxymethyloxy-
3-deoxy-19-nor-vitamin D3 (45). Colorless oil. Rf: 0.5 (60%
EtOAc/hexane). HRMS (ESI+, m/z): Calcd. for C39H68N2O6Si
[(M+Na)+]: 683.4975. Found: 683.4996.

3α-((tert-Butoxycarbonyl)amino)-25-ethoxymethyloxy-1β-
hydroxy-3-deoxy-19-nor-vitamin D3 (46). Same procedure as
20 from 21 but starting from 42. Column chromatography (20%
EtOAc/hexane). Colorless oil (64% yield). Rf: 0.7 (40% EtOAc/
hexane). MS (ESI+, m/z): 562 [(M+H)+, 20%], 1124 [(2 M+

H)+, 70%].

1α-Azido-3α-((tert-butoxycarbonyl)amino)-25-ethoxymeth-
yloxy-3-deoxy-19-nor-vitamin D3 (47). Same procedure as 21
but starting from 46. Column chromatography (10% Et2O/
hexane). Colorless oil (62% yield). Rf: 0.7 (30% EtOAc/
hexane). MS (ESI+, m/z): 609 [(M+Na)+, 85%], 625 [(M+

K)+, 100%]. HRMS (ESI+, m/z): Calcd. for C39H68N2O6Na [(M
+Na)+]: 609.4356. Found: 698.4327.

1β,3α-Bis((tert-butoxycarbonyl)amino)-25-ethoxymethyloxy-
3-deoxy-19-nor-vitamin D3 (48). Same procedure as synthesis
of 42 and 43 but starting from ketone 40. The crude was
purified by column chromatography (40% Et2O/hexane) to give
48 as a colorless oil (63% yield). Rf: 0.5 (60% EtOAc/hexane).

HRMS (ESI+, m/z): Calcd. for C39H68N2O6Na [(M+Na)+]:
683.475. Found: 698.5146.

In vitro Biological Evaluation
Affinity for VDR. The affinity of 1α,25-(OH)2-D3 and its
analogs to the vitamin D receptor was evaluated by their ability
to compete with [3H]1α,25-(OH)2-D3 for binding to high speed
supernatant from intestinal mucosa homogenates obtained from
normal pigs as described previously.[22] The relative affinity of
the analogs was calculated from their concentration needed to
displace 50% of [3H]1α,25-(OH)2-D3 from its receptor com-
pared with the activity of 1α,25-(OH)2-D3 (assigned a 100%
value).

Affinity for DBP. Binding of vitamin D metabolites and
analogs to hDBP was performed at 4 °C as described
previously.[23] [3H]1α,25-(OH)2-D3 and 1α,25-(OH)2-D3 or its
analogs were incubated with hDBP (0.18 μM) in a final volume
of 1 ml (0.01 M Tris-HCl buffer and 0.154 M NaCl, pH 7.4) for
3 h at 4 °C. Phase separation was then obtained by the addition
of 0.5 ml of cold dextran-coated charcoal.

Cell proliferation assays. As a measure of cell proliferation,
[3H]-thymidine incorporation of breast cancer MCF-7 cells
(ATCC) was determined after a 72 h incubation period with
various concentrations of 1α,25-(OH)2-D3, analogs or vehicle as
described previously.[22]
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