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Cooperative catalysis is emerging as a powerful strategy in
asymmetric synthesis by providing new modes of activating
molecules*? The combination of Lewis base and Lewis acid
activation of substrates can lead to new reactivity and selectivity
patterns through the preorganization of starting materials. Coopera-
tive catalysis involving Lewis acids and N-heterocyclic carbenes
(NHCs), an important class of Lewis bases,® has high potential for
expanding the field of carbene catalysis.* An inherent challenge to
this idea is the exceptionally strong donor properties of NHCs,®
which have been exploited in the formation of useful late transition
metal complexes.® An intriguing prospect is the combination of
early metals which may bind reversibly with NHCs. This scenario
might provide an environment in which a Lewis acid and Lewis
base operate and activate starting materials simultaneously. The
significant potential of this cooperative reactivity mode prompted
us to evaluate the feasibility of this concept. In this communication,
we report an enantiosel ective cooperative system that successfully
integrates Lewis acid catalysis and carbene catalysis simultaneously,
thus providing direct access to previously unobtainable substituted
cyclopentenes with excellent levels of enantio- and diastereosel ec-
tion.

We have been heavily involved in developing N-heterocyclic
carbene catalyzed generation of homoenolate equivalents from o, 3-
unsaturated aldehydes.”® In 2006, Nair disclosed the synthesis of
()-trans-1,3,4-trisubstituted cyclopentenes resulting from the
addition of enals to chalcones catalyzed by an achiral carbene.®
Subsequently, Bode reported an enantioselective variant of the Nair
process to access cis cyclopentenes, but this process works mainly
with (E)-ethyl 4-oxo-2-butenoate.’® The levels of diastereoselec-
tivity observed in some cases are problematic since the diastere-
oisomers can be inseparable by standard chromatography.
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To solve the lack of generality and efficiency to access cis
cyclopentenes using carbene catalysis, we chose this reaction as
aninitial platform to investigate the integration of Lewis acid and
carbene catalysis. We hypothesized that the use of a Lewis acid in
a cooperative catalysis sense could greatly broaden the substrate
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scope by activating the conjugate acceptor and providing increased
cis diastereoselectivity levels through preorganization of the
substrates (eq 1).

We initiated our studies by combining cinnamaldehyde (1) with
chalcone (2) in the presence of 15 mol % achiral triazolium salt A
and 1 equiv of various Lewis acids (Table 1). No conversion of
the starting material was observed with the metal trifluoromethane-
sulfonates we examined (entries 2—4). Potentially strong binding
of the NHC to the metal might be responsible for the lack of
reactivity with these Lewis acids. We hypothesized that the use of
Lewis acids with more donating ligands (e.g., metal akoxides)
might attenuate this interaction. In the exploration of this possibility,
the use of Mg(Ot-Bu), afforded a 2:1 mixture of the trans and cis
cyclopentenes in 52% yield (entry 5).

Table 1. Optimization of Reaction Conditions

0 o
15 mol % A-D + Lewis acid
H 4+ Ph » Ph
| | X equiv i-PrOH
Ph Ph
1 2

DBU, CH,Cl, 3 Ph
) Lewis gcid X. % yield® , %' ee
entry  azolium (equiv) (equiv) cis:trans® cis®
1 A - - 73 1:3 -
2 A Zn(OTf), (1) - od - -
3 A Sc(OTH), (1) - od - -
4 A Mg(OTf), (1) - o¢ - -
5 A Mg(Ot-Bu), (1) - 52 1:2 -
6 A Ti(Oi-Pr)4 (2) - a7 20:1 -
7 A Ti(Oi-Pr), (2) 4.0 71 20:1 -
8 A Ti(Oi-Pr)4 (0.2) 4.0 70 5:1 -
9 A Ti(Oi-Pr)4 (0.2) 0.2 75 20:1 -
10 B® Ti(Oi-Pr)4 (0.2) 0.2 17" 2:1 nd
11 ce Ti(Oi-Pr)4 (0.2) 0.2 687 20:1 97
12 ce - 0.2 84 1:6 94
13 D¢ Ti(Oi-Pr)4 (0.2) 0.2 74" 20:1 99
14 D¢ - 0.2 84 1.6 99
15 D¢ - - 90 1.5 99
&) O/\r/N\ _
Ng o O/\,éN\@ BFs N ©
=N\@ N—Mes BFy
N \//N— Mes Ph““‘K_/ N/
R = Mes (C)
A Ph B

R = 2,6-Etp-Ph (D)

a|solated yield. ® Determined by 'H NMR spectroscopy (500 MHz)
of the unpurified reaction. © Enantiomeric excess determined by HPLC.
d Starting material was recovered. ©10 mol % azolium salt was used.
f50% conversion after 48 h. 9100% conversion after 48 h. "100%
conversion after 12 h.

A further survey of potential weak Lewis acids uncovered that
titanium(1V) isopropoxide afforded the desired cyclopentene in
moderate yield as a single diastereoisomer (entry 6). In contrast,
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the reaction without a Lewis acid yielded the trans diastereoisomer
as the mgjor product (entry 1), illustrating the unique effect of the
Lewis acid on the outcome of the reaction. To increase the yield
from 47%, we hypothesized that the use of an additive might be
beneficial for catalyst turnover. After surveying different alcohols,
we observed the addition of 2-propanol improved both the rate and
the yield to 71% (entry 7). However, performing the reaction with
20 mol % Ti(Oi-Pr), with 4 equiv of 2-propanol led to diminished
diastereoselectivity levels (entry 8). Excess 2-propanol might have
adetrimental effect on substrate preorganization by competing for
coordination sites on the titanium, thus favoring the non-Lewis acid
catalyzed pathway. To minimize this effect, the amount of 2-pro-
panol was reduced to 0.2 equiv. This change resulted in a clean
conversion to afford the cis cyclopentene in good yield and with
excellent diastereocontrol (20:1 dr, entry 9).

With optimized conditions employing titanium(IV) and Lewis
base catalyst identified, we turned our attention to rendering this
reaction enantioselective. The use of chiral triazolium salt B’ led
to a sluggish reaction with low levels of diastereoselectivity for
the product (Table 1, entry 10). However, full conversion of the
cinnamal dehyde could be achieved with (R,R)-aminoindanol-derived
triazolium salt C after 48 h. This catalyst in the presence of 20
mol % Ti(Oi-Pr), afforded the cis cyclopentene with excellent
diastereo- and enantioselectivity (entry 11). A survey of different
N-aryl substituents in place of a mesityl unit (Mes, Me;sCeH,) on
the triazolium precatalyst identified that 2,6-diethylphenyl (D) led
to higher reaction rates. With 10 mol % D, we could obtain 100%
conversion of the aldehyde in 25% of the time compared to reactions
with azolium C (12 h, entry 13). The origins of this rate
enhancement and the generality of this observation with regard to
carbene catalyzed reactions are currently under investigation.
Importantly, NHCs C and D in the absence of Ti(IV), with or
without i-PrOH, provide predominantly the originaly observed
trans products (Table 1, entries 12, 14, 15).

A variety of f-substituted enals were then evaluated as ho-
moenolate substrates with chalcone (Table 2, entries 2—9). Both
electron-donating and electron-widthdrawing substituents are ac-
commodated on the aromatic ring, and excellent levels of enanti-
oselectivity were obtained.™* The highest yields were observed for
enals bearing an electron-donating group at the para position of
the aryl ring (e.g., entry 6). Expanding the scope to enals with an
akyl B-substituent (n-hexenal) resulted in moderate yield, but only
with achiral triazolium salt A (62% entry 9).

The scope of the chalcone substrate was also examined (Table
2, entries 10—21). Aromatic and heteroaromatic substituents at the
pB-position of the chalcone are well accommodated, although
electron-donating substituents were less reactive and required an
increase of Ti(Oi-Pr), (entries 15—16). Reactions involving sub-
strates bearing heteroatoms that could potentialy interact with the
Lewis acid were also conducted with 50 mol % of Ti(Oi-Pr)4 to
ensure good diastereosel ectivity levels (entries 14, 19, 21). Impor-
tantly, the trans diastereoisomer was not detected in any case (as
measured by *H NMR).

Our current understanding of the reaction pathway is shown in
Scheme 1. Initial coordination of the o, 5-unsaturated aldehyde to
the titanium Lewis acid promotes the formation of the extended
Bredow intermediate | . The subsequent coordination of the chalcone
to this carbene-aldehyde-titanium(lV) intermediate (a) activates the
enone toward conjugate addition and (b) situates the homoenolate
in close proximity to the s-carbon of the enone as shown in I1.
The ensuing conjugate addition involving chalcone reacting in the
s-cis conformation™® would then generate bis-enolate 111. The
protonation and tautomerization of this chalcone carbonyl titanium
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enolate and a resulting intramolecular aldol reaction afford inter-
mediate 1 V.3 A final acylation and decarboxylation cascade affords
the cyclopentene. We postulate that 2-propanol might accelerate
the acylation step from |11 to regenerate the carbene catalyst and
Ti(Oi-Pr)4 by facilitating the disassociation of the tertiary alkoxide.

Table 2. Substrate Scope

o o 10 mol % D ”
20 mol % Ti(Oi-Pr)4
J|/lLH . fkRS 20 mol % i-PrOH R2 20:1 dr
R! R? 15 mol % DBU cis
CH,Cly, rt R?
entry R! R? R % yield® % ee cis®
1 Ph Ph Ph 74 (3) 99
2 2-naphthy! Ph Ph 76 (4) 99
3 4-Br-CgH, Ph Ph 67 (5) 98
4 4-Cl-CgH, Ph Ph 65 (6) 99
5 4-F-CgH,4 Ph Ph 62 (7) 99
6 4-MeO-CgH, Ph Ph 80 (8) 99
7 2-MeO-CeH, Ph Ph 54 (9) 99
8 2-furyl Ph Ph 73 (10) 99
9° n-propy! Ph Ph 62 (11) -
104  Ph 4-Br-CgH, 4-CI-CH,  70(12) 99
11 Ph 4-Cl-CgHy 4-Cl-CeH; 67 (13) 99
12 Ph 2-Cl-CgH,4 4-Cl-CeH,  82(14) 99
13 Ph 4-F-CeH, 4-Cl-CeH,  70(15) 99
149 Ph 3-NO;C¢Hs  4-Cl-ClgH, 65 (16) 99
15¢  Ph 4-Tol 4-Cl-CgHs 60 (17) 98
169 Ph 4-MeO-C¢H, 4-Cl-CiH, 62(18) 99
17 Ph 2-furyl 4-Cl-CgHs  67(19) 98
18 Ph 2-thienyl Ph 50 (20) 98
19  Ph 4-pyridyl Ph 78 (21) 99
20° Ph Ph 4-Br-CgH, 81(22) 99
21  Ph Ph 2-furyl 75 (23) 99

a|solated yield. ° Enantiomeric excess determined by HPLC. Dr
determined by *H NMR (500 MHz) of the unpurified reaction. ¢ 15 mol
% azolium salt A was used. 950 mol % Ti(Oi-Pr),. 30 mol %
Ti(Oi-Pr),.

Scheme 1. Proposed Catalytic Pathway
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The efficiency and unique selectivity pattern observed with this
new metal-NHC cooperative catalytic reaction prompted us to
evaluate the possibility of combining chiral Lewis acid catalysis
with achiral carbenes. An additional source of chirality in NHC-
catalyzed reactions would be highly valuable and offers great
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potential for future methodology development. We selected the
dimerization of enals via NHC-catalyzed homoenolates as a model
reaction to probe the feasibility of this new strategy. While the
NHC-catalyzed synthesis of y-butyrolactones has been the object
of many publications,™ a general enantioselective version of this
reaction has not yet emerged.*®

With the successful integration of Ti(IV) and NHC catalysisin
the synthesis of cyclopentenes, we commenced the investigation
of chira titanium alkoxides as Lewis acids with NHC catalysis as
away to access optically active y-butyrolactones. Starting with 20
mol % (S-Ti-BINOL and 15 mol % Imes-derived carbene led to
a low conversion of the starting material (Table 3, entry 1).
However, with (R R)-Ti-TADDOL*® as the Lewis acid and 15 mol
% Imes, only the cis diastereoisomer was detected with 75% yield
and 38% ee (entry 2). Importantly, the observed enantiomeric excess
originates from the influence of the chiral Lewis acid and implicates
Ti(lV) catalysis is involved in the key bond forming event. By
reducing the temperature, the cis y-butyrolactone could be obtained
in 60% yield and 60% ee, one of the highest levels of diastereo-
and enantioselectivity achieved to date for this transformation
(entry 3).

Table 3. Catalysis with Chiral Lewis Acid and Achiral Azolium

15 mol %

0 20 moal % 15 mol %
Hoo 2N\ . Mes G Mes DBU o
bl - EE - ) R ——
| i ci@\=/ CH,Cl,
Ph -PrO  O&Pr Vries Ph —
24 Ph
entry m Temp. (°C) % yield? cis:trans® %ee®
1 (S)-BINOL 23 10 41 nd
2 (RR)}-TADDOL 23 75 >20:1 38
3 (RR)yTADDO LY -20 60 >20:1 60

a|solated yield. P Diastereomeric ratio determined by 'H NMR (500
MHz) of the unpurified reaction. © Enantiomeric excess determined by
HPLC. 20 mol % i-PrOH was used as an additive.

In summary, a highly enantioselective and diastereoselective
cyclopentene forming reaction that employs catalytic amounts of
Lewis acids and N-heterocyclic carbenes has been developed. This
cooperative catalysis process integrating titanium(lV) and triazo-
lium-derived NHCs allows the synthesis of cis cyclopentenes with
a broader substrate scope and higher stereoselectivity than previ-
ously published methods. In addition, we have discovered that
cooperative catalysis with chira titanium Lewis acids in the
presence of achira NHCs can promote the formation of cis
y-butyrolactones with promising levels of enantioselectivity. These
studies in genera lay the foundation for the discovery of new
productive combinations of Lewis acids and carbenes. While
reversible binding between the Lewis acids and N-heterocyclic
carbenes used in these studies is possible, this aspect is not
detrimental and each catalyst operates in concert successfully.
Additionally, the use of two catalysts alows for either or both
promoters to be optically active, thereby providing new opportuni-
tiesto control the absolute stereochemistry in these processes. This
new cooperative carbene catalysis is a powerful strategy for
asymmetric synthesis, and studies pursuing its development are
ongoing.
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