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ABSTRACT

Strong Brønsted acids such as bis(trifluoromethanesulfon)imide catalyze the hetero-Michael addition of carbamates, alcohols, and thiols to
r,â-unsaturated ketones, alkylidene malonates, and acrylimides. Scope, reaction rates, and yields are superior to comparable Lewis acid-
catalyzed processes.

â-Amino andâ-oxy carbonyl functionalities are ubiquitous
motifs in natural products such as alkaloids and polyketides.1

â-Amino carbonyl compounds are also important intermedi-
ates for the synthesis of amino alcohols, diamines, and
â-amino acid derivatives, many of which serve as powerful
antibiotics or other drugs.2

The reactions of enolates either with imines (Mannich
reaction) or with carbonyl compounds (aldol reaction) are
established methods for the synthesis of these moieties
through carbon-carbon bond formation (Scheme 1).3

Alternatively, aza- or oxa-Michael additions can be used
to create carbon-heteroatom bonds by reaction ofR,â-

unsaturated carbonyl compounds with amine or alcohol
derivatives.4 This pathway is particularly important for other
heteronucleophiles such as thiols where Mannich- or aldol-
analogous reactions do not exist.

The development of new synthetic strategies continues to
attract attention as there are drawbacks to many of the
existing methodologies. Mannich reactions often suffer from
harsh conditions and long reaction times and aldol reactions
generally call for stoichiometric amounts of base to form
preactivated enolates. In contrast, hetero-Michael reactions
normally only require catalytic amounts of a strong base or
a Lewis acid to activate either the nucleophile or the acceptor
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Scheme 1. Syntheses ofâ-Heteroatom Carbonyl Compounds
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component. To the latter end, lanthanide triflates, FeCl3,
InCl3, CeCl3/NaI, Bi(NO3)3, platinum group metal complexes,
and other Lewis acids have been used successfully in aza-
Michael additions5 and asymmetric variants involving chiral
Lewis acids have been reported.6 Similarly, numerous
examples exist of base-mediated oxa-Michael additions and
Lewis acid catalysis has been achieved with Pd or Zn salts.7

With most weak nucleophiles such as carbamates or
alcohols, intramolecular hetero-Michael additions are far
more prominent than intermolecular applications. Recently,
this problem was addressed by Kobayashi et al. and our
group when it was discovered that catalytic amounts of Pd-
(CH3CN)2Cl2,8 Cu(OTf)2,9 or noble metal chlorides10 such
as PtCl4, AuCl, ReCl5, and RhCl3 could be used in a mild,
intermolecular aza-Michael reaction of carbamates andR,â-
unsaturated ketones.

In our search toward an economical, environmentally
friendly route toâ-amino andâ-oxy carbonyl compounds,
we became intrigued by the idea of dispensing with metal
catalysts or strong bases altogether and using catalytic
amounts of cheap, readily available and nontoxic Brønsted
acids instead. We reasoned that activation of Michael

acceptors by protonation of the carbonyl group (pKa ca.-5
for R,â-unsaturated ketones) should be feasible in the
presence of weakly basic nucleophiles, with leveling effects
limiting efficiency for more basic Michael donors. Although
some acid mediated, mostly intramolecular aza- and oxa-
Michael reactions have been described,11 no universal method
for acid-catalyzed hetero-Michael additions has been re-
ported.

Initial studies were carried out using benzyl carbamate
(CbzNH2, 2) and 1-phenyl-2-penten-1-one (1a) as a model
system (Table 1). While carboxylic acids or hydrochloric
acid were not effective (runs 9-11), catalysis could be
achieved with strong acids such as bis(trifluoromethane-
sulfon)imide (Tf2NH, run 1), triflic acid (TfOH, run 2), or
tetrafluoroboric acid (run 3). Compared to reaction times
observed with Pd(CH3CN)2Cl2 (24 h) or Cu(OTf)2 (3 h), the
rate acceleration induced by these Brønsted acid catalysts
was dramatic. Weaker sulfonic acids (runs 5-8) and aqueous
or hydrated acids (runs 4, 6) could be used as well, but
reaction rates were significantly reduced.

Rapid conversion was observed when the reaction was
carried out in dichloromethane, acetonitrile, or nitromethane.
Solvents with weakly basic oxygen functionalities such as
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Table 1. Acid Catalysts in the Aza-Michael Addition of1a
and2

run acid time yield/%

1 (CF3SO2)2NH 10 min 98
2 CF3SO3H 10 min 91
3 HBF4‚OMe2 10 min 86
4 HBF4 aq 2 h 92
5 p-TsOH 24 h 98
6 p-TsOH‚H2O 72 h 99
7 H2SO4 72 h 93
8 CH3SO3H 72 h 47
9 HCl 72 h trace

10 CF3CO2H 72 h trace
11 CH3CO2H 72 h -

Table 2. Aza-Michael Addition of2 to R,â-Unsaturated
Carbonyl Compounds

a Reaction at room temperature.
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THF, ether, or acetone interfered with protonation equilibria
and gave little or no conversion. Poor solubility limited the
use of less polar solvents such as toluene. Tf2NH was chosen
as a standard catalyst, as it is one of the strongest known
acids12 and has been shown to be a superior catalyst in
condensation reactions, alkyne hydrations, Friedel-Crafts
acylations, conjugated allylations, and polymerization reac-
tions under mild conditions.13

Having established the remarkable catalytic activity of
Tf2NH in the conjugate addition of2 to â-monosubstituted
enones1a and1b (Table 2), we focused our investigations
on substrates that had reacted only sluggishly in the presence
of metal catalysts. Enones bearing additionalR- or â-sub-
stituents such as1c, 1d, and1e could be converted readily
with use of acid catalysts, and a good, thermodynamically
controlled diastereoselectivity was obtained for the addition
to 1e.14 It was also possible to extend the scope of the
reaction to acceptors other thanR,â-unsaturated ketones.
Good yields were obtained when the alkylidene malonate
1f and the acrylimides1gand1h were used.15 This pathway
offers a possible route toâ-amino acid derivatives, e.g. via

malonate decarboxylation or selective imide hydrolysis.
Although benzyl carbamate protected amine moieties are

known to be sensitive to cleavage in acidic media, low H+

concentrations and the use of nonaqueous solvents com-
pletely suppressed this pathway and decomposition products
could not be detected in any case.

In contrast to our transition metal catalysts, Tf2NH also
efficiently mediates oxa-Michael additions (Table 3). Simple
alcohols such as methanol were suitable nucleophiles (run
1) and good yields were obtained with the synthetically more
useful benzyl alcohols5-7 (runs 2-6).16 Both 1- and
2-naphthylmethanol were similarly effective (runs 7-8),
which allows the introduction of the NAP protecting group.17

Alcohols are considerably less reactive than carbamates,
hence only poor yields were obtained with acceptors other
than terminal orâ-monosubstituted enones. Aryl alcohols
could not be employed due to the competitive interference
of Friedel-Crafts-type reactions, but aniline, the more
nucleophilic nitrogen analogue, furnished the addition prod-
uct in excellent yield (run 9).

Further experiments revealed that the same concept could
be applied successfully to thiols, which constitute another
class of weakly basic nucleophiles and are normally activated
by deprotonation.18,19 In addition, thiols are notoriously
difficult to use in the presence of Lewis acidic metals due
to their strong tendency to poison these catalysts, although
recent advances have been made.20

Both benzenethiol (18) and benzyl mercaptan (19) were
effective in this reaction (Table 4). Benzyl sulfides, which

(12) Koppel, I. A.; Taft, R. W.; Anvia, F.; Zhu, S.-Z.; Hu, L.-Q.; Sung,
K.-S.; DesMarteau, D. D.; Yagupolskii, L. M.; Yagupolskii, Y. L.; Ignat’ev,
N. V.; Kondratenko, N.; Volkonskii, A. Y.; Vlasov, V.; Notario, R.; Maria,
P.-C.J. Am. Chem. Soc.1994,116, 3047.
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(c) Cossy, J.; Lutz, F.; Alauze, V.; Meyer, C.Synlett2002, 45. (d) Kuhnert,
N.; Peverley, J.; Robertson, J.Tetrahedron Lett.1998, 39, 3215. (e)
Desmurs, J.-R.; Ghosez, L.; Martins, J.; Deforth, T.; Mignani, G.J.
Organomet. Chem.2002,646, 171.
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of Meldrum’s acid at-20 °C in CD3CN, but products rapidly reverted to
the starting materials via retro-Michael addition at room temperature, even
in the absence of a catalyst.

(16) In run 5, lower yields and diether formation of6 were observed
with Tf2NH as a catalyst.

(17) Gaunt, M. J.; Boschetti, C. E.; Yu, J.; Spencer, J. B.Tetrahedron
Lett. 1999,40, 1803.

Table 3. Hetero-Michael Addition ofR,â-Unsaturated Ketones with Alcohols and Aniline

a CH3OH as solvent.b 8 equiv of5. c HBF4‚OMe2 as catalyst, see ref 16.
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are standard functionalities in organic synthesis for the
protection of thiols,21 could be synthesized by reaction of
19 with terminal, disubstituted and trisubstituted enones in
excellent yields and reaction times (runs 2-4).

These examples demonstrate that Brønsted acid catalysis
can be superior to metal ion catalysis when weakly basic
nucleophiles are used in the hetero-Michael reaction. In
addition, Brønsted acids are not only advantageous in terms
of reactivity, but also regarding waste disposal and cost. The
procedure described herein complements our previous re-
search on the catalytic aza-Michael addition as mild transition
metal catalysts such as Pd(CH3CN)2Cl2 gave better results
when reactive, but highly acid-labile substrates such as
2-cyclohexenone were used.

In summary, the first general, Brønsted acid-catalyzed
hetero-Michael addition has been developed. This easy and
economical process can be used for the construction of Cbz-,
naphthylmethyl-, or benzyl-protectedâ-amino, â-oxy, or
â-thio carbonyl compounds. Further refinements and ap-
plications of this procedure are now in progress and will be
reported shortly.
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Table 4. Hetero-Michael Addition with Sulfur Nucleophiles

a Reaction in CH3CN, 60 min.
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