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A concise synthesis of the tricyclic skeleton of crotobarin and
crotogoudin via gold-catalyzed 1,6-enyne cycloisomerization
reaction is reported.

Crotobarin (1) and crotogoudin (2), two closely related 3,4-seco-
atisane diterpenes, were isolated by Vincent Dumontet and
Philippe Rasoanaivo from two Madagascan plants C. barorum
Leandri and C. goudotii Baill in 2010. They showed strong
cytotoxic activities against the P388 murine lymphocytic
leukemia cell line, and arrested the cells at the G2/M growth
stage in the K562 human leukemia cell line.' The structural
characteristics of crotobarin and crotogoudin feature a congested
tetracyclic ring system containing a bicyclo[2.2.2]Joctane moiety
and four contiguous stereocenters including three contiguous
quaternary carbon center on the tetracyclic skeleton (Fig. 1),
which is highly challenging for the synthesis. The unique
structural features and promising biological profiles of crotobarin
and crotogoudin make them attractive targets for total synthesis.”
Recently, Carreira and co-workers reported the first total
synthesis of (+)-crotogoudin (2), featuring a novel radical
cyclopropane-opening/annulation/elimination cascade, and they
also determined the absolute configurations of the natural
products.”® Herein we report a concise synthesis of the tricyclic
skeleton of crotobarin (1) and crotogoudin (2) via gold-catalyzed
cycloisomerization reaction.

(+)-crotobarin (1) (+)-crotogoudin (2)

Fig. 1 Structure of (+)-crotobarin and (+)-crotogoudin.

Our retrosynthetic analysis is illustrated in Scheme 1. We
envisioned that 1 and 2 could be assembled from tricyclic
precursor 3 through functional-group manipulations. The tricyclic
compound 3 could be constructed from 1,6-enyne acid 4 by using
the recently developed gold-catalyzed cyclization®* of substituted
1,6-enyne with carboxylate trap.’ In order to examine the
feasibility of this key reaction quickly, we designed a model
reaction by removing the isopropenyl group on the compound 3.
Thus, the simplified structure 5 could be obtained from 1,6-enyne

acid 6 based on the mechanism proposed by Fiirstner and co-
workers, in which an anti addition of the alkyne and the

45 carboxylate to the two sides of the alkene was generated most
likely through a highly ordered, chair-like transition state.® In
turn, the corresponding 1,6-enyne acid 6 could be prepared from
the known keto-ester 7 by a sequence of enol triflate formation,
Negishi cross-coupling reaction, and hydrolysis.
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HO,C
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Scheme 1 Retrosynthetic analysis of (+)-crotobarin and (+)-crotogoudin.

Our synthesis commenced with the known ketoester 7, which
was prepared from commercially available 2-
ss methylcyclohexanone via the asymmetric Michael addition with
methyl acrylate developed by d’Angelo and co-workers (Scheme
2).% Initial attempts to transform ketoester 7 to the enol triflate 8
chemo-selectively with trifluoromethanesulfonic anhydride in the
presence of bases such as 4-methyl-2,6-di-fert-butylpyridine
o (DTBMP)” only provided the desired product 8 in low yield,
along with many byproducts. Reaction of keto-ester 7 with N-
phenyl-bis(trifluoromethanesulfonamine) ~ (PhNTf;) in  the
presence of LDA, LiHMDS or NaHMDS gave the same results.
Interestingly, the reaction proceeded smoothly when KHMDS?®
es was employed as the base and gave the desired product 8 in 75%
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Scheme 2 Synthesis of the intermediate 10. Reagents and conditions: (a)
KHMDS, THF, -78 °C, 30 min; PhNTf,, THF, then rt, overnight, 75%.

s Table 1 Optimizations of the conditions of Negishi coupling reaction

oTf
conditions
‘ ‘ +MeO C
MeO,C MeO,C 2
TMS
8 10

ratio”
10:11

11

. yield *
conditions of 10
Zn, TMSCI, 9
1,2-dibromoethane
Pd(PPh;), (0.1 equiv.)
T=70°C,C=0.05M
Zn, TMSCI, 9
1,2-dibromoethane
Pd(PPh;)4 (0.5 equiv.)
T=70°C,C=0.05M
Zn, TMSCI, 9
1,2-dibromoethane
Pd(PPh;), (0.02 equiv.)
T=70°C,C=0.05M
Mg, ZnCl,, 9
4 Pd(PPh;)4 (0.1 equiv.)
T=70°C,C=0.05M
Mg, ZnCl,, 9
5 Pd(dpph)Cl, (0.1 equiv.)
T=70°C,C=0.05M
Mg, ZnCl,, 9
6 Pd(dppf)Cl, (0.05 equiv.)
T=70°C,C=0.1M

entry

28%

8% 1:5

3¢ 51% 1.1:1

62% 5.2:1

91% 20:1

95% 30:1

T = temperature. C = concentration. * isolation yield. * measured by NMR.
¢ base on the recovery of the starting material.

Subsequent Negishi coupling of the sterically hindered enol
triflate 8 with the alkylzinc reagent under various reaction
10 conditions were examined, and some of the representative results
are shown in Table 1. Initially, the alkylzinc reagent was prepared
from alkyl iodide 9 following the method developed by Knochel
(Table 1, entries 1-3).° Negishi coupling with 8 using 10 mol% of
the commonly employed Pd(PPhs), as catalyst provided the
15 desired product 1,6-enyne ester 10 in 28% yield along with the
de-triflated olefin 11 in 42% yield, which could not be separated
by column chromatography (entry 1). The byproduct 11 was
caused by the well-known hydridopalladium species generated by
p-hydride elimination from diorganopalladium complex. When
20 the amount of catalyst was increased, the desired product was
obtained in only 8% yield (entry 2). However, decreasing the
amount of catalyst could enhance the yield of product and reduce

the ratio of the byproduct with some starting material recovered
(entry 3). It has been reported that the use of magnesium-zinc

»s transmetalation method for the preparation of the alkylzinc
compounds has a higher efficiency without producing the dimmer
of the alkyl iodide 9."” Thus, the use of this method for the
preparation of the alkylzinc compounds was carried out. To our
delight, both the ratio and yield of the product 10 were improved

30 dramatically under the same conditions (entry 4). Pd(dppf)Cl, has
been recognized as an excellent catalyst for cross-coupling since
it can suppress the reduction of halides.'" After exchanging the
catalyst to Pd(dppf)Cl,, the yield of desired product was
significantly increased to 91% (entry 5). The amount of catalyst

35 and other reaction concentrations were further optimized. We
eventually found that the optimal condition was 5 mol%
Pd(dppf)Cl, in THF (C = 0.1 M), which provided the desired 1,6-
enyne ester 10 in 95% yield (entry 6).
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40 Scheme 3 Synthesis of the tricyclic skeleton of crotobarin and
crotogoudin. Reagents and conditions: (a) LiOH, THF/H,0 = 3:1, rt, 16 h,
quantitative; (b) [AuCl(Phs;P)], AgOTf, CH,Cl, rt, 1 h, 70%; (c) Os,
MeOH, -78 °C, then Me;S, 6 h, 75%; (d) PhSeCl, p-TsOH, EtOAc, 0 °C,
2.5 h, then rt, 1.5 h; (e) HO,, CH,Cl,, rt, 45 min, 53% (steps d and e).

45 Hydrolysis of methyl ester and deprotection of trimethylsilyl
group of 10 with LiOH furnished the 1,6-enyne acid 6 in
quantitative yield. With the key intermediate 6 in hand, we set out
to investigate the gold-catalyzed cycloisomerization reaction.
Treatment of 6 with [AuCI(Ph;P)] and AgSbF4 in CH,Cl, could

so provide the desired product 5 in 50% yield. Further optimization
of the reaction conditions showed that the silver salt played an
important role. When AgOTf was used, the desired product 5
could be obtained in 70% yield. Control experiment indicated that
this cycloisomerization reaction is “pure” Au(I)-promoted

ss reaction.'? The structure of 5 was unequivocally confirmed by X-
ray crystallography analysis. Ozonization of the terminal olefin 5
in methanol afforded ketone 12 in 75% yield. Finally, treatment
of ketone 12 with PhSeCl and p-TsOH in EtOAc followed by
oxidation with H,0, afforded the conjugated ketone 13 in 53%

s overall yield."

After the success of model reaction, we set out to investigate
the synthesis of the tricyclic skeleton 3 via this gold-catalyzed
cycloisomerization reaction of compound 4 (Scheme 4, eqn (1)).
Gratefully, the reaction also showed good compatibility with the

¢s isopropenyl side chain, and the desired product 3 was obtained in
69% yield, which could lay the groundwork to achieve the total
synthesis of crotobarin and crotogoudin. Furthermore, 1,6-enyne
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acids 14 and 16 with functionalized side chains including aryl and
alkyl groups gave the corresponding products 15 and 17 in
moderate yields, respectively. Compound 15 could be used as the
model to construct the bridge ring of these natural products.
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5
Scheme 4 Reagents and conditions: (a) [AuCl(PhsP)], AgOTf, CH,CL, tt,
1 h.

In conclusion, we have succeeded in synthesizing the tricyclic
skeleton 3 bearing most of the components of crotobarin and
10 crotogoudin. The present synthesis features a chemo-selective
enol triflate formation, a sterically hindered Negishi cross-
coupling reaction, and a  gold-catalyzed 1,6-enyne
cycloisomerization reaction. We also examined this strategy with
other substrates, they all gave good results. Further studies
15 toward the total synthesis of crotobarin and crotogoudin using
this strategy are currently ongoing in our laboratory.
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