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New and serialized*® ¢ reactions play a unique role in efforts
to achieve greater step economy in synthesis.*® The former create
new ways to think about bond construction, thereby providing
novel and ideally more efficacious and greener strategic options.
Both reduce cost, time, and solvent use (reaction and purification)
that generally increase with step count. Prompted in part by these
considerations, we previously introduced a new reaction for the
synthesis of seven-membered rings based on the metal-catalyzed
[5+2] cycloaddition of vinylcyclopropanes (VCPs) and x
systems.? While applicable to a wide range of 2-carbon
components, this process has not been examined with enynones.
However, if successful, the [5+2] cycloaddition of such
substrates would set the stage for a subsequent Nazarov®
cyclization (Scheme 1), providing a strategically novel, one- or
two-step route to bicyclo[5.3.0]decane derivatives. This ring
system is one of the most commonly encountered subunits in
Nature, being a key feature of the tiglianes, including prostratin,*®
a preclinical candidate for eradication of the HIV/AIDS latent
virus; the phorbol esters,**® the most potent tumor promoters
known; the daphnanes,*® including resiniferatoxin, a clinical
lead for treating chronic pain; and many other structurally
fascinating families exhibiting significant therapeutic potential "9
We report herein the first study of the [5+2] cycloaddition of
enynones and its utilization in new one- and two-stage routes
to bicyclo[5.3.0]decane derivatives.

Scheme 1. [5+2] Cycloaddition/Nazarov Cyclization Sequence
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a bicyclo[5.3.0]decane dienone enynone VCP 2

To explore this idea, we first examined the reaction of a variety
of en- and aryl-ynones with commercially available VCP 2 using
[Rh(CO).Cl], (25—5 mol %) as a catayst. Significantly, aryl
alkynones la—e, enynones 1f,g, and a-alkoxy enynones 1h,i al
were found to react readily, furnishing upon brief hydrolytic workup
the corresponding aryl enones 3a—e and dienones 3f—i in good to
excellent isolated yields (Table 1). Both internal and terminal
akynes can be used, and the cycloadditions proceed chemoselec-
tively, occurring only at the alkyne moiety.

To investigate whether the [5+2] cycloaddition could be
conducted serially with a Nazarov cyclization, we next screened a
variety of Lewis and Bransted acids for the desired reactions of
dienones 3 (see Sl for examples). TMSOTf and catalytic AgSbFg
produced optimal results for aryl enones 3a—e, affording the
corresponding bicyclo[5.3.0]decane derivatives 4—8 in moderate
to excellent yields (Table 1, entries 1—5). Catalytic amounts of
AgSbFs aso proved effective for the Nazarov cyclization of
a-akoxy dienones 3h,i (entries 8, 9). Proton loss from the
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cyclopenteny!| cation intermediate occurred selectively in favor of
rearomatization or enol ether formation, respectively. While the
six-membered cyclic enol ether of dienone 3h was retained in
product 11, the acyclic enol ether in 3i was hydrolyzed under the
reaction conditions (entry 9). For simpler dienone substrates such
as 3f,g, bicyclo[5.3.0]decanes 9,10 were produced in moderate to
good yields using TMSOTT; in these examples, isomers a/b arise
from the commonly observed nonselective proton loss from the
cyclopentenyl cation after cyclization (entries 6, 7). The cis-fused
diastereomers of bicyclic Nazarov products 4—11 are formed
preferentialy, in ratios ranging from 2.0:1 (entry 1) to >20:1 (entries
2 and 8).°

We next examined whether these two reactions could be coupled
into a serial, one-flask process to produce bicyclo[5.3.0]decane
derivatives in a single operation from VCP 2 and ynones 1. This
proved successful for several substrates (Table 2, conditions A).
After completion of the intermolecular [5+2] cycloaddition using
[Rh(CO),Cl], (5 mol %) at 80 °C, AgSbFs (20 mol %) was added
to facilitate the Nazarov cyclization as well as the hydrolysis of
the intermediate enol ether (derived from the protecting group of
2). Significantly, aryl alkynones 1a—d as well as a-alkoxy enynone
1h were converted into the corresponding cycloaddition/cyclization
products 4—7 and 11 in this single-flask procedure in isolated yields
ranging from 68% to 82%, making this procedure comparable or
superior in efficiency to the two-flask (two-purification) protocol
(Table 2, conditions A versus Table 1, respectively).

The use of asingle catalyst system (cascade catalysis) to mediate
both the [5+2] cycloaddition and the Nazarov cyclization was next
explored to simplify the procedure operationally. For this purpose,
we investigated cationic and more Lewis acidic rhodium catalysts.
Significantly, we found that the cationic rhodium complex formed
from [Rh(CO).Cl], and AgShFs was capable of carrying out both
reactions in a single operation at 40 °C, furnishing product 11 in
56% yield (Table 2, entry 10). Furthermore, just 2 mol % of the
cationic rhodium complex [(CyHg)Rh(cod)tSbFs ], which is highly
effective in the intramolecular [5+2] cycloaddition,®* was able to
catalyze both reaction steps, cleanly providing 11 in a remarkable
95% isolated yield (entry 11). For other substrates (1a—d), which
required the additional use of silver salts to effect serial
conversion, combined reaction times could be greatly reduced
by activating the Rh(l) precatalyst®® [Rh(cod)Cl], (2 mol %)
with an excess of AgSbF (15 mol %). In these cases, the rapid,
room temperature [5+2] cycloaddition of VCP 2 was followed
by the Nazarov cyclization at 80 °C, presumably facilitated by
the additional Ag(l) species, to provide products 4—7 in good
overall yields (Table 2, conditions B).

In summary, the intermolecular [5+2] cycloadditions of enynones
and aryl-ynones proceed readily and chemoselectively, providing
a novel route to aryl-enones and dienones in good to excellent
yields. The resultant cycloadducts undergo a Nazarov cyclization
providing overall astrategy for the facile synthesis of bicyclo[5.3.0]-
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Table 1. Rhodium-Catalyzed [5+2] Cycloaddition of Ynones la—i and VCP 2; Nazarov Cyclization of Dienones 3a—i

entry alkynone 1 R, R (Rmhoff/:) t(h) [5+2] product 3, yield®  conditions” t (h) Nazarov product(s), yield (ratio)’
o} o} Q
1 weo la HH 2.5 1 meo 3a, 90% B 2 f 4,92% (dr 2.0:1)
2 Sy 1b Me,OMe 5 20 ] ‘ 03b,9% B 15 Mo 5. 89% (dr >20:1)
3 R ) 1¢ H,OMe 5 1 R ) R 3¢, 84% A 1.5 R R 0 6, 64% (dr 3.7:1)
L
o 2
4 1d  Me 5 25 3d,95% B 10 7,96% (dr 19:1)
5 T X, 1e H 5 05 CT ] 0 3e,88% A 1 /) 8,80% (dr2.8:1)
o) O R o R 0
o o Q QH
6 « 1If MeMe 25 16 3f,74% A 1 o 9,85% (2:1)°
7 | ™; 1g MePh 25 20 I °  3g,65% A 0.5 10, 53% (5:1)?
R R R R a R b
o ? u
8 Y. 1 Me 50005 7YY o 3h90% B 25 m 11, 95% (dr >20:1)
0

[o]
9 E‘Of\ i Me 517
R

3i, 82% B/ 12,90%

a[5+2] Reaction conditions: VCP 2 (1.2 equiv), [Rh(CO).Cl], (2.5—-5 mol %), DCE/TFE (95:5), 80 °C; acidic workup. ® Nazarov reaction
conditions: (A) TMSOTf (1.1-2 equiv), DCM, room temp. (B) AgSbFs (10 mol %), DCE, 80 °C. °Isolated yield, ratio of cisitrans diastereomers
determined by *H NMR. 9 Ratio of a:b. © Reaction performed at room temp. f Reaction performed at 50 °C.

Table 2. Serial [5+2]/Nazarov Processes and Cascade Catalysis

Q H
g o~
Hx/’ S R R/

O
)
>\
> %
o]

R
1 3 47,11
entry ynone conditions? t (h)? product(s) yield (ratio)®
1 la A 15,1 44 82% (dr 2.0:1)
2 B 0.25, 2 71% (dr 2.0:1)
3 1b A 20,15 5 76% (dr >20:1)
4 B 0.25, 2 78% (dr >20:1)
5 1c A 20,1 6 82% (dr 3.6:1)
6 B 0.25, 2 89% (dr 3.8:1)
7 1d A 4,22 7 68% (dr 19:1)
8 B¢ 0.25, 20 54% (dr >20:1)
9 1lh A 13,3 11 77% (dr >20:1)
10 Cc 16 56% (dr >20:1)
11 D 24 95% (dr >20:1)

2 Conditions: VCP 2 (1.2 equiv); (A) [Rh(CO).Cl], (5 mol %), DCE/
TFE (95:5), 80 °C, then AgSbFs (20 mol %), 80 °C; (B) [Rh(cod)Cl],»
(2 mal %), AgSbFs (15 mol %), DCE/TFE (75:25), room temp, then 80
°C; acidic workup; (C) [Rh(CO),Cl], (5 mol %), AgSbFs (10 mol %),
DCE/TFE (95:5), 40 °C; (D) [(CioHg)Rh(cod)"SbFs™] (2 mol %), DCE,
50 °C. P Reaction time for [5+2] and Nazarov phase, respectively.
¢ Isolated yield, ratio of cisitrans isomers (*H NMR). © There was 7%
Nazarov regioisomer also observed. €20 mol % AgSbFs was used.
fNazarov phase run at room temp.

decanes. In many cases, this cycloaddition/cyclization process can
be carried out in a single operation with comparable or superior
yields and with shorter reaction times using a two-catalyst system.
Significantly, the cycloaddition/cyclization can aso be conducted
with asingle catalyst system. Further studies on this facile route to
thecoreringsystemof therapeutically promising bicyclo[5.3.0]decanes
are in progress.

Acknowledgment. This research was supported by the NSF
(Grant CHE-0450638 and graduate fellowship to L.E.S.) and by
the German Academic Exchange Service (DAAD, R.T.S.). Jung-
Min Kee is thanked for related examples and discussion.

Supporting Information Available: Full experimental details. This
material isavailable free of charge viathe Internet at http://pubs.acs.org.

References

(1) (a) Tietze, L. F.; Brasche, G.; Gericke, K. M. Domino Reactionsin Organic
Synthesis; Wiley-V CH: Weinheim, Germany, 2006. (b) Mller, T. J. J. Top.
Organomet. Chem. 2006, Vol. 19. (c) Wasilke, J.-C.; Obrey, S. J.; Baker,
R. T.; Bazan, G. C. Chem. Rev. 2005, 105, 1001. (d) Nicolaou, K. C.;
Edmonds, D. J.; Bulger, P. G. Angew. Chem., Int. Ed. 2006, 45, 7134. (¢)
Wender, P. A.; Miller, B. L. Nature 2009, 460, 197.

(2) (@) Wender, P. A.; Takahashi, H.; Witulski, B. J. Am. Chem. Soc. 1995,
117, 4720. (b) Wender, P. A.; Rieck, H.; Fuji, M. J. Am. Chem. Soc. 1998,
120, 10976. (c) Wender, P. A.; Dyckman, A. J.; Husfeld, C. O.; Scanio,
M. J. C. Org. Lett. 2000, 2, 1609. (d) Wender, P. A.; Barzilay, C. M.;
Dyckman, A. J. J. Am. Chem. Soc. 2001, 123, 179. Review: (e) Wender,
P. A.; Gamber, G. G.; Williams, T. J. In Modern Rhodium-Catalyzed Organic
Reactions; Evans, P. A., Ed.; Wiley-VCH: Weinheim, Germany, 2005; pp
263.

(3) (&) Nazarov, I. N.; Zaretskaya, |. I. 1zv. Akad. Nauk. SSSR, Ser. Khim. 1941,
211. Reviews: (b) Tius, M. A. Eur. J. Org. Chem. 2005, 2193. (c) Pellissier,
H. Tetrahedron 2005, 61, 6479. (d) Frontier, A.; Collison, C. Tetrahedron
2005, 61, 7577. Review of interrupted Nazarov reactions: (€) Grant, T. N.;
Rieder, C. J.; West, F. G. Chem. Commun. 2009, 5676. Recent representative
examples of serial Nazarov processes: (f) Zhang, L.; Wang, S. J. Am. Chem.
Soc. 2006, 128, 1442. (g) Grant, T. N.; West, F. G. J. Am. Chem. Soc. 2006,
128, 9348. (h) Janka, M.; He, W.; Haedicke, |. E.; Fronczek, F. R.; Frontier,
A. J; Eisenberg, R. J. Am. Chem. Soc. 2006, 128, 5312. (i) Yin, W.; Ma,
Y.; Xu, J; Zhao, Y. J. Org. Chem. 2006, 71, 4312. (j) Cui, H.-F.; Dong,
K.-Y.; Zhang, G.-W.; Wang, L.; Ma, J.-A. Chem. Commun. 2007, 2284. (k)
Lemiere, G.; Gandon, V.; Cariou, K.; Fukuyama, T.; Dhimane, A.-L.;
Fensterbank, L.; Malacria, M. Org. Lett. 2007, 9, 2207. (I) Sohel, S. M. A.;
Lin, S-H.; Liu, R.-S. Synlett 2008, 745. (m) Jin, T.; Yamamoto, Y. Org.
Lett. 2008, 10, 3137. (n) Saito, A.; Umakoshi, M.; Yagyu, N.; Hanzawa, Y.
Org. Lett. 2008, 10, 1783. (0) Cao, P.; Sun, X.-L.; Zhu, B.-H.; Shen, Q,;
Xie, Z.; Tang, Y. Org. Lett. 2009, 11, 3048. For a thermal [4+2]/Nazarov
sequence, see: (p) Wada, E.; Fujiwara, |.; Kanemasa, S.; Tsuge, O. Bull.
Chem. Soc. Jpn. 1987, 60, 325.

(4) (a) Wender, P. A.; Kee, J-M.; Warrington, J. M. Science 2008, 320, 649.

(b) Goel, G.; Makkar, H. P. S.; Francis, G.; Becker, K. Int. J. Toxicol. 2007,

26, 279. (c) Wender, P. A.; Rice, K. D.; Schnute, M. E. J. Am. Chem. Soc.

1997, 119, 7897. (d) Liao, S.-G.; Chen, H.-D.; Yue, J.-M. Chem. Rev. 2009,

109, 1092. (e) He, W.; Cik, M.; Appendino, G.; Puyvelde, L. V.; Leysen,

J. E.; De Kimpe, N. Mini Rev. Med. Chem. 2002, 2, 185. (f) Fraga, B. M.

Nat. Prod. Rep. 2007, 24, 1350. (g) For example, the guanacastepenes: Maifeld,

S. V.; Lee, D. Synlett 2006, 1623.

Observed dr values appear to be the result of thermodynamic equilibration

of cis/trans Nazarov products under the reaction/workup conditions (see

Supporting Information). For early examples of catalytic stereoselective

reprotonation of the Nazarov intermediate, see: Liang, G.; Trauner, D. J. Am.

Chem. Soc. 2004, 126, 9544,

(6) (a) Wender, P. A.; Williams, T. J. Angew. Chem., Int. Ed. 2002, 41, 4550.
(b) Saito, A.; Ono, T.; Hanzawa, Y. J. Org. Chem. 2006, 71, 6437.

JA910696X

(5

N

J. AM. CHEM. SOC. m VOL. 132, NO. 8, 2010 2533



