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A stereoselective synthesis of fully substituted cyclopentenes has been achieved by a sequential organocatalyzed Stetter and Michael-aldol
condensation of aromatic aldehydes, nitroalkenes, and a,f-unsaturated aldehydes via the [1 + 2 + 2] annulation strategy with excellent

diastereoselectivities and enantioselectivities (up to >99% ee).

Among the vast number of organocatalytic reactions reported,
the reactions catalyzed by N-heterocyclic carbenes (NHCs)*
represent a unique category, especidly, the umpolung of
classical carbonyl activity, which includes benzoin condensa-
tion,? homoenolate reactions® and Stetter reactions® The
asymmetric intramolecular Stetter reaction was first introduced
by Enders® and later studied by Rovis® and many other
examples have since been demonstrated.” However, much less
success has been reported for the organocataytic enantioselec-

(1) For reviews, see: (a) Enders, D.; Niemeier, O.; Henseler, A. Chem.
Rev. 2007, 107, 5606. (b) Marion, N.; Diez-Gonzalez, S.; Nolan, |. P. Angew.
Chem,, Int. Ed. 2007, 46, 2988. (c) Nair, V.; Bindu, S.; Sreekumar, V.
Angew. Chem,, Int. Ed. 2004, 43, 5130. (d) Enders, D.; Balensiefer, T. Acc.
Chem. Res. 2004, 37, 534.

(2) (a) Shimakawa, Y.; Morikawa, T.; Sakaguchi, S. Tetrahedron Lett.
2010, 51, 1786. (b) Enders, D.; Alexander, H. Adv. Synth. Catal. 2009,
351, 1749. (c) Enders, D.; Han, J. Tetrahedron: Asymmetry 2008, 19, 1367.
(d) Ma, Y.; Wel, S;; Wu, J; Yang, F.; Liu, B.; Lan, J; Yang, S; You, J.
Adv. Synth. Catal. 2008, 350, 2645.

(3) (& Nair, V.; Babu, B. P.; Velldath, S.; Varghese, V.; Raveendran,
A. E.; Suresh, E. Org. Lett. 2009, 11, 2507. (b) Yang, L.; Tan, B.; Wang,
F.; Zhong, G. J. Org. Chem. 2009, 74, 1744.

(4) For reviews, see: () Christmann, M. Angew. Chem., Int. Ed. 2005,
44, 2632. (b) Alaniz, J. R.; Rovis, T. Synlett 2009, 1189.

10.1021/01101969t ~ © 2010 American Chemical Society
Published on Web 10/11/2010

tive intermolecular Stetter reaction.®° Only one example of
the intermolecular Stetter reaction of aromatic heterocyclic
adehydes and nitroolefins has been uncovered.***! On the
other hand, organocatalyzed [3 + 2] annulaions toward
cyclopentane and cyclopentene derivatives have been ac-
complished recently via Michagl-aldol,*® Michael/a-alkyla-
tion, ™ double Michael,** Michael —Henry,® homoenolate Michar
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el-aldol,*® benzoin-oxy-Cope,*” phosphane-catalyzed [3 + 2]
dipolar cycloaddition,*® and iminium-enamine metal -catalyzed
enyne cycloisomerization.™ The cyclopentanes prepared from
these methods were highly functiondized, but these compounds
still bore an unfunctionalized methylene moiety in the five-
membered ring systems. Therefore, an aternative annulation
method toward fully functionaized (fully substituted) cyclo-
pentane derivativesis certainly attractive.® Taking into account
the above observations in the context of asymmetric synthesis,
especially for multicomponent reactions® we envisioned an
approach to fully substituted cyclopentenes that could be
accomplished by a sequential Stetter and Michael-aldol con-
densation reaction®® of aromatic adehydes, nitroalkenes, and
o.,3-unsaturated aldehydes via the unprecedented multicompo-
nent [1 + 2 + 2] annulation strategy (Scheme 1). Initidly, a
p-nitroketone could be prepared from the intermolecular Stetter
resction of an adehyde with a nitroalkene followed by the
cascade organocataytic Michadl-aldal reactions of the f5-ni-
troketone with an o, 5-unsaturated adehyde to provide the fully
functionalized cyclopentenes. In this paper, we explore the
feasbility of such an ides; this work culminates in the
asymmetric synthesis of fully substituted cyclopentenes with
an unusua kinetic resolution of 2-alkyl-3-nitroalkanone, a base-
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Scheme 1. [1 + 2 + 2] Annulation Approach to Cyclopentenes
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sengtive p-nitroketone.® Our initid efforts focused on the
systematic evaluation of various catalysts and reaction condi-
tions to optimize the intermolecular Stetter reaction of 1 and 2
(Table 1). We began our preparation of S-nitroketones by

Table 1. Screening of Catalysts and Conditions for the Stetter
Reaction of 1 and 22
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additive time yield

entry product cat. (20mol %)  (h) (%)°

1 3a R1 = p-BI‘CGH4;
Ry = n-Pr I Cs2CO3 0.25 55

2 3a R1 = p-BI‘CGH4;
RZ = n-Pr I K2003 8 16

3 3a R; = p-BrC¢Hy;
RZ = n-Pr I Et3N 6 12

4 3a R1 = p-BI’CGH4;
Ry = n-Pr I DIEPA 3 24

5 3a Ry = p-BrCsHy;
Ry = n-Pr I CsoCO4 0.5 16

6 3a R; = p-BrCgHy;
Ry = n-Pr II1 Cs3CO; 10 0

7 3b R1 = p-BI'CeH4;
Rz = fL-CsH13 I CSzCOg 0.33 52

8 3c R1 = p-ClCGH4,
Rz = n—C6H13 I CSQCOg 0.5 48

2 Unless otherwise noted, the reactions were performed in 0.13 M 1
with aratio 1:1.2 of 1/2 at 25 °C. P Isolated yields of the adducts 3.

screening severa thiazolium- and imidazolium-based precatal-
ysts, eg., =111, Theinitia reaction provided 3a in moderate
yield (55%) from 1a and 2a with the precatalyst | and Cs,CO3
(Table 1, entry 1). The same reaction with other base additives,
eg., K,CO;s, Et3N, and DIEPA, unfortunately gave lower yields
of 3a (Table 1, entries 2—4). The S-nitroketone compounds are
somewhat sendtive to basc conditions, and a large amount of
1-phenyl-2-methylenepentan-1-one (4) was obtained in these
reactions. The same reaction using the precatalyst |1 provided a

(23) For recent synthesis of S-nitroketones, see: Enders, D.; Forster,
D.; Raabe, G.; Bats, J. W. J. Org. Chem. 2008, 73, 9641.
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lower yield, and attempts with precatayst 111 afforded no product
3 (Table 1, entries 5—6). Severd S-nitroketones (3b, 3c) were
prepared via the | —Cs,CO; conditions (Table 1, entries 7 and 8).

With the S-nitroketone 3a in hand, severd cataysts and reaction
conditions were screened to explore the feaghility of the domino
Michad-adol condensation (Table 2). At the outset of this study,

Table 2. Screening of Catalysts and Optimization for the
Domino Michael-Aldol Reaction®

B
A0 S fi/‘\j/%'"cm-l P — h _'?\.\‘_/{.'.—il_l
/‘\:% MeD” ~F T wem /\r'C\{"
5 MO sa i 0, L#~oMe
;Me CFy
Ar Ph N Me 5
e W ¥ p.fo?; w st’@wlkn'@
oTMS OH Me -
L V. Ar=Ph Vil Vil X
V. Ar = 3,5-(CF2):CaH
entry cat. (mol %) additive® solvent time (h) yield® (%)
1 IV (30) CH3;CN 160 ~0
2 V(30) CH3COH EtOH 160 ~0
3 V(30) CH3;CO,H DMF 164 ~0
4 V(30) CH3COH CH,yCI, 165 trace
5 V(30) CH3CO;H CH3;CN 171 trace
6 V(30) CH3COH CHCI; 96 18
7 V(30) CH3COH Et,O 98 19
8 V (30) CH3CO;H toluene 144 36
9 V (30) PhCO,H toluene 105 26
10 V(30) PNBA toluene 153 27
11 V(30) DABCO toluene 90 ~0
12 VI (30) CH3CO,H toluene 100 trace
13 VII (30) CH3CO;H toluene 100 ~0
14 VIII (30) CF3COsH toluene 120 trace
15 IX (30) - toluene 120 ~0

2 Unless otherwise noted, the reactions were performed in 0.25 M 5a
with a ratio 2.4:1 of 3a/5a at 25 °C. P Additive/catalyst = 1:1. © Isolated
yields of the adducts 6a.

reection of 3a and 5a with L-Pro (1V) in CH;CN gave the
disgppointing outcome of no expected product 6a (Table 2, entry
1). The same reaction with the Jargensen—Hayashi catayst (V)
and acetic acid in EtOH, DMF, CH,Cl,, and CH5CN aso provided
no or only trace amounts of 6a (Teble 2, entries 2—5). Sisyingly,
the same reaction conditions in CHCl3, Et,O, or toluene provided
6a, athough in moderate yields (Table 2, entries 6—8). Replace-
ment of acetic acid with benzoic acid or p-nitrobenzoic acid did
not improvetheyields (Table 2, entries 9 and 10). When DABCO
was subgtituted for the acid, no product 6a was observed (Table
2, entry 11). Moreover, the reactions with other catdyds, eg.,
VI—=IX, were fruitless (Table 2, entries 12—14).

Having established the optima reaction conditions for 6a,
athough moderate yields only were obtained, we investigated the
use of the S-nitroketone 3 and a,-unsaturated adehydes 5 for
synthesizing avariety of fully subgtituted cyclopentene derivatives
6. The dl-trans isomers (6a—k) were, in dl cases the only
observable diasterenisomers with high enantiosdectivities (92%
t0>99% eg, entries 111, Table 3). Because -nitroketones 3 was
somewhat unstable and a certain amount of materia tended to be
diverted to the production of 4, aratio 2.4:1 of racemic 3 to 5 was
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Table 3. Scope of the Domino Michael-Aldol Condensation®

BB R4 CHO
4 gANCHO V-HORC@OMOI%) /5\
Rz : toluene R - Ra
3 " 5 NO» 8
time yield® %° ee
entry product (h) (%)* (%)*
1 6a R; = p-BrC¢Hy; Ry = n-Pr;
R3; = 4-OMeCgH,4 170 54(36) >99°
2 6b R; = p-BrC¢Hy; Ry = n-Pr;
R; = 3,4-(OMe)sCsH4 168 60(24) 97
3 6¢c R; = p-BrC¢Hy; Ry = n-Pr;
R; = 3,4,5-(OMe);CsH4 162 62(31) 96
4 6d R; = p-BrC¢Hy; Ry = n-Pr;
R; = pyridin-3-yl 157  56(24) >99"
5 6e R; = p-BrC¢Hy; Ry = n-Pr;
R3 = 3-OMe-4-OAcCeH, 165 63(21) 98
6 6f R, = p-BrC¢Hy; Ry = n-Pr;
R3; = 3-OMe-4-OEt-C¢Hy 168 72 (30) 99 (77¢
6g R, = p-BrCgHy; Ry = n-hexyl;
R3; = 4-OMeCgH4 163  55(25) 99
8 6h R; = p-BrCgHy; Ry = n-hexyl;
R3 = 3-OMe-4-OEt-C¢Hy 173  65(22) 977
9 6i R; = p-BrC¢Hy; Ry = n-Pr;
R3 = 3-N02-CGH4 148 48 (19) >99f
10  6j R; = p-CIC¢Hy; Ry = n- hexyl;
R3; = 3-OMe-4-OEt-C¢Hy 172  68(25) 96"
11 6k R; = p-BrC¢Hy; Ry = n-Pr;
R3 = 4-NM62-CGH4 169 58 (23) 92¢

& Unless otherwise noted, the reactions were performed in 0.25 M of 5
with aratio 2.4:1 of 3/5 at 25 °C. ° Isolated yields of the adducts 6. © Isolated
yields by Method B: catayst V was added in seven portions (a total
accumulated quantity of 30 mol %) in 24 h intervals. ¢ Isolated yields by
Method A in parentheses (30 mol % V was added at once in the beginning).
© Determined by HPL C with achiral column (Chiracel OD-H). " Determined
by HPLC with a chiral column (Chiralpak IA). 9 Values in parentheses
indicate the enantiomeric excess of the recovered 3a after 168 h reaction,
analyzed by Chiracel OD-H.

applied in the reactions. The high enantiomeric excess of 6 obtained
under these condiitions provided evidence for the kinetic asymmetric
trandformation in the domino Miched-adol condensation of
racemic 3 with 5.2* This trandformation contributes to the few
examples of organocatalytic aldol condensation of arometic ketones
with adehydes® On the other hand, the observation of an
intermediate 7% in these reactions implied that the moderate
isolated yields (19—36%) probably arose because formation of the
stable 7 by consumption of the catdlyst V resulted in early termi-
nation of the catalytic cycle during the domino reaction process’
Unfortunately, the parastica dead-end product 7 of the cascade
reaction was quite stable with repect to avariety of acid and moi-
sture conditions, and severd attemptsto modify the reaction condi-
tions to regenerate the active catdyst V from 7 in the reaction
sequence were in vain. To sustain sufficient quantities of catalyst
during the reaction progress, catdyst VV was added in seven portions
(atota accumulated quantity of 30 mol %, the same amount of
catdys usad previoudy) in 24 hintervas (Method B). The reaction
serieswas repested using the new method, and the resulting yields

(24) An enantiomeric excess of 77% for the recovered 3a was observed
after 168 h of reaction.

(25) For other examples, see: (a) Brandau, S.; Maerten, E.; Jargensen,
K. A. J. Am. Chem. Soc. 2006, 128, 14986. (b) Hara, N.; Nakamura, S;;
Shibata, N.; Toru, T. Chem.—Eur. J. 2009, 15, 6790. (c) Chen, W.-B.; Cun,
L.-F.; Zhang, X.-M.; Yuan, W.-C.; Du, X.-L. Tetrahedron 2010, 66, 1441.
(d) Chen, Y.; Zhong, C.; Sun, X.; Akhmedov, N. G.; Petersen, J. L.; Shi,
X. Chem. Commun. 2009, 34, 5150.
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Scheme 2. Plausible Reaction Mechanism
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doubled or even tripled in dl cases with good yidds and with the
same high enantiosdectivities (Table 3, entries 1—11, 48—72%
yields).

The gtructure and relative stereochemistry of the reaction adduct
was reveded by sngle-crysta X-ray andysis of the racemic (+)-
6a, prepared by pyrrolidine—HOAC catdyss (Figure 1). In

(+)-6a (+)-6¢

Figure 1. Stereoplots of the X-ray crystal structures of (+)-6a and
(+)-6¢: C, gray; N, blue; O, red; Br, purple.

addition, the absolute configuration of the product was assgned
unambiguoudy on the basis of an X-ray andysisof (+)-6¢ (Figure
1). Thus, the origin of the stereasdlectivity in this nitro-Michedl
reection by catdyst V was smilar to that observed in other
examples of organocatalysis?® To explain the stereochemistry of
thistransformetion, a plausible mechanism was proposed, as shown
in Scheme 2. Thereection wasinitiated from the iminium activation

(26) For example, the possible structure of 7c (E/Z mixtures) is

Ph
Ph

B
I FN)*/
on  OTMS

& O OMe
OMe
OMe

(27) For the study of reactive intermediates in organocatalysis with
diarylprolinol ethers, see: () Groselj, U.; Seebach, D.; Badine, D. M.;
Schweizer, W. B.; Beck, A. K.; Krossing, |.; Klose, P.; Hayashi, Y.;
Uchimaru, T. Helv. Chim. Acta 2009, 92, 1225. (b) Seebach, D.; Groselj,
U.; Badine, D. M.; Schweizer, W. B.; Beck, A. K. Helv. Chim. Acta 2008,
91, 1999. (c) Lakhdar, S.; Tokuyasu, T.; Mayr, H. Angew. Chem,, Int. Ed.
2008, 47, 8723.

(28) (a) Han, B.; Xiao, Y .-C.; He, Z.-Q.; Chen, Y .-C. Org. Lett. 2009,
11, 4660. (b) Zu, L.; Xie, H.; Li, H.; Wang, J.; Wang, W. Adv. Synth.
Catal. 2007, 349, 2660. (c) Enders, D.; Wang, C.; Bats, J. W. Synlett 2009,
1777. (d) Gotoh, H.; Okamura, D.; Ishikawa, H.; Hayashi, Y. Org. Lett.
2009, 11, 4056.
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of the o, S-unsaturated ddehyde by catdyst V followed by the nitro-
Michedl addition of the nitroakane nucleophile from the re face
under the control of the catalyst to give an intermediate with a4-S
configuration. It is interesting to note that the stereochemistry of
the 3,4-syn dkand adduct was consstent with the relative topicity
previoudy observed for other organocataytic nitro-Michad addi-
tions?® Neverthdess, the formation of the (2R .3549-akand with
2,3-anti gereosdectivity in these reections is unprecedented. The
resulting intermediate subsequently underwent intramolecular ddol
condensation of the adehyde and ketone to give the cyclopent-1-
enecarbal dehyde 6.%°

In condusion, we have discovered an unprecedented sequentia
organocataytic Stetter and Michad-adol condensation reaction
with evidence of akinetic asymmetric transformation. Remarkably,
this methodology condtitutes the first organocataytic formd [1 +
2 + 2] annulaion and provides a smple and direct protocol for
the sterensd ective congtruction of fully functiondized cydopentene
derivatives in a multicomponent operation. The presence of three
contiguous chira centers with high enantiosdectivity is especialy
noteworthy. An increase in the yields of the organocataytic
Michad-adol condensation was achieved by the portionwise
addition of the organocatalysts. This methodology is the first of
its kind reported for organocataysis reactions and may condtitute
auseful technique for overcoming those organocataytic reactions
that are limited by early terminated catdytic cydes Further
exploration of its synthetic applications is underway.
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(29) The possibility remained that the less stable cis adduct 6, if formed
from the 2,3-syn adduct, could epimerize to the more stable trans-adduct 6
during the reaction condition.
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