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Desymmetrization of cyclohexadienones bearing a bisphenylsulfonyl methylene group via asymmetric Michael reaction catalyzed by cinchonine-
derived urea was realized to afford a series of highly enantioenriched polycyclic cyclohexenones in high yields and ee’s.

Functionalized chiral cyclohexenones' are versatile
building blocks that have been widely utilized in the total
synthesis of natural products and found in numerous
compounds that display significant biological activities.
For instance, the abietane type diterpenoid 1 is a novel and
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highly potent inhibitor of nitric oxide (NO) production in
mouse macrophages>? (Figure 1). It has also been shown to
be orally active in a preliminary in vivo inflammation
model. Compound 2 acts as a pathway-selective or “dis-
sociated” agonist of the glucocorticoid receptor (GR).*
Various methodologies have been developed toward the
construction of enantioenriched cyclohexenone deriva-
tives. These include the kinetic resolution of racemic sub-
stituted cyclohexenones by catalytic asymmetric reactions,’
organocatalytic cascade reactions* and various multistep
syntheses.” Despite extensive efforts, most of these methods
only provide access to simple substituted cyclohexenones.
The development of highly efficient synthesis of chiral
polycyclic cyclohexenones is still in great demand.
Oxidative dearomatization of arenes offers a facile intro-
duction of ring systems from readily available and cheap
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Figure 1. Representative compounds containing chiral cyclo-
hexenones.

aromatics.® On the other hand, desymmetrization reaction
is a very powerful methods for enantioselective synthesis of
chiral molecules.” The combination of desymmetrization
reaction with the dearomatization process provides a facile
construction of optically active cyclic and polycyclic com-
pounds from readily available starting materials. This
strategy has been demonstrated successfully in asymmetric
desymmetrization of cyclohexadienones providing effi-
cient carbon—carbon bond formation methods.*'* For
instance, Feringa et al. realized the desymmetrization of
cyclohexadienone via intramolecular Heck reaction with
excellent enantioselectivity using TADDOL-derived phos-
phoramidite ligands.® For cyclohexadicones bearing an
aldehyde side chain, Rovis et al. elegantly developed an
highly enantioselective intramolecular-type Stetter reac-
tion with a nucleophilic carbene catalyst generated from an
aminoindanol-derived triazolium salt.” Hayashi et al. and
Gaunt et al. respectively utilized diarylprolinol silyl ether
as the catalyst to achieve the intramolecular Michael
reaction of cyclohexadieones bearing aldehyde side chain
providing highly functionalized enantioenriched polycyclic
molecules.'” In general, the strategy combining oxidative
dearomatization of phenol derivatives and subsequent
desymmetrization reaction has the following advantages:
(1) cheap aromatic compounds are used as starting
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materials; (2) more than two stereogenic centers are
formed in one step; and (3) chiral quaternary carbon center
is installed with high enantioselectivity.

Recently, efforts from our group demonstrated that the
desymmetrization of cyclohexadienone via a chiral phos-
phoric acid-catalyzed oxo-Michael reaction'' and cincho-
nine-derived thiourea-catalyzed aza-Michael reaction'?
could be realized to provide a series of highly enantio-
enriched heterocycle-fused cyclohexenone derivatives. We
envisioned that carbocycle-fused cyclohexenones could also
be obtained utilizing such a dearomatization/desymmetriza-
tion process in a highly efficient manner through a Michael
addition reaction of active methylene side chain. As part of
our ongoing program on asymmetric dearomatization reac-
tion,"* we recently found that the bisphenylsulfonyl methylene
group bearing cyclohexadieones could be synthesized easily
via the dearomatization reaction and undergo the asym-
metric Michael reaction smoothly. Herein we report
such a desymmetrization reaction of cyclohexadieones
bearing an active methylene group via a cinchonine-
derived urea-catalyzed asymmetric Michael reaction.

We began our studies by synthesizing the cyclohexadie-
none substrate bearing an active methylene group. The
bisphenylsulfonyl methyl group was chosen given its highly
enhanced acidity of the methylene proton and the facile
removal ability of the phenylsulfonyl group.'* Therefore,
substrate 4a was obtained from phenol 3a via a PhI(OAc),-
mediated oxidative dearomatization process. We then tested
the intramolecular Michael reaction of 4a with bifunc-
tional (thio)ureas 6 as the catalysts.>'® With 10 mol %
of (thio)ureas (6a—h) in CH,Cl, at room temperature,
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Table 1. Screening of the Catalysts?

PN:OMJ, _10mol %6
SO:Ph mc»H S cr&Clz rl 30:""
'S0,Ph
HN‘& : :

Bg-h

entry catalyst (Ar, X) time (h)  yield (%)°  ee (%)
1 6a(3,5-(CF3),CgHs, S) 72 90 84
2 6b (CgHs, S) 72 12 33
3 6¢ (4-FCgHy, S) 72 18 58
4 6d (4-CF3CgHy, S) 72 42 78
5 6e (3,5-(CF3)2CgHs, O) 72 88 86
6 6f (3,5-(CF3)2CgHs, S) 72 82 —51
7 6g (X=1S) 72 93 81
8 6h (X=0) 72 92 84
9 cinchonine 72 88 35
10 quinine 72 87 -12

“Reaction conditions: 10 mol % of catalyst, 0.1 mol/L 4a in CH,Cl,
at room temperature. ” Isolated yields. ¢ Determined by HPLC analysis
(Chiralpak AD-H).

gratifyingly, all reactions proceeded smoothly to give the
desired product 5a with yields ranging from 12 to 93% and
ee values ranging from 33 to 86% (Table 1, entries 1—38).
Urea 6e'” derived from cinchonine bearing a 3,5-(CF5),-
CgHj3 group proved to be the most efficient catalyst, afford-
ing 5a in 88% yield and 86% ee. Notably, Takemoto
catalysts'® also gave the product 5a in excellent yields
and good ee’s (Table 1, entries 7, 8). Both cinchonine
and quinine alone afforded product in good yields but
low ee’s (88% yield, 35% ee and 87% yield, —12% ee,
Table 1, entries 9, 10). These results indicate the im-
portance of the double-hydrogen bonding mode of the
thio(urea) catalysts.

With 10 mol % of urea 6e as the catalyst, various
solvents were investigated. The results are summarized in
Table 2. Various solvents such as CHCl;, CCly, toluene,
and DCE led to the formation of 5a in good yields and
enantioselectivity (58—98% yields and 84—91% ee’s,
Table 2, entries 1—6). However, reaction in THF or ether
gave only trace amount of product 5a (entries 7, 8). The
addition of 4 A MS or increasing the catalyst loading to 20
mol % did not give better results (entries 9, 10).

Under the above optimized reaction conditions (10 mol %
of 6e, DCE, rt), different substrates were carried out to test
the generality of the current methodology. As summar-
ized in Table 3, regardless of the substituent R! in the
4-position of cyclohexadienones, all the asymmetric
Michael reaction proceeded smoothly to afford pro-
ducts with good enantioselectivities (85—90% ee’s,
Table 3, entries 1—6). For substrate 4g, the desired
product was obtained in a slightly decreased yield
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Table 2. Screening of Solvents”

[e)

o
10 mol % e
SO,Ph _— $0.Ph
solvent, rt s, 2
MeO’ SO,Ph Meo”s/<so,en

4a 5a
entry solvent time (h) yield (%)° ee (%)
1 CH,Cl, 72 88 86
2 CHCl, 48 97 87
3 CCl, 72 58 84
4 Toluene 48 98 85
5 Benzene 48 98 91
6 DCE 48 97 90
7 Ether 72 trace n.d.
8 THF 72 trace n.d.
94 DCE 40 95 79
10°¢ DCE 30 96 90

“Reaction condltlons 10 mol % of 6e, 0.1 mol/L 4a in solvent at
room temperature. lsoldted yields. “ Determined by HPLC analysis
(Chiralpak AD-H). ‘4 A MS was added. ©20 mol % of 6e.

(68%) but with excellent ee (93%) after 14 days under
the above reaction conditions. After further optimizing
the reaction conditions including catalyst loading and
substrate concentration, the Michael adduct 5g was
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H.; Xie, H.; Wang, W. Synthesis 2007, 2576. (k) Wang, B.; Wu, F.;
Wang, Y.; Liu, X.; Deng, L. J. Am. Chem. Soc.2007, 129,768. (1) Liu, T.-
Y.; Cui, H.-L.; Long, J.; Li, B.-J.; Wu, Y.; Ding, L.-S.; Chen, Y.-C.
J. Am. Chem. Soc.2007, 129, 1878. (m) Diner, P.; Nielsen, M..; Bertelsen,
S.; Niess, B.; Jorgensen, K. A. Chem. Commun. 2007, 3646. (n) Hynes,
P.S.; Stupple, P. A.; Dixon, D. J. Org. Lett. 2008, 10, 1389. (o) Jakubec,
P.; Helliwell, M.; Dixon, D. J. Org. Lett. 2008, 10, 4267. (p) Peschiulli,
A.; Gun’ko, Y.; Connon, S. J. J. Org. Chem. 2008, 73, 2454. (q)
Peschiulli, A.; Quigley, C.; Tallon, S.; Gun’ko, Y. K.; Connon, S. J.
J. Org. Chem. 2008, 73, 6409. (r) Wang, J.; Xie, H.; Li, H.; Zu, L.; Wang,
W. Angew. Chem., Int. Ed. 2008, 47, 4177. (s) Aleman, J.; Milelli, A.;
Cabrera, S.; Reyes, E.; Jorgensen, K. A. Chem.—Eur. J. 2008, 14, 10958.
(t) Liu, Y.; Sun, B.; Wang, B.; Wakem, M.; Deng, L. J. Am. Chem. Soc.
2009, /31,418. (u) Dickmeiss, G.; De Sio, V.; Udmark, J.; Poulsen, T. B.;
Marcos, V.; Jorgensen, K. A. Angew. Chem., Int. Ed. 2009, 48, 6650. (v)
Han, X.; Luo, J.; Liu, C.; Lu, Y. Chem. Commun. 2009, 2044. (w) Zhu,
Q.;Lu, Y. Org. Lett. 2009, 11,1721. (x) Lu, H.-H.; Zhang, F.-G.; Meng,
X.-G.; Duan, S.-W.; Xiao, W.-J. Org. Lett. 2009, 11, 3946. (y) Wang, F.;
Liu, X.; Cui, X.; Xiong, Y.; Zhou, X.; Feng, X. M. Chem.—Eur. J. 2009,
15, 589. (z) Yang, T.; Ferrali, A.; Sladojevich, F.; Campbell, L.; Dixon,
D.J. J. Am. Chem. Soc. 2009, 131,9140. (aa) Nodes, W. J.; Nutt, D. R.;
Chippindale, A. M.; Cobb, A.J. A. J. Am. Chem. Soc. 2009, 131, 16016.
(ab) Jakubec, P.; Cockfield, D. M.; Dixon, D.J. J. Am. Chem. Soc. 2009,
131,16632. (ac) Wang, Y.; Han, R.-G.; Zhao, Y .-L.; Yang, S.; Xu, P.-F_;
Dixon, D.J. Angew. Chem., Int. Ed. 2009, 48,9834. (ad) Zhang, H.; Syed,
S.; Barbas, C. F., III Org. Lett. 2010, 12, 708. (ae) Liu, X.; Lu, Y. Org.
Lett. 2010, 12, 5592. (af) Liu, X.; Lu, Y. Org. Biomol. Chem. 2010, 8,
4063. (ag) Zhu, Q.; Lu, Y. Angew. Chem., Int. Ed. 2010, 49, 7753. (ah)
Zhang, W.; Zheng, S.; Liu, N.; Werness, J. B.; Guzei, 1. A.; Tang, W.
J. Am. Chem. Soc. 2010, 132, 3664. (ai) Pesciaioli, F.; Righi, P
Mazzanti, A.; Bartoli, G.; Bencivenni, G. Chem.—FEur. J. 2011, 17,
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Table 3. Asymmetric Intramolecular Michael Reaction”

10-20 mol % 6e

sopn e
- fsozph DCE, 1t ", S0Ph
X

R _/so,ph
5

entry products R R? time  yield ee
(b () (%)
1 R'=OMe (5a) 48 97 90
2 Q R'=OH(5b) 48 85 85
3 @ R'=OFt (5¢) 48 97 90
4 %, S0Ph  RI=0(CH,),OH 48 92 86
R Ssopn  sa)
5 condition A R'=O(CH,;0H 48 83 87
(5¢)
6 R'=0Ac (5f) 48 94 85
7 o) R'=0OMe, 72 95 91
R’=H (5g)
8 . SOPh R'=0H, 48 96 84
R “f~soph  R=H (5h)
9 2 R'=OMe, 96 82 90
R®=F (5i)
10 . R'=OMe, 48 89 88
R R>=CI (5§)

condition B

“Condition A: 10 mol % of 6e, 0.1 mol/L 4a—fin DCE, rt; condition
B: 20 mol % of 6e, 0.3 mol/L 4g—j in DCE, rt. ”Isolated yields.
¢ Determined by HPLC analysis (Chiralpak AD-H).

obtained in 95% yield and 91% ee in 72 h when the
reaction was carried with 20 mol % of 6e in DCE
(0.3 mol/L). These reaction conditions could tolerate
various substrates 4 bearing different aromatic groups
at 4-position (82—96% yields, 84—91% ee’s, entries
7—10). To determine the absolute configuration of the
product, the crystal structure of enantiopure 5g was
obtained, and a single crystal X-ray analysis deter-
mined its configuration as (4aS,10aS)."”

Several transformations of the multifunctionalized pro-
ducts obtained here have been demonstrated. Product 5d
bearing a hydroxyl group could undergo oxo-Michael
addition in the presence of catalytic amount of p-TsOH
affording a spiro-tricyclic compound 7 (eq 1). Interest-
ingly, it could also be obtained in a one-pot process
including the Michael and oxo-Michael reaction in 93%
yield and 86% ee (eq 2). As shown in Scheme 1, hydrogena-
tion of 5g afforded ketone 8 in 94% yield. Subjecting ketone
8 to activated magnesium in methanol for the reductive
removal of the phenylsulfonyl groups, followed by Jones
oxidation led to ketone 10 in 28% yield over two steps. In all

(17) Selected examples catalyzed by cinchona-derived urea: (a)
Lubkoll, J.; Wennemers, H. Angew. Chem., Int. Ed. 2007, 46, 6841. (b)
Rana, N. K.; Selvakumar, S.; Singh, V. K. J. Org. Chem. 2010, 75, 2089.
(c) Allu, S.; Molleti, N.; Panem, R.; Singh, V. K. Tetrahedron Lett. 2011,
52, 4080. Palacio, C.; Connon, S. J. Org. Lett. 2011, 13, 1298.
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cases, the products were obtained without loss of the en-
antiomeric purity. The one-pot dearomatization/desymme-
trization process was also explored for the synthesis of Sa.
As shown in Scheme 2, after the dearomatization reaction
(PhI(OAc), in MeOH), the solvent was removed and then
the residue was treated with 10 mol % 6e in DCE. The
product 5a was obtained in a 33% overall yield and 85% ee.

o o
@ 20 mol % p-TsOH r¢
v, S0Ph ———— 0 ., S0sPh
HO - 2 5
~ o 3fsozph CH,Cly, rt (& sopn 0
sd 7
86% ee 95% vield, 86% ee
o o]
SO.Ph (a) 10 mol % 6e, 72 h O'¢' SO.Ph
HO Ph———————————— 7, S0
~"o SO,Ph () 20mal %pTsoH L& SO,Ph (]
4 7
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Scheme 1. Transformation of the Michael Adduct

o} o]

OH
@ SOPN oyic 1, @ SO:Ph Mg ]
MeO”> S0Ph > 0™ SOPh —— "
> CHZOH, 1t A~ CHyOH, it MeO" 2
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[ ](
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acetone, 0 °C
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over two steps
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Scheme 2. One-pot Dearomatization/Desymmetrization Process
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OH o]
PhI{OAc), C: S0.Ph 10 mol % 6e ©
SO.Ph - MeOH MeQ \\/<SO§Ph DCE. 1t MeO' -;fzgzz:
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33% vyield, 85% ee

In summary, we have developed a cinchonine-derived
urea-catalyzed desymmetrization of cyclohexadienones
bearing active methylene groups via an asymmetric
Michael reaction, affording highly enantioenriched cyclo-
hexenone derivatives in good to excellent yields and ee’s.
The products obtained here could be subjected to versatile
transformations.
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