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ABSTRACT

A mild palladium-catalyzed cascade has been used for the synthesis of the hormone 1 r,25-dihydroxyvitamin D 3 (calcitriol, 1a) and its analogues
1b and 1c. This one-pot process involves two consecutive transformations at room temperature: An initial palladium-catalyzed
6-exo-cyclocarbopalladation of vinyl triflates followed by a Negishi cross-coupling reaction with an alkenyl zinc. This novel strategy opens
new possibilities for the preparation of a variety of new vitamin D analogues of therapeutic potential, particularly with modifications at the
triene and/or ring-A.

The steroid hormone 1R,25-dihydroxyvitamin D3 (1R,25-
(OH)2-D3, calcitriol,1a) is the bioactive metabolite of vitamin
D3. This B-ring-seco-steroid plays an important role in the
regulation of mineral metabolism and finds application in
the treatment of osteodystrophy due to renal failure, rickets,
osteoporosis, and psoriasis. The current interest in the
therapeutic properties of 1R,25-(OH)2-D3 and its 1R-hydrox-
yvitamin D3 analogues results from the ability of these
compounds to control abnormal processes by modulating cell
differentiation, inhibiting cell proliferation, and regulating
apoptosis, characteristics that suggest their use in the
treatment of cancer and other proliferative diseases.1 Efforts
aimed at developing vitamin D analogues with strong cell-
differentiating ability and low calcemic action have led to
the synthesis of more than 3000 vitamin D analogues, and

some of these are already on the market and in clinical
development.2-4

The increasing number of potential therapeutic applications
of 1R,25-(OH)2-D3 and its 1R-hydroxyvitamin D analogues
has stimulated extensive synthetic efforts from several
laboratories over the past 25 years.5 The continued need for
the synthesis of new 1R-hydroxyvitamin D analogues with
biological activities comparable or superior to 1R,25-(OH)2-
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D3 is the driving force for the development of new synthetic
strategies. Current synthetic methodologies can be classified
into three main types. The classical approach involves
photochemical ring opening of a steroid precursor,6 a route
that does not work well for the synthesis of 1R-hydroxyvi-
tamin D analogues. More efficient approaches are based on
convergent methodologies in which a preformed ring-A
fragment is attached to a CD fragment.4,7 A wide variety of
routes to this ring-A synthon have been reported.4,5a More
recently, Trost and co-workers have developed a new
convergent route in which the ring-A and triene unit are
formed by Pd(0)-catalyzed alkylation-cyclization reactions
starting from an acyclic unit and a vinyl bromide8 (route A,
Scheme 1). This approach is being successfully employed

for the preparation of 1R-hydroxyvitamin D analogues
modified at the ring-A.

We wish to report a new, highly efficient convergent
strategy to 1R,25-(OH)2-D3 and its analogues in which ring-A

and triene unit are constructed by one-pot Pd-catalyzed
tandem cyclization-Negishi coupling process involving an
alkenyl zinc intermediate (3) and a vinyl triflate (4) (route
B, Scheme 1).9

On the basis of the results of previous work,7e we
envisioned that the triene system of 1R,25-(OH)2-D3 and its
1-hydroxylated analogues could be formed by a palladium-
catalyzed cascade involving a carbometalation-cyclization
process starting from vinyl triflate4 followed by cross-
coupling of the resulting Pd(II) intermediate210 with the
alkenyl zinc derivative3.

Calcidiol (1b) was selected as our initial target (Scheme
2) to assess the viability of the new convergent strategy and

for synthetic simplicity. The bromoolefin3a was prepared
from Grundmann’s ketone (5a) according to Trost’s proce-
dure.8

Vinyl triflate 4awas prepared in 45% yield froml-carvone
as described previously.11 Metalation of the alkenyl bromide
3awith tert-butyllithium and subsequent transmetalation with
zinc dibromide provided the organozinc derivative3b. The
carbometalation-cyclization-Negishi cross-coupling cas-
cade to the vitamin D triene unit was performed as follows.
A solution of vinyl triflate 4a (1 equiv), triethylamine (3
equiv), and a catalytic amount of tetrakis(triphenylphos-
phine)palladium(0) was added to a solution of the organozinc
derivative3b (2 equiv) in THF at-40 °C. The reaction
mixture was stirred for 15 min and then allowed to reach
room temperature. The residue was purified by flash chro-
matography (SiO2) to provide, after desilylation, the desired
calcidiol (1b) (75% from3a).
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Scheme 1. Trost Approach (A) and New Retrosynthetic
Analysis (B) of 1R,25-(OH)2-D3

a

a Si ) Protecting group. SD) Side chain.

Scheme 2. Convergent Synthesis of Calcidiol (1b)
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The success of the new strategy led us to undertake the
synthesis of the natural hormone calcitriol (1a) (Scheme 3).

Alcohol 6 was obtained in 84% yield by degradation (O3;
NaBH4) of commercially available vitamin D3 according to
a known procedure.12 Remarkably, exposure of6 to methyl-
(trifluoromethyl)dioxirane13 furnished directly 25-hydroxy
Grundmann’s ketone (5b) in 95% yield without noticeable
epimerization at C-14.14 Protection of5b as the methoxym-
ethyl ether followed by bromoolefination as above provided
the alkenyl bromide3c (57%, two steps). The bromoolefin
3cwas subjected to sequential metalation and transmetalation
to give the corresponding organozinc derivative, which was
treated with vinyl triflate4a to give, by the palladium-
catalyzed cascade and deprotection, the desired hormone 1R,-
25-(OH)2-D3 (76%, three steps from3c or 41% in six steps
from alcohol6). Spectral data for this compound are identical
to those of the material obtained by a different route.7b,c

The scope and potential of the new convergent synthetic
approach was assessed by aiming for the 1R-hydroxy-6-
methyl-vitamin D3 analogue (1c, Scheme 4) as the synthetic
target. Analogues of the natural hormone with substituents
at the triene system have rarely been prepared due to
synthetic difficulties associated with the current available
synthetic routes.15 Furthermore, the presence of a methyl
group at position 6 of vitamin D3 is known to considerably
decrease the energetic barrier to its isomerization to the
previtamin D form.7e,15aFor this reason, the success in the
synthesis of this type of derivative would give an indication
of the mildness of the new approach to prepare thermally
sensitive analogues.

Metalation of4a followed by alkylation provided the vinyl
triflate 4b in 98%. Gratifyingly, the palladium-catalyzed

process involving4b and3b proceededat room temperature
to give, after removal of the silyl-protecting groups, the
desired vitamin D3 analogue1c in 78% yield (two steps).
As expected, the 6-methylvitamin D3 analogue1c showed a
great propensity to isomerize to the corresponding previtamin
D3 form 7. The isomerization equilibrium was reached upon
heating a solution of1c in CD3OD at 40°C for 12 h. The
ratio of vitamin-previtamin forms was 10:90 as determined
by 1H NMR integration of the respective 18-CH3 signals.

For comparative purposes, we heated a mixture of enyne
4c (see Supporting Information) and alkenyl bromide3a
under Trost Pd-catalyzed alkylative enyne cyclization condi-
tions ((dba)3Pd2‚CHCl3, Ph3P, toluene-Et3N, 120°C, 1.5 h).8

Not surprisingly, only starting materials were recovered
regardless of reaction conditions. The failure of triene
formation in this case can be attributed to the acetylenic
methyl group of4c, which imparts a higher steric hindrance
to the triple bond.

In summary, we have carried out the synthesis of 1R,25-
dihydroxyvitamin D3 (calcitriol, 1a) and its analogues 1R-
hydroxyvitamin D3 (calcidiol,1b) and 1R-hydroxy-6-methyl-
vitamin D3 (1c). The key step in the successful, novel, mild,
and stereoconvergent strategy was a cascade process consist-
ing of two consecutive transformations: An initial palladium-
catalyzed 6-exo-cyclocarbopalladation of vinyl triflates fol-
lowed by a Negishi cross-coupling reaction with an alkenyl
zinc. Further extension of this approach to the rapid synthesis
of a variety of new vitamin D3 analogues of therapeutic
potential, especially those modified at the triene and ring-
A, is underway.
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Scheme 3. Synthesis of Calcitriol (1a)

Scheme 4. Synthesis of 1R-Hydroxy-6-methyl-vitamin D3 (1c)
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