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ABSTRACT

Mukaiyama-type aldol coupling of typical silyl enolates 2−4 with aryl or vinyl aldehydes and acetals was realized in the presence of 1−5 mol
% of MgI2 etherate (1) in a mild, efficient, and highly chemoselective manner. Iodide counterion, weakly coordinating peripheral ethereal
ligands (Et2O) of Mg(II), and a noncoordinating reaction media (i.e. CH2Cl2) are among the critical factors for the unique reactivity of this
catalytic system.

Magnesium(II) species are widely used as Lewis acid
catalysts in various functional transformations1 and C-C
bond-forming reactions2 due to the high electrophilicity of
the Mg2+ ion and its tendency to form amulti-coordinate
(up to 5 or 6) complex.3 Among them, magnesium halides

are most frequently used. Revelation of the intriguing
catalytic reactivity of magnesium halide-derived chiral Lewis
acids by Corey et al.4 has stimulated increased interest in
the asymmetric catalysis of the C-C bond formation reaction
by a Mg(II) complex.5 However, the use of Mg(II) Lewis
acids in aldol condensation has been rather limited so far.6

We report here the preliminary results on the unique catalytic
reactivity of MgI2 diethyl etherate(1) for the mild, efficient,
and chemoselective (Mukaiyama-type) aldol reaction of aryl
aldehydes and acetals with silyl enolates. To the best of our
knowledge, this is the first effective catalysis of Mukaiyama-
type aldolcatalytic in magnesium halide.7 The Mukaiyama-
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type aldol coupling8 of aldehydes or acetals with typical silyl
enolates2-49 was generally carried out in dry CH2Cl2 (as
the solvent of choice)10 in the presence of a catalytic amount
(1-5 mol %) of freshly prepared1 (0.2 M in Et2O/benzene
1:2).11 The resultinghomogeneousreaction mixture was
stirred under argon and monitored by TLC, andsilylated
adducts5-7a(of aldehyde) were usually obtained as major
products after extractive workup and chromatography on
silica gel. The reactions can be run simply at ambient
temperature in most cases.

Of various carbonyl substrates screened,12 aliphatic alde-
hydes are unreactive toward enol silanes3 and 4, only
reacting with silyl ketene acetal2 sluggishly. Aromatic
aldehydes are reactive substrates toward2-4. Both aliphatic
and aromatic ketones are inert. This interesting chemose-
lectivity was further evaluated by crossover experiments
(Tables 1-3) of silyl enolates2-4 with substituted aryl

aldehydes, respectively. We have observed the following
delicate electronic effects: (1) aryl aldehydes with an
electron-donating substituent (i.e.o- or p-OMe, NMe2)

reactedmuch fasterthan benzaldehyde and (2) an electron-
withdrawing substituent (i.e. Cl, NO2, CF3) deactiVatedaryl
aldehyde remarkably. For example,o- andp-anisaldehyde
are much more reactive thanm-anisaldehyde and benzalde-
hyde (Table 1, entries 2, 3, 7, and 11). Furthermore,
unsaturated aryl and vinyl aldehydes are highly reactive
substrates and give aldol adduct predominately.13 The
discriminating ability of silyl enolates is inversely dependent
on their relative nucleophilicity in the sequence2 < 3 ∼ 4.
Similar electronic effects of Lewis acidic Eu(dppm)3 were
documented by Mikami and Nakai et al.14 in chemoselective
aldol and Michael reactions of aryl aldehydes with silyl
enolate of type2.

To examine the halide anion effect, halogen analogues of
1, MgCl2 etherate (1a) and MgBr2 etherate (1b), were
compared (see Table 6 of Supporting Information) with1
under parallel reaction conditions (5 mol % of catalyst) in
an aldol reaction of aryl aldehydes with enolates2 or 4.
Etherate1a is practically inactive and1b is much less
effective in terms of substrate conversion, yield, and

Figure 1. Typical silyl enolates and corresponding aldol adducts.

Table 1. Crossover Aldol Coupling of2 with Aryl Aldehydesa

entry Ar Ar′
time
(min)

ratio
(5/5′)

yield
(%)b

1 Ph 2-NO2C6H4 120 80/20 98
2 Ph 2-MeOC6H4 10 <1/>99 99
3 Ph 4-MeOC6H4 10 <1/>99 98
4 Ph 2,5(MeO)2C6H3 15 5/95 99
5 Ph 3-MeOC6H4 15 56/44c 99
6 Ph 4-MeC6H4 30 27/73d 80
7 2-MeOC6H4 3-MeOC6H4 15 >99/<1 99
8 4-Me2NC6H4 4-MeOC6H4 10 >99/<1 98
9 4-MeOC6H4 4-NO2C6H4 10 >99/<1 99

10 4-MeOC6H4 4-MeC6H4 20 80/20 96
11 4-MeOC6H4 4-ClC6H4 15 >99/<1 98
12 2-MeOC6H4 2-NO2C6H4 10 >99/<1 99

a Reactions were run with a mixture of 0.5 mmol of each aldehyde, 0.5
mmol of silyl enolate2, and 5 mol % of MgI2 etherate (1) (0.2 M solution
in Et2O/benzene (v/v 1:2)).b Isolated overall yield.c Ratio determined by
1H NMR analysis.d Ratio determined by GC analysis.

Table 2. Crossover Aldol Coupling of3 with Aryl Aldehydesa

entry Ar Ar′
time
(min)

ratio
(6/6′)

yield
(%)b

1 Ph 2-NO2C6H4 120 >99/<1 87
2 Ph 2,5(MeO)2C6H3 30 2/98 99
3 2-MeOC6H4 4-MeOC6H4 20 52/48c 99
4 4-MeC6H4 4-MeOC6H4 40 40/60 95
5 2-MeOC6H4 3-MeOC6H4 20 >99/<1 99
6 2-CF3C6H4 2,5(MeO)2C6H3 30 <1/>99 99

a Same reaction conditions as Table 1.b Isolated overall yield.c Ratio
determined by1H NMR analysis.

Table 3. Crossover Aldol Coupling of4 with Aryl Aldehydesa

entry Ar Ar′
time
(min)

ratio
(7/7′)

yield
(%)b

1 Ph 2-NO2C6H4 30 >99/<1 99
2 Ph 2,5(MeO)2C6H3 20 4/96 99
3 Ph 2-MeOC6H4 15 <1/>99 99
4 Ph 4-MeOC6H4 15 <1/>99 99
5 Ph 4-MeC6H4 40 36/64c 96
6 2-MeOC6H4 2-NO2C6H4 20 >99/<1 99
7 2-CF3C6H4 2,5(MeO)2C6H3 20 <1/>99 99
8 4-MeOC6H4 4-NO2C6H4 20 >99/<1 99
9 4-MeOC6H4 4-MeC6H4 30 58/42 98

10 2-MeOC6H4 4-MeOC6H4 15 53/47d 99

a Same reaction conditions as Table 1.b Isolated overall yield.c Ratio
determined by GC analysis.d Ratio determined by1H NMR analysis.
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chemoselectivity. Apparently, the reactivity of aldehydes is
principally dependent on the electron density of the formyl
oxygen atom or thecoordinatingability of the formyl group
toward Mg(II), not the inherentelectrophilicityof carbonyl,15

which implies the formation of a coordination complex
[RCHdOfMgI‚(OEt2)n]+I-, in a favorables-transconfig-
uration,16 presumably responsible for the effective activation
of electron-richaldehydic carbonyl. The cationic character4a,c

of this more Lewis acidic Mg(II) coordinate with peripheral
etherealligands (n) 3, 4) results from the dissociation of
iodide ion in accordance with the coordination of the Lewis
basic formyl group. The proposed catalytic cycle (Scheme

1) suggests that the transient iodotrimethylsilane (TMSI) may
facilitate17 the irreVersible silylation of Mg-aldolate and
regeneration of catalyst1.

Evans et al. recently reported6c,dan interesting magnesium
halide-catalyzednon-Mukaiyamaaldol reaction with TMSCl
as the essential silylating agent for the turnover of catalytic
magnesium halide in which a similar electronic effect for
aryl and vinyl aldehyde substrates is apparent.18 It is also
evident19 that the cationic coordinate of the resultant Mg-
enolate might be involved. These facts underscore the
uniqueness of Mg-catalyzed aldolization.

Cross-aldol coupling of acetals with silyl enolates2-4
was studied (see Table 2 of Supporting Information) under
the catalysis of1 in comparison with their parent carbonyl
substrates. We observed that (1) both aliphatic and aryl
aldehyde acetals are reactive substrates, while ketone acetals
are inert and (2) acetals are generally more reactive than the
parent aldehydes. Notable reactivity trends (Table 4) include
(1) acetalization activated unreactive aliphatic aldehydes
(entries 1 and 4) and (2) acetal of unsaturated aryl aldehyde
(i.e. cinnamaldehyde) or vinyl aldehyde to give aldol adducts
exclusively (eq 1). In view of the importance of acetal

functioning as a carbonyl equivalent for C-C bond cross-
coupling,20 we revealed here that1 is a novel mild Lewis
acid catalyst for effective and chemoselective acetal activa-
tion. The preferential activation of acetal over its parent

(7) For Mukaiyama aldol reactions mediated by stoichiometric magne-
sium halides, see refs 6a and 6b. For magnesium halide-catalyzednon-
Mukaiyamaaldol reactions, see refs 6c and 6d.

(8) Mukaiyama, T.Org. React.1982,28, 203.
(9) Kuwajima, I.; Nakamura, E.Acc. Chem. Res.1985,18, 181.
(10) Although othernoncoordinatiVesolvents, i.e., benzene and toluene,

can also be used, CH2Cl2 is found to be most effective (see Table 7 in
Supporting Information). Strong coordinating solvents, i.e., THF and DMF,
prohibited the reaction. Reaction in Et2O is very sluggish and aheteroge-
neousmixture resulted probably due to the formation of polymeric MgI2.

(11) Cf: Arkley, V.; Attenburrow, J.; Gregory, G. I.; Walker, T.J. Chem.
Soc.1962, 1260. It is critical to use a freshly preparedetherealsolution of
1; the use of an equal amount of commercially available MgI2 (Aldrich)
resulted in aVery slowand sluggish reaction.

(12) See Table 1 in the Supporting Information.
(13) For example, cinnamaldehyde reacted with2 in the presence of 5

mol % of 1 at -78 °C to yield 72% of aldol product along with 28% of
Michael adduct, while geranial gave aldol product5a exclusively (entries
10-13, Table 1 in the Supporting Information).

(14) (a) Mikami, K.; Terada, M.; Nakai, T.J. Org. Chem.1991, 56,
5456. (b) Hanyuda, K.; Hirai, K.; Nakai, T.Synlett1997, 31.

(15) For a mechanistic discussion, see: Asao, N.; Asano, T.; Yamamoto,
Y. Angew. Chem., Int. Ed.2001,40, 3206 and references therein.

(16) Cf: Denmark, S. E.; Almstead, N. G.J. Am. Chem. Soc.1993, 115,
3133 and references therein. Thiss-transactivation complex would account
for the observed comparable reactivity ofp- ando-anisaldehydes (entry 3
of Table 2 and entry 10 of Table 3). Interestingly, (S)-R-para-(methoxy)-
benzyloxypropanal reacted with silyl enolate2 at -78 °C to give the
corresponding syn adduct predominately (6:1) in 80% yield (entry 27, Table
1 in the Supporting Information), presumably via a favorablechelatiVe
complex due to the weak-coordinating (less Lewis basic) aliphatic carbonyl.
In sharp contrast, remarkably chemoselective allylstannation ofo-anisal-
dehyde overp-anisaldehyde catalyzed by B (C6F5)3 and Me3Al was reported
by Maruoka et al., see: Ooi, T.; Uraguchi, D.; Kagoshima, N.; Maruoka,
K. J. Am. Chem. Soc.1998, 120, 5327. For recent accounts on the activation
mode of this reaction other thanchelatiVe, see: (a) Blackwell, J. M.; Piers,
W. E.; Parvez, M.Org. Lett.2000,2, 695. (b) Blackwell, J. M.; Piers, W.
E.; McDonald, R.J. Am. Chem. Soc.2002,124, 1295.

(17) The reaction isnot likely catalyzed by TMSI since no observable
transmetalation between silyl enolate and MgI2 occurred (cf. ref 6b).
Moreover, the chemoselectivity (vide infra) of TMSI-catalyzed Mukaiyama
aldol is distinctly different from that of MgI2 etherate. We thank one of the
Reviewers for reminding us of this issue.

(18) Cf: ref 6c, higher yields anddrswere documented for aldol products
of aryl aldehydes substituted with an electron-donating group (i.e.p-MeO).

(19) Cf: ref 6c, for experimental procedure B, NaSbF6 (up to 30 mol
%) is required as an additive to drive the aldol reaction ofless reactive
p-nitrobenzaldehyde to completion, which is assumed to dissociate the
chloride ion from the Mg(II) metal center.

(20) For a review, see: Mukaiyama, T.; Murakami, M.Synthesis1987,
1043.

Table 4. Crossover Aldol Coupling of Aldehyde and Its
Dimethyl Acetal with Silyl Enolates2-4a

entry R/R′
enolate/

time
ratio

(5-7a/5-7c)
yield
(%)b

1 n-C7H15 2/2 h 20/80c 97
2 Ph/PhCH2CH2 2/1 h >99/<1 86
3 Ph 3/20 min 13/87c 99
4 PhCH2CH2 3/3 h 4/96c 95
5 PhCHdCH 3/0.5 h 40/60c 99
6 Ph 4/0.5 h -/>99 99
7 PhCHdCH 4/0.5 h -/>99 98

a Same reaction conditions as Table 1.b Isolated overall yield.c Deter-
mined by1H NMR analysis.

Scheme 1. Proposed Catalytic Cycle of Aldehyde Aldol
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aldehyde may be attributed to thefast and irreVersible
silylation of MeOMgI etherate by transient TMSI to regener-
ate1 and expel TMSOMe as the thermodynamically favored
byproduct as shown in the proposed catalytic cycle (Scheme
2).

Commonly used strong Lewis acids, i.e., TiCl4, AlCl3,
SnCl4, and BF3‚OEt2, etc., are usually nonchemoselective or
poorly chemoselective.20 Trimethylsilyl triflate (TMSOTf),21

TMSI,22 and trityl perchlorate (TrClO4)23 are reported to
selectively activate both aldehyde and ketone acetals but not
their parent carbonyl compounds in aldol condensation with
silyl enolates. The catalytic reactivity of1 is opposite to some
extent that of Lewis acidic organotin catalysts24 which
selectively activate the aldehydic carbonyl over its acetal,
while differentiating ketone acetal over aldehyde acetal.
Bidentate bis(phenoxyaluminum) Lewis acids recently have
been developed as efficient Lewis acid catalysts for chemose-
lective activation of carbonyl over acetal function.25 Thus,
etherate1 represents a novel type of main group Lewis acid
catalyst, which selectively activates aldehyde acetals and
electron-rich aldehydic carbonyls over ketone or its acetal
equivalent. The uniqueness of1 is attributed to the dissocia-
tive character4a,6a,2e of the iodide counterion, which is
cooperating with the coordination of the Lewis basic oxygen
atom of the formyl or acetal function with Mg(II) leading to
a more Lewis acidic cationic Mg-coordinate as a result of
Lewis base activation of Lewis acid.26 The presence of
ethereal solvent (Et2O) as peripheral ligands of MgI2 in
noncoordinating media is also critical for the high catalytic
reactivity of 1.10,11

It is worthy to note that the efficient and chemoselective
aldol coupling of strained cyclic enolsilane4 with aryl
aldehydes or acetals was realized by using1 as a mild Lewis
acid catalyst.27 The synthetic value of this aldol process was

demonstrated by converting7a to the corresponding buteno-
lide derivative8 (Scheme 3). Cinnamaldehyde was analo-
gously transformed to theδ-lactone intermediate9 (eq 2), a
potential synthetic precursor for styryl lactone natural
products,28 i.e., 5-hydroxygoniothalamin (10).

In summary, we have demonstrated the unique catalytic
reactivity of1 in the chemoselective Mukaiyama-type aldol
coupling of aryl aldehydes and acetals with silyl enolates.
This magnesium-catalyzed silyl enolate addition is mild,
efficient, and operationally simple. The selective activation
of electron-rich aldehyde and acetal function is attributed to
the pre-formation of a cationic Mg(II) complex. Iodide
counterion, weakly coordinating peripheral ethereal ligands
for Mg(II), and a noncoordinating reaction media are critical
factors for the unique reactivity of this catalytic system.
Further investigation of the catalytic reactivity of1 in other
C-C bond constructing reactions is underway.

Acknowledgment. Dedicated to Professor E. J. Corey.
This work was supported by the National Science Foundation
(Distinguished Youth Fund 29925204). The Cheung Kong
Scholars Program is gratefully acknowledged.

Supporting Information Available: Typical experimen-
tal procedures, Tables 1-7, and product characterization data.
This material is available free of charge via the Internet at
http://pubs.acs.org.

OL026585E

(21) (a) Murata, S.; Suzuki, M.; Noyori, R.J. Am. Chem. Soc.1980,
102, 3248. (b) Murata, S.; Suzuki, M.; Noyori, R.Tetrahedron1988,44,
4259.

(22) Sakurai, H.; Sasaki, K.; Hosomi, A.Bull. Chem. Soc. Jpn.1983,
56, 3195.

(23) (a) Mukaiyama, T.; Kobayashi, S.; Murakami, M.Chem. Lett.1984,
1759. (b) Mukaiyama, T.; Kobayashi, S.; Murakami, M.Chem. Lett.1985,
447. (c) Mukaiyama, T.; Iwakiri, H.Chem. Lett.1985, 1363.

(24) (a) Sato, T.; Otera, J.; Nozaki, H.J. Am. Chem. Soc.1990,112,
901. (b) Chen, J.; Otera, J.Synlett 1997, 29. (c) Chen, J.; Otera, J.
Tetrahedron1997,53, 14275.

(25) Ooi, T.; Tayama, E.; Takahashi, M.; Maruoka, K.Tetrahedron Lett.
1997,38, 7403.

(26) Cf: (a) Denmark, S. E.; Stavenger, R. A.Acc. Chem. Res.2000,
33, 432. (b) Denmark, S. E.; Wynn, T.J. Am. Chem. Soc.2001,123, 6199.

(27) Cf: (a) Nakamura, E.; Kuwajima, I.J. Am. Chem. Soc.1977,99,
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Scheme 2. Proposed Catalytic Cycle of Acetal Aldol Scheme 3a

a Conditions and yields: (a) CH3CO3H, NaOAc, reflux or
mCPBA, NaHCO3, CHCl3 (70%-90%); (b) i. TFA, THF-H2O; ii.
cat.p-TsOH, PhH, 80°C (50%-78%); (c) NaBH4, THF, RT (90%-
98%); (d) i. TBSCl, imidazole, DMF, RT; ii. LDA, PhSeCl,-78
°C; iii. H2O2, THF, RT (65%). (R) phenyl, piperonyl, or styryl.)
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