
Organocatalysis
DOI: 10.1002/anie.201007144
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The rapid catalytic construction of relatively complex mole-
cules in a highly selective manner is an attractive goal in
organic synthesis.[1] In the area of N-heterocyclic carbene
(NHC) catalysis, the unconventional NHC-mediated activa-
tion of enal compounds has led to a diverse set of new
reactions,[2] such as lactone and lactam formations,[3] cyclo-
addition reactions,[4] Michael reactions,[5] and self-redox ester
formations.[6, 7] This diversity exists in the catalytic formation
of multifarious intermediates that include activated carbox-
ylates, enolates, and homoenolate equivalents.[8] Of particular
interest to us is the generation of three consecutive reactive
carbon centers [Eq. (1)], which opens an opportunity for the

rapid assembly of relatively complex molecules containing
rings and multiple chiral centers. Recently, the research
groups of Nair,[9] Bode,[10] and Scheidt[11] reported enal/enone
condensations to form cyclopentene derivatives using NHC
or NHC/Lewis acid cooperative catalysts. Sanchez-Larios and
Gravel reported a diastereoselective racemic indane synthesis
via NHC-mediated activation of aldehydes for Stetter–
Michael cascade reactions with benzodi(enone)s.[12a] Herein,
we disclose a new annulation of enals and di(enone)s that
generates benzotricyclic products with exceptionally high
regio-, diastereo-, and enantioselectivities [Eq. (1)]. All of the
three reactive carbon centers of the enals are involved in new

C�C and C�O bond formations to generate the cascade
products containing four stereogenic centers. Mechanistically,
the reaction proceeds exclusively through Michael-type
additions of the b- and a-carbon atoms of the enals to the
two enone branches of the di(enone)s, and subsequent
intramolecular enol ester formation to yield the products.
Cyclopropene- or indane-based adducts, as might be postu-
lated based on previous studies,[9–11, 12] were not observed as
products in our reactions.

We first studied the reaction between cinnamaldehyde
(1a) and benzodi(enone) 2a using imidazolium precatalysts
(Table 1, entries 1–3). We initially expected a product that
would result from a decarboxylation[9–11] as the last step.
Surprisingly, no such cyclopentene-containing products were
detected. Instead, benzotricyclic acylated enol 3 a was formed

Table 1: Annulation of enal 1a and di(enone) 2a mediated by NHCs.[a]

Entry NHC Yield [%][b] d.r.[c] ee [%][d]

1 A 76 12:1 –
2 B 40 20:1 –
3 C 0 – –
4 D 95 20:1 –
5 E 0 – –
6 F 51 10:1 99
7[e] F 84 13:1 99

[a] Reaction conditions: 1a (0.225 mmol), 2a (0.15 mmol). [b] Yield of
isolated product. [c] Determined by 1H NMR analysis of unpurified
reaction mixtures. [d] Major diastereoisomer, determined by HPLC
analysis on a chiral stationary phase. The configuration of 3a was
determined by X-ray crystallography of its derivative 3a’ (see [Eq. (2)] and
the Supporting Information). [e] Two equivalents of 1a was used and one
equivalent of MgSO4 was added. DBU = 1,8-diazabicyclo[5.4.0]undec-7-
ene, Mes = 2,4,6-trimethylphenyl, THF = tetrahydrofuran.
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as the sole cascade product in good yield and diastereoselec-
tivity using catalyst A (Table 1, entry 1). Screening of cata-
lysts and reaction conditions revealed that triazolium-based
NHCs were also effective catalysts (Table 1, entry 4). High
enantioselectivity was achieved with the aminoindanol-
derived triazolium catalyst F, which was first described by
Bode and co-workers[4a] (Table 1, entry 6).[13] When two
equivalents of enal 1a was used and MgSO4 was added as
an additive,[14] product 3a was obtained in 84 % yield and
> 99% ee (Table 1, entry 7). The steric and electronic proper-
ties of both imidazolium- and triazolium-based NHCs sig-
nificantly affected the reaction outcomes,[2] and no conversion
was observed when using catalysts C or E (Table 1, entries 3
and 5). The relative and absolute configuration of the cascade
product was determined by X-ray crystallography[20] after
derivatization of 3a into 3a’ [Eq. (2)].

The scope of the enal and benzodi(enone) substrates was
then examined. A variety of b-(hetero)aryl-substituted enals
reacted smoothly with di(enone) 2a and gave the products in
good yield and excellent stereoselectivity (Table 2, entries 1–
5). The use of b-alkyl-substituted enal 1 f afforded product 3 f
with similar stereoselectivity, albeit in moderate yield
(Table 2, entry 6). The derivatives of benzodi(enone) 2, with
either electron-donating or electron-withdrawing substitutes
on the aryl rings next to the carbonyl groups, were all
tolerated in the reactions and gave essentially optically pure
products (Table 2, entries 7–16). Mechanistically, it is worth
noting that enone compounds bearing electron-donating
substitutes showed lower reactivities towards enal substrates.
In such cases, a greater quantity of enal and prolonged
reaction time were needed to ach-
ieve acceptable yields (Table 2,
entries 7 and 12). The methyl-sub-
stituted benzodi(enone) did not
react with enals under the condi-
tions we tested (Table 2, entry 16).
The reactivity differences present
with enones possessing different
electronic properties are consistent
with those observed in conjugate
addition reactions where electron-
rich enones are generally poor
Michael acceptors.

Enlightened by the reactivity
difference between electron-rich
and electron-poor di(enone)s
(Table 2, entries 7–16), we exam-
ined unsymmetric benzodi(enone)s
with two different substitutes to
gain additional mechanistic insight
(Table 3). For example, 4a was
treated with enals 1a,b and gave
cascade products with exceptionally
high regioselectivity, excellent ste-
reoselectivity, and good yield
(Table 3, entries 1 and 2); the
minor regioisomers were not
detectable by 1H NMR spectrosco-
py. The X-ray crystal structure[20] of

5a (see the Supporting Information) confirmed that the
reaction proceeded exclusively through an overall addition of
the enal b-carbon atom to the electron-poor branch (R1) of
di(enone) 4 to form the first new C�C bond in the product.
The high regioselectivity appears to be quite general for a
wide range of unsymmetric di(enone)s 4b–e (Table 3,

Table 2: Annulation reactions of enals 1 with benzodi(enone)s 2.

Entry 1, R 2, R’ Product Yield [%][a] d.r.[b] ee [%][c]

1 1a, Ph 2a, Ph 3a 84 13:1 99
2 1b, 4-BrC6H4 2a 3b 80 18:1 99
3 1c, 4-OMeC6H4 2a 3c 80 14:1 99
4 1d, 2-naphthyl 2a 3d 70 11:1 99
5 1e, 2-thienyl 2a 3e 78 10:1 99
6 1 f, n-C7H15 2a 3 f 43 10:1 99
7[d] 1a 2b, 4-OMeC6H4 3g 53 14:1 96
8 1a 2c, 3,4-Cl2C6H3 3h 75 20:1 97
9 1g, 4-FC6H4 2c 3 i 70 11:1 99
10 1a 2d, 4-PhC6H4 3 j 61 20:1 98
11 1b 2e, 4-MeC6H4 3k 58 20:1 98
12[d] 1a 2e 3 l 70 12:1 99
13 1b 2 f, 4-ClC6H4 3m 74 20:1 99
14 1a 2g, 4-BrC6H4 3n 82 17:1 99
15 1a 2h, 4-FC6H4 3o 77 20:1 98
16 1a 2 i, Me 3p 0 – –

[a] Yield of isolated product based on 2. [b] Determined by 1H NMR analysis of unpurified reaction
mixtures. [c] Determined by HPLC analysis on a chiral stationary phase. [d] Four equivalents of
cinnamaldehyde, 24 h.
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entries 3–7). Regioselectivity was low only when the two
substitutes on the unsymmetric di(enone)s, such as the 4-
MeC6H4/Ph pairs in di(enone) 4 f, have very similar
electronic properties.

A reaction of special mechanistic interests in the
unsymmetric di(enone) series is the reaction between Ph/
Me-substituted benzodi(enone) 4g and enal 1a [Eq. (3)].

The observed preference in regioselectivity of Ph- over
Me-substituted enone (in the first C�C bond formation) is
consistent with a direct Michael addition pathway.[15] This
study further confirms that electronic effects play a
profound role in the regioselective addition of an enal b-
carbon atom to enones. In contrast, steric effects determine
the regioselectivities in NHC-mediated intramolecular ben-
zoin addition of aldehydes to ketones, in which the sterically
smaller methyl ketone reacts preferentially over the larger
phenyl ketone, as observed by Lathrop and Rovis[16a] as well
as Takikawa and Suzuki.[16b]

Our postulated reaction pathways are summarized in
Scheme 1. The initial formation of Breslow intermediate I as
a homoenolate equivalent[17] is followed by a Michael-type
addition to one branch of di(enone) 4 to give intermediate II.
The potential complication of this cascade reaction lies in the
multiple feasible reaction pathways of intermediate II.
According to the studies by Sanchez-Larios and Gravel[12a]

the intermediate II might undergo
an intramolecular Michael addition
of the a-carbon atom of the ketone
to the enone to form an indane
compound. Based on previous work
on enal/enone annulations in form-
ing cyclopentenes,[9–11] this inter-
mediate (II) might also undergo an
aldol reaction followed by b-lactone
formation and subsequent decar-
boxylation. Neither of the pathways
described in the literature was
observed in our reactions. Instead,
protonation and tautomerization of
intermediate II gives intermedia-
te III, which exclusively undergoes
intramolecular 1,4-addition of the
enal a-carbon atom to the other
branch of the di(enone) to afford
intermediate IV. The last step of the
catalytic cycle is the formation of an

enol ester to generate the cascade product 5 with the release
of the NHC catalyst.[18] Attempts to capture intermediate II/
III with alcohol and amine nucleophiles were unsuccessful,[19]

which suggests that the conversion of intermediate II into
product 5 occurs spontaneously with excellent stereocontrol
of the remaining two new stereogenic centers.

In summary, we have developed a new annulation of
di(enone) and enal substrates mediated by NHCs to generate
substituted multicyclic compounds with high regio- and
stereoselectivities. The observed regioselectivity is consistent
with a Michael-type addition of the enal b-carbon atom to the
enone to form the first new C�C bond of the cascade product.
Our method provides a rapid entry to relatively complex
structures from simple starting materials in a highly selective

Table 3: Regioselective annulation of enals 1 with unsymmetric benzodi(enone)s 4.

Entry 1, R 4, R1, R2 Product Yield [%][a] r.s.[b] d.r.[c] ee [%][d]

1 1b 4a, 4-BrC6H4, Ph 5a 73 100:0 20:1 97
2 1a 4a 5b 81 100:0 20:1 98
3 1a 4b, 4-BrC6H4, 4-MeC6H4 5c 82 100:0 19:1 99
4 1h, 4-iPrC6H4 4b 5d 74 100:0 11:1 99
5 1a 4c, 3,4-Cl2C6H3, 4-MeC6H4 5e 84 100:0 20:1 99
6 1b 4d, 4-ClC6H4, 4-OMeC6H4 5 f 69 100:0 14:1 94
7 1a 4e, Ph, 4-OMeC6H4 5g 67 15:1 20:1 90
8 1a 4 f, Ph, 4-MeC6H4 5h 75 2:1 10:1 98

[a] Yield of isolated product based on 4. [b] Regioselectivity was estimated by 1H NMR analysis of
unpurified reaction mixtures. For 5a–f the minor regioisomer was not detectable. [c] Determined by
1H NMR analysis. [d] Determined by HPLC analysis on a chiral stationary phase. r.s. = regioselectivity.

Scheme 1. Postulated catalytic pathways for NHC-mediated annulation of
enals and di(enone)s.
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manner. Further studies with respects to additional molecular
complexity and mechanistic insights are in progress.

Experimental Section
General procedure for annulation reactions: Benzodi(enone)
(0.15 mmol), enal (0.3 mmol, 2.0 equiv), triazolium salt F (0.011 g,
0.03 mmol), and anhydrous MgSO4 (0.018 g, 0.15 mmol) were added
to a 25 mL two-necked, oven-dried flask. The flask was then
evacuated and refilled with dry N2. Anhydrous THF (3 mL) was
added followed by DBU (0.0069 g, 0.045 mmol). The reaction mixture
was stirred at RT for 12 h. The solvent was removed under reduced
pressure and the resulting residue was purified by column chroma-
tography on silica gel with hexanes/ethyl acetate (4:1) as eluent to
afford the annulation product.
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