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Today’s environmental concerns demand clean reaction proc-
esses that do not use harmful organic solvents.1 Water is no doubt
the most environmentally friendly solvent; however, its use in
organic reaction processes is rather limited because many organic
materials do not dissolve in water, and therefore in most cases
reactions proceed sluggishly.2 In addition, many reactive inter-
mediates and catalysts are decomposed by water. This is the case
for Lewis acid catalyzed reactions, which are of great current
interest because of the unique reactivities and selectivities they
can achieve and for the mild conditions used.3 Lewis acids have
been believed to be unstable in water and therefore unusable in
aqueous solution. On the other hand, we have recently found
water-stable Lewis acids, lanthanide trifluoromethanesulfonates
(lanthanide triflates), which can be used in several carbon-carbon
bond-forming reactions in aqueous media.4 The stability and
catalytic activity of lanthanide triflates in water were ascribed to
their large ionic radii and an equilibrium between the Lewis acids
and water. We have now clarified that some metal salts other
than lanthanides are also stable Lewis acids in water and work
as catalysts.5 In addition, common characteristics, a certain range
of hydrolysis constants, and a high order of exchange rate
constants for substitution of inner-sphere water ligands (water
exchange rate constant (WERC)) have been found among these
water-stable Lewis acids.

We screened group 1-15 metal chlorides in a model reaction
of benzaldehyde with (Z)-1-phenyl-1-(trimethylsiloxy)propene (the
Mukaiyama aldol reaction) (Table 1).6 The reaction is suitable
for testing catalytic ability of the metal chlorides as Lewis acid
catalysts in aqueous media, because the silyl enol ether is water-
sensitive (especially under acidic conditions) and if the Lewis
acids hydrolyze in water, the enol ether decomposes rapidly and
the desired reaction proceeds no further. In the first screening,

the chloride salts of Fe(II), Cu(II), Zn(II), Cd(II), In(III), and Pb(II)
as well as the rare earths (Sc(III), Y(III), Ln(III)) gave promising
yields. When the chloride salts of B(III), Si(IV), P(III), P(IV),
Ti(IV), V(III), Ge(IV), Zr(IV), Nb(V), Mo(V), Sn(IV), Sb(V),
Hf(IV), Ta(V), W(VI), Re(V), and Tl(III) were used, decomposi-
tion of the silyl enol ether occurred rapidly and no aldol adduct
was obtained. This is because hydrolysis of such metal chlorides
is very fast and the silyl enol ethers were protonated then
hydrolyzed to afford the corresponding ketone. On the other hand,
no product or only a trace amount of the product was detected
using the metal chloride salts of Li(I), Na(I), Mg(II), Al(III), K(I),
Ca(II), Cr(III), Mn(II), Co(II), Ni(II), Ga(III), Ru(III), Rh(III),
Pd(II), Ag(I), Ba(II), Os(III), Ir(III), Pt(II), Au(I), Hg(II), and
Bi(III). Some of these salts are stable in water, but have low
catalytic ability. After the first screening, a second test was
performed for the more promising metals. This test was carried
out using the same aldol reaction and the corresponding metal
perchlorates or trifluoromethanesulfonates (triflates) (Table 1).7

It was found that Lewis acids based on Fe(II), Cu(II), Zn(II),
Cd(II), and Pb(II) as well as the rare earths (Sc(III), Y(III), Ln(III))
were both stable and active in water.8,9 Mn(II) and Ag(I)
perchlorates gave moderate yields of the aldol adduct.
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Table 1. Effect of Metal Salts in the Aldol Reactiona

MX n yield/% MXn yield/%

AlCl3 trace InCl3 68c

ScCl3 70 (78)b In(ClO4)3 14
Sc(ClO4)3 82 SnCl2 4
CrCl3 trace La(OTf)3 80
MnCl2 trace Ce(OTf)3 81
Mn(ClO4)2 18 (40)b Pr(OTf)3 83
FeCl2 39 Nd(OTf)3 78
Fe(ClO4)2 26 (55)b Sm(OTf)3 85
FeCl3 21 Eu(OTf)3 88
Fe(ClO4)3 7 Gd(OTf)3 90
CoCl2 trace Tb(OTf)3 81
Co(ClO4)2 17 (7)b Dy(OTf)3 85
NiCl2 trace Ho(OTf)3 89
Ni(ClO4)2 17 (7)b Er (OTf)3 86
CuCl2 25 Tm(OTf)3 85
Cu(ClO4)2 47 (81)b YbCl3 11 (92)b

ZnCl2 10 Yb(ClO4)3 84
Zn(ClO4)2 46 (57)b Yb(OTf)3 92
GaCl3 trace Lu (OTf)3 84
YCl3 5 (86)b IrCl3 trace
Y(ClO4)3 90 PtCl2 trace
RhCl3 trace AuCl trace
PdCl2 trace HgCl2 trace
AgCl trace HgCl trace
AgClO4 42 (36)b PbCl2 15
CdCl2 18 Pb(ClO4)2 59 (65)b

Cd(ClO4)2 49 (72)b BiCl3 trace

a No adduct was obtained and the starting materials were recovered
when LiCl, NaCl, MgCl2, PCl3, KCl, CaCl2, GeCl4, RuCl3, SbCl3,
BaCl2, and OsCl3 were used. No adduct was obtained and the silyl
enol ether was decomposed when BCl3, SiCl4, PCl5, TiCl4, VCl3, ZrCl4,
NbCl5, MoCl5, SnCl4, SbCl5, HfCl4, TaCl5, WCl6, ReCl6, and TlCl3
were used.b H2O:EtOH:toluene) 1:7:3. c Cf. ref 9.
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Although at first sight these elements seem to have little in
common, we noticed a correlation between their catalytic activity
in water and hydrolysis constants10,11 and WERC.12 pKh values
(Kh ) hydrolysis constant)13 and WERC of the cations are shown
in Table 2.10-13 Metal compounds, which gave more than 50%
yields in the aldol reaction, have pKh values from 4.3 to 10.08
andWERC greater than 3.2× 106 M-1 s-1. There is no exception
in all the metal compounds we tested. Cations are generally
difficult to hydrolyze when their pKh values are large. In the
case that pKh values are less than 4.3, cations are easy to hydrolyze
and oxonium ions are formed. Under these conditions, silyl enol
ethers decompose rapidly. On the other hand, in the case that
pKh values are more than 10.08, the cations are too stable. The
pKh values are closely related to hydration energy and (electron)2/
(ionic radii) values. These values are correlated to the Lewis
acidity of the cations. Cations which have pKh values greater
than 10.08 have a small hydration energy as well as a small
(electron)2/(ionic radii) value, and therefore their Lewis acidity
is low. Similarly, WERC is also closely related to (electron)2/
(ionic radii) value. In general, a small (electron)2/(ionic radii)
value means a fast WERC. These requirements of pKh and
WERC values for obtaining sufficient activity as Lewis acid
catalysts in water are very strict, and if even one of them is not
fulfilled, low catalytic activity is observed. For example, several
alkali and alkaline earth elements have fast WERC, but their pKh

values are too large; consequently, almost no catalytic activity

was observed in the aldol reaction. On the other hand, Co(II)
and Ni(II) have suitable pKh values, but their WERC is smaller
than the criteria; therefore less than only 20% of the aldol adducts
were obtained even when Co(II) and Ni(II) perchlorate were used
in the aldol reaction. “Borderline” elements are Mn(II) and Ag(I).
Their pKh and WERC values are very close to the criteria limits,14

and the yields obtained in the aldol reaction are 40% and 42%,
respectively. Another interesting point is that, excluding the rare
earths, the elements fitting the criteria, Fe(II), Cu(II), Zn(II),
Cd(II), and Pb(II), are all classified as “soft acids.”15 This may
be related to interaction of these elements with water, which is a
“hard base.”15

Judging from these findings, the mechanism of Lewis acid
catalysis in water (for example, aldol reactions of aldehydes with
silyl enol ethers) can be assumed to be as follows. When metal
compounds are added to water, the metals dissociate and hydration
occur immediately. At this stage, the intramolecular and inter-
molecular exchange reactions of water molecules frequently occur.
If an aldehyde exists in the system, there is a chance for it to
coordinate to the metal cations instead of the water molecules
and the aldehyde is then activated. A silyl enol ether attacks
this activated aldehyde to produce the aldol adduct. According
to this mechanism, it is expected that many Lewis acid catalyzed
reactions should be successful in water solution.

This paper has shown the possibility of using several promising
metal compounds as Lewis acid catalysts in water. Research work
developing new aqueous reactions on the basis of these new
findings is in progress in our laboratories.
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Table 2. Hydrolysis Constanta and Exchange Rate Constants for Substitution of Inner-Sphere Water Ligandsb
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