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ABSTRACT

A convergent reaction sequence involving a reductive coupling and a chiral Brønsted acid catalyzed Nazarov reaction is utilized in a concise
formal synthesis of (þ)-roseophilin (11 steps via longest linear sequence, 10.2% yield, 95% ee).

Isolated from Streptomyces griseoviridis in 1992,
(þ)-roseophilin (1), is an anticancer natural product that
has attracted considerable attention.1,2 1 has been shown

to inhibit several phosphatases, including Cdc25a,
VHR, and PTP1B, all of which are important to cancer

cell growth and survival.2 Interestingly, the unnatural

enantiomer, ent-1, possesses higher potency than 1

against these phosphatases and against several cancer

cell lines.2,3 The unusual ansa-bridged, cyclopenta-fused

azafulvene core of 1 has inspired a number of synthetic

efforts.4 Two landmark approaches are the first total

Scheme 1. Key Disconnect in the Synthesis of 1
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synthesis of rac-1 described byWeintritt and F€urstner,
which is still the most concise (13 steps), and the first

enantioselective approach developed by Harrington

and Tius (15 steps, 99% ee), which is also the most

efficient in terms of overall yield (8%).4c,e Herein,

we describe a nine step approach to ketopyrrole 2

(longest linear sequence), which has been previously

converted to 1 by reaction with the ceriated pyrro-

lylfuran 3 (1,2-addition, elimination sequence), fol-

lowed by deprotection (Scheme 1).3,4c,e A new two

step protocol for the enantioselective synthesis of

highly substituted cyclopentanoids has been devel-

oped in the context of this new formal synthesis

of 1.
Our planned approach to 2 is outlined in Scheme 2

and centers around the divinyl ketone 6, which we
considered accessible by reductive coupling of acid
chloride 4 to alkyne 5 (see below).5 We intended that
Nazarov cyclization of 6 be accompanied by in situ
hydrolytic trapping of the oxonium ion 7/8 to give 9

diastereospecifically.6,7 Marocyclization of 9 to 10 by
ring-closing metathesis (RCM) and hydrogenation
would then be followed by Paal�Knorr and SEM-
protection to give 2.8 Recently, divinyl ketones bearing
R-alkoxy groups, as in 6, have proven effective in chiral acid
(AC) catalyzed Nazarov reactions, offering the possibility of
achieving this sequence enantioselectively.6f,g,9

Acid chloride 4 was prepared in two steps (Scheme 3).
Wittig olefination of 11with phosphonium reagent 12 gave
ester 13 (80%), which was hydrolyzed and the crude acid
treated with oxalyl chloride to give 4 (97%). Alkyne 5 was
also achieved in two steps (Scheme 3). Ring opening of the
epoxide 15 with alkyne 14 gave the alcohol 16 (80%),
which was oxidized to give 5 (99%) (Scheme 3).
The reductive coupling of 4 and 5 to give 6 involves

palladium mediated syn-hydrostannylation of 5 f 17,
followed by addition of the acid chloride 4 and copper(I)
thiophenecarboxylate (CuTC) cocatalyst. In our previous
applications of this reductive coupling protocol the alkyne
has been activated to syn-hydrostannylation through a
directly attached carbonyl.5 In the case of 5, the alkyne is
linked to the carbonyl through a methylene. The syn-
hydrostannylation of such remotely activated alkynes is
rare anddifficult to achieve.10 Ina systematic study of the

Scheme 2. Planned Approach to 2

Scheme 3. Synthesis of Divinyl Ketone 8
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reaction conditions, we discovered that syn-hydro-
stannylation of 5 f 17 could be achieved by slow
addition of the tributyltin hydride to a solution of 5
and Pd(PPh3)4 (5 mol %) in dichloromethane at room
temperature.11 Slow addition avoided competitive pal-
ladium mediated disproportionation of the tributyltin
hydride to hexabutylditin and hydrogen gas. When hy-
drostannylation of 5 was performed in the context of a
reductive coupling with acid chloride 4, 6was obtained in
good yield (65%).
We next investigated the Nazarov cyclization of 6

under various conditions (Table 1).9a Using the Lewis
acid AlCl3 (10 mol%) in dichloromethane we obtained
the enol ether 18 exclusively as the trans-isomer in
excellent yield (85%) (entry 1, Table 1). To achieve
hydrolytic trapping of intermediate 8 (Scheme 2), we
used the Brønsted acid MeSO3H in wet dichloro-
methane; this gave the desired keto enol, rac-9, in
excellent yield (99%) (entry 2, Table 1). We next
investigated the use of the chiral Brønsted acids.12 In
their earlier studies, Rueping and co-workers evalu-
ated a number of binol phosphates and phosphora-
mides in the cyclization of pyranyl fused divinyl
ketones to corresponding cyclopentenones with good
induction (86�93% ee).9b,d They identified AC-1 as the
most effective catalyst and chloroform as the best
solvent.9b,13 Using just 5 mol % of AC-1 in moist
chloroform we were able to achieve an efficient cycli-
zation of 6 to 9 (90%), favoring the R,R-isomer
(60% ee) (entry 3, Table 1). By substituting the phe-
nanthracenyl groups for anthracenyl groups (AC-2)
we were able to increase the torquoselectivity giving
R,R-9 in 72% ee (entry 4, Table). A further increase
in the torquoselectivity to 82% ee was achieved by
performing the reaction in the less polar solvent,
carbon tetrachloride (entry 5, Table 1). Further opti-
mization of this reaction is ongoing.
The next two steps required to progress 9 toward 2

involved ring-closing metathesis (RCM) and palladium
on charcoal hydrogenation. In our most preferred
arrangement, the crude product arising from basic
workup (NaHCO3 aq) of the AC-2 catalyzed Nazarov
reaction 6 f 9 was subjected directly to RCM with
Grubbs’ first generation catalyst, giving the cyclic alkene
19 (72% from 6) as a cis/trans-mixture (Scheme 4).
Hydrogenation of cis/trans-19 was quantitative, giving
pure 10 (100%, 82% ee). Recrystallization of this mate-
rial from diethyl ether and hexanes led to preferential
crystallization of the racemate, giving enantiomerically
enriched 10 (80% recovery, 95% ee) upon filtration and
evaporation of themother liquor. Thismaterial was then
subject to a Paal�Knorr reaction using NH4OAc and

Ti(OiPr)4 in propanoic acid to give (þ)-20 (56%). The
positive rotation observed for 20 indicates that this formal
synthesis provides the naturally occurring enantiomer
(þ)-1.4a,c SEM-protection of 20 to give 2 (98%) was
performed using previously reported conditions.4c,14

Scheme 4. Final Steps

Table 1. Nazarov Cyclization of 6

reaction conditions

entry acid solvent

product,

yield % ee

1 AlCl3
(10 mol %)

CH2Cl2
a 18, 85% racemic

2 MeSO3H

(2 equiv)

CH2Cl2/H2O
b 9, 99% racemic

3 AC-1

(5 mol %)

CHCl3
c 9, 90% 60%

4 AC-2

(5 mol %)

CHCl3
c 9, 91% 72%

5 AC-2

(5 mol %)

CCl4
c 9, 91% 82%

aAnhydrous solvent used. bWater added (2 drops) to reagent grade
solvent. cReagent grade solvent used; no water added.

(11) See Supporting Information.
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duced by Nakashima and Yamamoto in a study on enantioselective
Diels�Alder reactions: Nakashima, D.; Yamamoto, H. J. Am. Chem.
Soc. 2006, 128, 9626. (14) This step was conducted using racemic 20.
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In conclusion, a concise, enantioselective formal synthe-
sis of 1 has been achieved (11 steps via longest linear
sequence, 10.2% overall yield, 95% ee). Central to the
attainment of this outcome has been the combination of
reductive coupling and chiral Brønsted acid catalyzed
Nazarov cyclization. This two step approach to highly
substituted, multistereocenter containing cyclopentanoids
is likely to find other valuable applications. The availabil-
ity of both enantiomers of AC-2 affords enantiodivergent
access to 1 and its analogs. This is advantageous given that
both enantiomers of 1 have activity as inhibitors of several

protein phosphatases linked to cancer cell growth and
survival.
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