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ABSTRACT

An NHC-catalyzed, diastereo- and enantioselective dimerization of enals has been developed. The use of Ti(Oi-Pr)4 is a key element for the
reactivity and selectivity of this process. The cyclopentenes are obtained with high levels of diastereo- and enantioselectivity and their synthetic
utility is demonstrated by functionalization of the product alkene.

The field of N-heterocyclic carbene (NHC) catalysis has
undergone explosive growth over the past decade.1 In
addition to a pyruvate decarboxylase-type of acyl anion
reactivity,2,3 these unique Lewis base catalysts can induce
unusual homoenolate reactions that (a) create nucleophilic
character at the β-position of an enal and (b) involve a

terminal acylation event to release the azolium catalyst.4,5

We have been focused on developing new carbene cata-
lyzed reactions and specifically with regard to homoeno-
lates, engaging these nucleophlies with reactive partners to
generate new formal [M þ N] cycloaddition processes. In
our continuing investigations of different XdY systems
(suchas azo compounds andazomethine imines, Scheme1,
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eq 1) that could be successful reaction partners in these
carbene-catalyzed processes, we have encountered what
can be viewed as a “vinylogous benzoin” limitation.6

Similarly, for NHC-generated homoenolate reactions,
many times the most reactive electrophile present is the
homoenolate precursor, or enal 1. Consequently, the
major product can be the γ-lactone product when the
XdY reactant does not possess the optimal reactivity
(Scheme 1, eq 2, major product).
While successful new homoenolate reactions have been

realized by judicious choice of electrophile to circumvent
the vinylogous benzoin pathway, we have also been in-
vestigating alternative strategies to engage NHC-homo-
enolates in more general reactions.7 An interesting minor
product that we have observed in these homoenolate type
reactions is the β-lactone product, resulting from the 1,4-
addition of the homoenolate (Scheme 1, eq 2, minor
product).8 This alternate dimerization pathway competes
with the more standard 1,2-addition which leads to
γ-lactones. Prior to the disclosure of our 1,4-addition
observation, both Nair and Bode reported variations of
this manifold combining enals and chalcones (Nair)9 or a

reactive oxo-butenoate (Bode)10 to produce cyclopentenes
after an unusual room temperature decarboxylation.11

Even with the numerous reports of NHC-homoenolate
reactions, the factors governing the partitioning between
these competing 1,2- vs 1,4-addition pathways are cur-
rently not well understood. Additionally, efficient conju-
gate addition reactions of NHC-derived homoenolates to
enals have remaineddifficult to accomplish efficiently.Our
recent success employing Lewis acids with NHC catalysis
promoted us to investigate this reaction using a NHC/
Lewis acid approach to control the regio- and enantios-
electivity outcome.12 To the best of our knowledge, these
are the first examples of a highly diastereo- and enantio-
selective dimerization of these reactive unsaturated carbo-
nyl systems using cooperative catalysis NHC/Lewis acid
conditions.
Our studies to explore this carbene/Lewis acid possibi-

lity beganby combining cinnamaldehyde (1a) in THFwith
a stoichiometric amount of Lewis acid (1 equiv) in the
presence of azolium saltA (20 mol %) and DBU at 60 �C.
Several metal alkoxides were initially tested in this reac-
tion, but most of them provided the γ-butyrolactones (1,2
addition) or led to the decomposition of the starting
material.13 After extensive investigation, we discovered
that the use of Ti(Oi-Pr)4 afforded compound 2 as a sole
diastereoisomer as detected by NMR spectroscopy (Table 1,
entry 1). The evaluation of several of the available chiral
azolium salts revealed that phenylalanine-derived azolium
C and tryptophan-derived azolium E

14 provided the high-
est levels of enantioselectivity (entries 3 and 5). Impor-
tantly, performing the reaction in the absence of Ti(Oi-Pr)4
did not afford any of 2, which confirmed the essential role of
the Lewis acid in this process (entry 6). At this stage, the
efficiency and selectivity of the transformation (58%yield,
66% ee) was encouraging, but not synthetically viable.
Lowering the temperature to improve the enantioselectiv-
ity resulted in a mixture of desired 2 and an intermediate
β-hydroxyester (16, Scheme 2), which was observed by 1H
NMR spectroscopy. We anticipated that the full elimina-
tion of water to yield compound 215 could be promoted

Scheme 1. Competing NHC Homoenolate Pathways
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after consumption of the enal starting material by the
addition of excess base. After a short survey of bases and

temperature profiles (not shown) a significant improve-

ment in enantioselectivity and yield was obtainedwhen the

reactionwas conducted in toluenewith 1,5,7-triazabicyclo-

[4.4.0]dec-5-ene (TBD) as the base and 10 mol % of

triazolium salt E (entry 7). One key to the high yield of 2

was the addition of an equivalent of TBD after consump-

tion of the enal.16 Finally, decreasing the amount of Lewis

acid to substoichiometric levels (e.g., 20 mol %, not

shown) resulted in lower yields and enantioselectivities.
We next evaluated the substrate scope of differentially

substituted aryl enals using the chiral triazolium salt E
(Table 2).17 Both electron-donating and -withdrawing
substituents were tolerated at the para position, yield-
ing the cyclopentene in 59-61% yield and up to 90% ee.

When the para-methyl ester substrate was employed, an
increase in yield was observed, but the enantioselectivity
decreased slightly (entry 11).Meta-substituted aryl groups
at the β-position and naphthyl-derived enals were also
tolerated, but the enantiomeric excess was sometimes low-
er in these cases. Finally, more sterically demanding sub-
strates such as ortho-substituted aryl enals, β-alkyl or
R-substituted enals suffered from lowyieldsornoconversion
(results not shown).
Our proposed reaction pathway for this dimerization is

shown in Scheme 3. The initial coordination of the R,β-
unsaturated aldehyde to the titanium(IV) Lewis acid in-
duces the formation of the extended Breslow intermediate
I. The coordination of a second enal to the aldehyde-
titanium(IV) complex increases its reactivity toward con-
jugate addition and organizes the reactants in space as
shown in II to promote 1,4-addition over 1,2-addition.18

Both the homoenolate and the enal are thus poised to react
through an s-cis conformation, ensuring high cis diaster-
eofacial selectivity in the products. Following the C-C
bond formation to give intermediate III, the bis-enolate
undergoes protonation, tautomerization and intramolecular
aldol to afford IV. The NHC catalyst is then regenerated
from acylation of the acyl azolium to give intermediate V
and the cyclopentene 2 is formed after base-promoted
elimination.
This new carbene/Lewis acid reaction provides R,β-

unsaturated esters that can be processed in highly stereo-
selective synthetic transformations (Scheme4).For example,
the reduction of the endocyclic double bond under hydro-
gen atmosphere followed by saponification proceeded in

Table 2. Substrate Scope

entry R yield (%)a ee (%)b

1 Ph 61(2) 90

2 p-Br-C6H4 61(3) 90

3 P-Cl-C6H4 59(4) 90

4 m-Cl-C6H4 58(5) 84

5 p-OMe-C6H4 61(6) 90

6 m-OMe-C6H4 60(7) 90

7 p-Me-C6H4 61(8) 90

8 m-Me-C6H4 62(9) 85

9 1-Naphthyl 59(10) 85

10 2-Naphthyl 63(11) 86

11c p-CO2Me-C6H4 72(12) 84

a Isolated yield. bEnantiomeric excess determined by HPLC with a
chiral stationary phase. Diastereomeric ratio determined by 1H NMR
spectroscopy (500 MHz) of unpurified reaction mixture. cLewis acid
(2.5 equiv); transesterification to p-(CO2i-Pr)-C6H4 was observed.

Table 1. Optimization of Reaction Conditions

aAll reactions performed on 0.38 mmol scale. b Isolated yield.
cEnantiomeric excess determined by HPLC with a chiral stationary
phase. Diastereomeric ratio determined by 1H NMR spectroscopy (500
MHz) of unpurified reaction mixture. dReaction performed without
Ti(Oi-Pr)4.

e 1.0 equiv of TBD added after 12 h. f 10 mol % azolium salt
and 20 mol % TBD.

Scheme 2.
1H NMR Detection of β-Hydroxyl Intermediate

(16) Increasing the loading of the base at the beginningof the reaction
(e.g., 120 mol %) resulted in <100% conversion with an effective
stalling of the process.
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94% yield over two steps to give the 1,2,3-trisubstituted
cyclopentane product 13 as the sole diastereoisomer.19We
next explored the possibility of introducing nucleophiles
by conjugate addition on the R,β-unsaturated ester.

Treatment of the cyclopentene with lithium dibenzylamide
afforded the protected amine 14 in 76% yield as a 6:1
mixture of diastereoisomers.20 These substituted β-amino
esters possess unusual substitution patterns that may be
useful in conformationally restricted peptides incorporat-
ing β-amino acids.21 The ozonolysis of the double
bond followed by reductive amination with benzylamine
produced the substituted pipecolic ester 15 as a single dia-
stereoisomer.22 Pipecolic acid derivatives are important
consituents of biologically active molecules,23 including
immunosuppressants,24 N-methyl-D-aspartic acid (NMDA)
antagonists,25 and antibiotics.26

In summary, an NHC-catalyzed, Lewis acid mediated
enantioselective dimerization of enals has been developed.
The use of Ti(Oi-Pr)4 promotes a selective 1,4 conjugate
addition versus the typical 1,2-addition. The synthetic
utility of these cyclopentene compounds produced from
carbene catalysis is predominantly a function of the un-
saturated ester produced in the reaction. The merging of
Lewis acid activation with N-heterocyclic carbene Lewis
bases is a powerful new strategy that opens new opportu-
nities for catalytic methodology development.
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Scheme 3. Proposed Reaction Pathway

Scheme 4. Synthetic Transformation
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