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A new coupling methodology for assembly of highly oxygenated carbocycles was developed. An a-alkoxy bridgehead radical was employed as
the key reactive intermediate due to its potent reactivity, minimum steric interaction, and predestined stereochemical outcome. The radical of the
trioxadamantane structure, generated from the O,Se-acetal, was reacted with electron-deficient cyclic olefins of various ring sizes. Intermolecular
formation of sterically congested linkages between two tetrasubstituted carbons and application of the method to a three-component coupling

were two significant achievements.

Terpenoids constitute one of the largest classes of sec-
ondary metabolites in nature.! The various carbocyclic
structures are often multiply fused and decorated by
various oxygen functionalities. These structural elements
not only diversify architectural complexity but also impart
distinct biological functions to the terpenoids. For in-
stance, the diterpenoids phorbol®> and trigohownin A®
share the 5/7/6-fused ring skeleton (Scheme 1) but differ
mainly in their surrounding alkoxy functional groups and
consequently in their activities, that is, the 12,13-diester of
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phorbol is a highly effective cocarcinogen, whereas trigo-
hownin A exhibits strong cytotoxic activity. Synthetic
chemists have been drawn to terpenoids primarily due to
such structural and biological uniqueness.*

The multiple rings with many alkoxy functionalities pre-
sent a formidable synthetic challenge. Although considerable
efforts have been devoted to their syntheses, there is no
universal methodology to construct hindered C—C bonds
within the highly oxidized ring structures. In this context, we
were interested in developing a new general strategy for
construction of the ring connection motif, which is em-
bedded in numerous oxidized terpenoids including phorbol
and trigohownin A (see C—C bonds highlighted in red in
Scheme 1). Here we report a radical-mediated stereoselective
coupling method to form linkages between tertiary alkoxy
carbons and tertiary/quaternary carbons. The present inter-
molecular reaction enables facile assembly of the two oxyge-
nated ring structures into complex bicycles in a single step by
applying either two- or three-component coupling protocols.

Construction of sterically congested C—C bonds between
the two rings necessitates judicious design of potently
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Scheme 1. Plan for Application of a-Alkoxy Bridgehead Radi-
cal to Construct a Linkage between Two Oxygenated Carbo-
cycles
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reactive species with minimum steric interactions. The key
reactive intermediate selected for this purpose is a-alkoxy
bridgehead radical 3 (Scheme 1).° Homolytic cleavage
of the C-X bond of 2,4,10-trioxadamantane orthoester 1
would generate radical 3, which subsequently adds to
cyclic a,B-unsaturated ketone 4, resulting in the carbon-
chain attached bicycle 2 after introduction of the R group
to 5. Bridgehead radical 3 was considered to be advanta-
geous over the corresponding acyclic a-alkoxy radical due
to its high reactivity and predestined stereochemical out-
come. Namely, the radical of 3 is spacially more exposed
and thus more reactive, and the O-based stereocenter
is fixed by the cage structure throughout the reaction.
Despite these potentially useful properties, bridgehead radi-
cals with a-oxygen atoms have not been systematically
studied’ in comparison to their carbocyclic counterparts
(e.g., adamantyl radical®).”

To evaluate the synthetic potential of a-alkoxy bridge-
head radicals, generation of 3 and subsequent addition
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Scheme 2. Generation and Subsequent C—C bond Formation of
a-Alkoxy Bridgehead Radical
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were first investigated (Scheme 2). Two radical precursors 7
and 8 were prepared from carboxylic acid 6.'° Conversion
of 6 into the acid chloride using (COCI), and a polymer-
bound amine'""'? was followed by addition of the sodium
salt of N-hydroxypyridine-2-thione to yield Barton ester
7.3 Photoirradiation of 7 in turn induced generation of
radical 3 at room temperature, which was immediately
trapped by (PhSe), to afford O,Se-acetal 8 in 61% yield.'
In contrast to this successful SePh introduction, the photo-
induced carbon extension from 7 in the presence of methyl
acrylate and #-BusSnH resulted in decomposition of 7 and
low yielding formation of 9 (15%)."> On the other hand, O,
Se-acetal 8 gave 9 in much higher yield (66%) when treated
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with methyl acrylate, n-BusSnH, and V-40 [1,1’-azobis-
(cyclohexane-1-carbonitrile)] at 110 °C in toluene.'® The
results clearly demonstrated the superiority of 8 over 7 as a
precursor to radical 3 for C—C bond formation.

Furthermore, a three-component coupling was realized
from O,Se-acetal 8 (Scheme 2).!” Application of methyl
acrylate, allyltributyltin and V-40 to 8 in toluene at 110 °C
afforded the branched carboskeleton 10 in 66% yield.
Formation of 9 and 10 as major products confirmed that
the reaction of 8 followed the scenario envisioned in
Scheme 1. Specifically, the reactions of the two pivotal
radical species were properly orchestrated. The radical 3
generated from 8 preferred electron-deficient methyl acry-
late over the tin reagent, then the resultant electron-
deficient o-carbonyl radical reacted with n-BusSnH or
nBu3;SnCH,CH=CH, in the presence of methyl acrylate
to produce the desired adduct 9 or 10. Selective addition of
a-alkoxy radical 3 to the electrophilic unsaturated bond
also confirmed its expected nucleophilic character.'®

With the establishment of an efficient procedure for
radical formation and addition, efforts turned toward the
development of a coupling method to form linkages be-
tween two carbocyclic structures. Despite the increased
steric hindrance, o,8-unsaturated ketones 11 of the five- to
eight-membered rings functioned efficiently as radical ac-
ceptors (Table 1). In these reactions, a syringe pump was
used for slow addition of n-BusSnH and V-40 into the
toluene solution, and under these optimized conditions the
yields of the adducts were effectively maximized by suppres-
sing the undesired reduction of radical 3. Accordingly, direct
attachment of the cyclopentanone, cyclohexanone, cyclo-
heptanone, and cyclooctanone structures (entries 1—4) to
the bridgehead position were achieved to generate 12a, 12b,
12¢, and 12d in 77, 56, 26, and 45% yields, respectively. The
radical addition to the oxygenated cyclopentenone deriva-
tive 11e proceeded selectively from the opposite face of the
TBSO group, giving rise to 12e as a single diastereoisomer
(entry 5). Thus, we attained intermolecular bond formation
between tetrasubstituted and trisubstituted carbons.

The a-alkoxy bridgehead radical technology was next
extended to the three-component coupling reaction (Table 2).
Treatment of cyclopentenone 11a and cyclohexenone 11b
with allyltributyltin and V-40 in toluene at 110 °C resulted
in formation of 2,3-trans disubstituted cycloalkanones 13a
and 13bin 75% and 32% yields, respectively, both as single
diastereoisomers (entries 1 and 2). Moreover, 2,3-trans-3,
4-trans-trisubstituted cyclopentanone 13e was exclu-
sively produced from 11e in 77% yield (entry 3), demon-
strating that the preexisting stereochemistry of 1le
influenced the selective introduction of the two new
stereocenters of 13e. Consequently, the three-compo-
nent coupling generated in a single step the complex

(17) For examples on three-component radical coupling, see: (a) Toru,
T.; Watanabe, Y.; Tsusaka, M.; Gautam, R. K.; Tazawa, K.; Bakouetila,
M.; Yoneda, T.; Ueno, Y. Tetrahedron Lett. 1992, 33, 4037-4040. (b) Keck,
G. E.; Kordik, C. P. Tetrahedron Lett. 1993, 34, 6875-6876.

(18) The reaction between 8 and electron rich ethyl vinyl ether in the
presence of n-Bu;SnH and V-40 failed to generate the carbon-chain
extended product. This also supported the nucleophilic property of
radical 3.
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Table 1. Coupling between a-Alkoxy Bridgehead Radical and
o,f3-Unsaturated Cyclic Ketones”

radical acceptor OJ\O
070
0

n-BuzSnH, v-40 Eﬁ{\go

SePh toluene, 110 °C
8 12
entry radical acceptor product yield
oo
1 o Q %
O

1a
o o
2 (:/r ﬁj‘\@m 56%
0 0
e 12
0]
(@] (@]

65%"
TBSO o

TBSO™
11e 12e

“Reaction conditions: 8 (1 equiv), 11 (5 equiv), n-BusSnH (6 equiv),
V-40 (0.4 equiv), toluene (0.02 M), 110 °C. n-Bu3SnH and V-40 (0.2
equiv) were added by syringe Pump over 3 h, and the reaction mixture
was stirred for additional 1 h. ” Compound 12e was obtained as a single
diastereoisomer.

molecule 13e that corresponds to the bicyclic ring skele-
ton of trigohownin A (Scheme 1). The stereochemistry of
cyclohexanone 13b was established by X-ray crystal-
lography (Figure 1), and stereochemistry of cyclopenta-
nones 13a and 13e was confirmed by NOE experiments
on derivatized compounds (See Supporting Information
for details).

To further expand the scope of the reaction, we investi-
gated the possibility of constructing two contiguous tetra-
substituted carbons via the intermolecular radical reaction
(Table 3). Cycloalkylidenemalononitriles 14a—d were de-
signed as the appropriate radical acceptors, because of the
highly electrophilic nature of the exocyclic olefins and the low
steric influence of the cyano groups.'**° Significantly, radical
coupling of 8 with five-, six-, seven-, and eight-membered
ring substrates 14a—d all proceeded under the same condi-
tions as those of Table 1, delivering 15a—d in 54, 72, 57, and

(19) (a) Russell, G. A.; Chen, P.; Yao, C.-F.; Kim, B. H. J. Am. Chem.
Soc. 1995, 117, 5967-5972. (b) Cardarelli, A. M.; Fagnoni, M.; Mella,
M.; Albini, A. J. Org. Chem. 2001, 66, 7320-7327.

(20) Cycloalkylidenemalononitrile 12a—d were synthesized according
to the literature procedure. Géra, M.; Kozik, B.; Jamrozy, K.; Luczynski,
M. K.; Brzuzan, P.; Wozny, M. Green Chem. 2009, 11, 863-867.
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Table 2. Three-Component Coupling of a-Alkoxy Bridgehead
Radical?

radical acceptor
OJ\O n-BuzSnCHyCH=CH,,
0O

toluene 110 °C

entry radical acceptor product yield

1 |f>: 75%"

o
2 (:f - 3204b

77%®
TBSO

11e

“Reaction conditions: 8 (1 equiv), 11 (5 equiv), n-Bus;SnCH,CH=
CH, (6 equiv), V-40 (0.4 equiv), toluene (0.2 M), 110 °C, 8 h. * Com-
pounds 13a,b,e were obtained as single diastereoisomers. “ Compoud 8
was recovered in 15% yield.

Figure 1. X-ray crystallographic analysis of compound 13b.

27% yields, respectively. These data demonstrated the power
and versatility of the bridgehead radical strategy even for
formation of the most sterically demanding bonds.

In summary, we devised a new simple and general
methodology for connecting oxygenated carbocycles by
utilizing an o-alkoxy bridgehead radical as the key reactive
intermediate. The method was applied to the single-step
assembly of a variety of highly complex bicycles with
simultaneous formation of sterically cumbersome lin-
kages. Furthermore, the two new C—C bonds were pro-
duced in a stereocontrolled manner via a three-component
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Table 3. Coupling between a-Alkoxy Bridgehead Radical and
Cycloalkylidenemalononitriles”

radical acceptor J\
- (¢] (0]
OOJ\O n-BugSnH, V-40 5

bﬁ‘\seph toluene, 110 °C

NC”~ "CN
8 15

entry radical acceptor product yield
1 54%
2 2%
3 57%
4 27%

“Reaction conditions: 8 (1 equiv), 14 (5 equiv), n-BusSnH (6 equiv),
V-40 (0.4 equiv), toluene (0.02 M), 110 °C. n-BuzSnH and V-40
(0.2 equiv) were added by syringe pump over 3 h, and the reaction
mixture was stirred for additional 1 h.

coupling protocol. Because of the ubiquity of the oxidized
ring connection motif in terpenoids, many more applica-
tions of the present strategy in natural product synthesis
are likely. Further transformations from the obtained
materials®' and implementation of the developed strategy
into syntheses of oxygenated terpenoids are currently
underway in our laboratory.
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