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Isolated in 1968, ingenol (1) is the parent compound of several
dozen naturally occurring ingenanes that possess the same carbon
skeleton but varied peripheral functionalities.1 In addition to their
intriguing “inside-outside” bridged BC ring system,2 the ingenanes
display interesting biological profiles that range from tumor-
promoting to anti-leukemic and anti-HIV activities.3 Since the early
1980s, this combination of important biological function and
complex architecture has inspired the efforts of numerous synthetic
chemists.4 Previously, we reported an approach toward1 wherein
knownâ-ketoester25 was advanced to diene3, which served as a
ring-closing metathesis substrate in a first generation Grubbs
reaction that delivers the ingenane tetracycle4 (Scheme 1).4e

Although this work established the feasibility of ring closure via
metathesis chemistry, further experiments indicated that competing
ring-opening reactions were likely responsible for the observed poor
conversion. This, coupled with the underfunctionalized nature of
4, led us to explore a modified substrate (5), which, upon ring
closure, would furnish a more stable trisubstituted olefinic product
6 possessing the requisite C-20 hydroxymethyl group. In the event,
we were delighted to find that substrate56 undergoes ring-closing
metathesis with improved yield and catalyst loading with respect
to diene3 (Scheme 2).7

Having prepared an intermediate possessing all of the requisite
carbon atoms and fully functionalized C and D rings, attention was
turned to completing rings A and B. Accordingly, dioxolane6 was
converted to diene7 via a deprotection/reduction/elimination
sequence (Scheme 3). Allylic oxidation of7 (SeO2/t-BuOOH)8

proved highly selective and furnished only one of several possible
allylic alcohol products (8). Further oxidation of8 to the exo-enone
was followed by rhodium(III) chloride catalyzed isomerization9 to
the corresponding endocyclic isomer9, which set the stage for
introducing the C-4 hydroxyl. Treatment of9 with potassiumtert-
butoxide in the presence of molecular oxygen and trimethyl
phosphite efficiently deliveredR-hydroxy ketone10.

At this point, all that remained to complete the ingenol A ring
was stereoselective reduction of the C-3 ketone. Unfortunately,
reduction of both free alcohol10 and the derived silyl ether11
resulted in predominant reduction from the convexâ face, delivering
the undesired anti products12 and13, respectively.10

Encouraged by reports in the ingenol literature of structural
alterations in the B ring translating into marked differences in
reactivity of the A ring,11 we opted to address the problem of
stereoselective reduction at C-3 on more advanced substrates. Thus,
attention turned to completing the B ring. Initial studies explored
the feasibility of a singlet oxygen ene reaction12 which was expected
to stereoselectively furnish the requisite alcohol and∆6,7 unsatura-
tion (i.e.,10 f 15) in a single step; unfortunately,10 proved inert
to singlet oxygen.13

Forced to explore alternatives, we turned to a stepwise, epoxi-
dation ring-opening approach. Toward this end, it was found that
epoxidation of alkene10 with VO(acac)2 andtert-butyl hydroper-

oxide proceeded smoothly; however, attempts to convert the derived
epoxide (14) to the desired allylic alcohol15with a variety of either
Lewis acids or strong bases were unfruitful (Scheme 4).14

Suspecting that the free tertiary alcohol in14 was interfering
with epoxide opening and aware of the possibility that the desired
R,â-hydroxy ketone (15) might be prone to undergo a retro-aldol

Figure 1. Structure of ingenol and Chem3D representation of the “inside-
outside” bridged BC ring system.

Scheme 1

Scheme 2

Scheme 3 a

a Reagents and conditions: (a) HCl, THF-H2O; (b) NaBH4, EtOH-
THF (77% over two steps); (c) I2, PPh3, imidazole, THF; (d) KOtBu, THF-
DMSO (94% over two steps); (e) SeO2, tBuOOH, CH2Cl2-H2O-HOAc
(49%, 68% brsm); (f) Dess-Martin periodinane, CH2Cl2 (74%); (g) RhCl3,
EtOH-H2O (74%); (h) KOtBu, O2, P(OMe)3, THF-tBuOH (94%); (i)
TMSOTf, NEt3, CH2Cl2 (60%); (j) NaBH4, MeOH (99% for10 f 12, 90%
for 11 f 13); (k) HCl, THF-H2O (76%).
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reaction under strongly acidic or basic conditions, we considered
numerous protection scenarios, eventually recognizing reduction
of the C-3 ketone and protection of the derived diol as an efficient
possibility. In stark contrast to previous reductions (i.e.,11 f 13,
Scheme 3), we were delighted to find that conversion of the tertiary
alcohol in14 to its TMS ether, followed by reduction and protection,
stereoselectively delivered acetonide17. Although this result clearly
demonstrates how subtle changes in the ingenane skeleton can
influence reactivity, the underlying forces controlling the stereo-
chemical outcome of the C-3 reduction remain undelineated.

Despite a fully protected A ring, the epoxide in17 again proved
unreactive toward ring-opening conditions. In an attempt to bias
the system, the protected C-20 alcohol in17 was unmasked and
converted to phenyl sulfone21 via nucleophilic displacement of
the corresponding mesylate (19) with lithium phenylthiolate fol-
lowed by oxidation. Gratifyingly, treatment of epoxy sulfone21
under mildly basic conditions initially gave vinyl sulfone22, which
smoothly isomerized under the reaction conditions to desired allylic
sulfone23 (Scheme 5).15

With allylic sulfone23 in hand, the major remaining challenge
in the synthesis of ingenol was the conversion of the C-20 sulfonyl
to the corresponding primary alcohol. While attempts to effect this
transformation via displacement or oxidation were unsuccessful,
sodium amalgam reduction of23 followed by hydrolytic removal
of the acetonide furnished 20-deoxyingenol (24).16 Upon treatment
with silica supported selenium dioxide,24 was found to undergo
selective oxidation at the least hindered allylic site to furnish1,17

completing the most concise total synthesis of ingenol reported to
date.

In conclusion, a ring-closing metathesis approach has been
effectively employed in an efficient total synthesis that delivers
the biologically important diterpene ingenol in 32 overall steps from
2.5
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a Reagents and conditions: (a) TMSOTf, NEt3, CH2Cl2 (72%); (b)
NaBH4, MeOH; (c) 2,2-dimethoxypropane, PPTS, CH2Cl2 (86% over two
steps); (d) DDQ, CH2Cl2-H2O (90%); (e) MsCl, NEt3, CH2Cl2 (96%); (f)
PhSH, Li2CO3, DMF (76%); (g) (NH4)6Mo7O24, H2O2, EtOH-H2O (97%);
(h) DBU, benzene (47%, 88% based on recovered22); (i) DBU, benzene
(47%, 94% based on recovered22); (j) Na(Hg), Na2HPO4, MeOH (76%);
(k) HCl, THF-H2O (92%); (l) SeO2/SiO2, THF (40%, 85% brsm).
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