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Today’s environmental concerns demand clean reaction proc-
esses that do not use harmful organic solvérigater 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 sluggisilyln 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 usetewis 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 cartmambon
bond-forming reactions in aqueous metlialhe 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 catalyst8. 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

8287
Table 1. Effect of Metal Salts in the Aldol Reactién
OSiMe;  MX, (0.2 eq) oH O
PReHO \/\ph H,O:THF = 1:9 Ph Ph
n,12h

MX,, yield/% MX, yield/%
AICl; trace InC4 68°
ScCls 70(78)P In(ClO4)3 14
SAClOy)3 82 SnCh 4
CrCl; trace La(OTf)s 80
MnCl, trace Ce(OTf)3 81
Mn(ClOy), 18 (40p Pr(OTf)s 83
FeCb 39 Nd(OTf)s 78
Fe(ClOs), 26 (65)° Sm(OTH); 85
FeCk 21 Eu(OTf); 88
Fe(ClQ)s 7 Gd(OTf)s 90
CoCbh trace Th(OTf)s 81
Co(ClQy), 17 (7y Dy(OTf)s 85
NiCl, trace Ho(OTf)s 89
Ni(ClO4), 17 (7y Er(OTf); 86
CuCh 25 Tm(OTf)s 85
Cu(ClOy) 47 81P YbCls 11 92°
ZnCl, 10 Yb(ClO4)3 84
Zn(ClOy), 46 G7)P Yb(OTf); 92
GaCk trace Lu(OTf); 84
YCla 5 (86)° IrCl3 trace
Y (ClOy)3 920 PtChL trace
RhCk trace AuCl trace
PdC} trace HgC} trace
AgCl trace HgCl trace
AgCIlO, 42 (36) PbC} 15
CdCh 18 Pb(CIOs)2 59 (65)°
Cd(ClOy), 49 (72)° BiCl3 trace

2 No adduct was obtained and the starting materials were recovered
when LiCl, NaCl, MgC}, PCk, KCI, CaCh, GeCl, RuCk, ShCk,
BaCk, and Os( were used. No adduct was obtained and the silyl
enol ether was decomposed when BGICl, PCE, TiCls, VCls, ZrCls,

exchange rate constant (WERC)) have been found among these\bCls, MoCls, SnCk, SbCk, HfCls, TaCk, WCls, ReCk, and TIC}

water-stable Lewis acids.

We screened group-115 metal chlorides in a model reaction
of benzaldehyde with4)-1-phenyl-1-(trimethylsiloxy)propene (the
Mukaiyama aldol reaction) (Table %).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,

were used? H,O:EtOH:toluene= 1:7:3.¢ Cf. ref 9.

the chloride salts of Fe(ll), Cu(ll), Zn(ll), Cd(ll), In(ll1), and Pb(Il)

as well as the rare earths (Sc(lll), Y(lI1), Ln(lll)) gave promising
yields. When the chloride salts of B(lll), Si(IV), P(lll), P(IV),
Ti(IV), VI, Ge(lV), Zr(IV), Nb(V), Mo(V), Sn(lV), Sb(V),

f(1V), Ta(V), W(VI), Re(V), and TI(lll) were used, decomposi-

on 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
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no product or only a trace amount of the product was detected
using the metal chloride salts of Li(l), Na(l), Mg(ll), Al(lI), K(1),
Ca(ll), Cr(li1), Mn(lt), Co(ll), Ni(ll), Ga(lll), Ru(lll), Rh(ll),
Pd(11), Ag(l), Ba(ll), Os(lIl), Ir(ll1), Pt(ll), Au(l), Hg(ll), and
Bi(lll). 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).
It was found that Lewis acids based on Fe(ll), Cu(ll), Zn(ll),
Cd(l1), and Pb(ll) as well as the rare earths (Sc(lll), Y(III), Ln(ll1))
were both stable and active in wafér. Mn(ll) and Ag(l)
perchlorates gave moderate yields of the aldol adduct.

(7) Metal parts of metal perchlorates or triflates are more cationic than
those of metal chlorides, and thus metal perchlorates or triflates are more
Lewis acidic than metal chlorides. See also ref 4c.

(8) Some copper salts were reported to be stable Lewis acids in water
solution. (a) Otto, S.; Bertoncin, F.; Engberts, J. B. FINAm. Chem. Soc.
1996 118 7702. (b) Kobayashi, S.; Nagayama, S.; Busujima&Ciem. Lett.
1997, 959.
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Table 2. Hydrolysis Constaiatand Exchange Rate Constants for Substitution of Inner-Sphere Water Ligands

TR B¥ ¢ | N
1364 | — —_ —
4.7x107| — — — —

Na +1 Mg +2| Al +3| Si +4] P +5
14.18 | 11.44 1.14 — —_
1.9x10% | 5.3x10° 1.6x10° | — —

K7 cad sc? T4 v cr mn?d Fe? cod N'J culd zn? Ga"| Ge"| as
1446 | 1285 | 43 | <23 | 226 | 40 | 1058 | 95 965 | 986 | 753 | 896 | 28 — —
1.5x10°%| sx10” | 4.8x107| — 1x10° [5.8x107 | 3.1x107| 3.2x10%| 2x10° | 2.7x10%| 2x10° | 5x10° |7.6x10% | — —

Bo | Sr Y ¥ Zr* Nb*™ Mo*| Tz | Ru*¥ Rh*| Pd* Ag*| Cd*| In* sn*| sb*
7.7 022 | (0.6) — - 3.4 23 12 1008 | 400 | — —

— |1ax10"| — — — — — I a3x10® | — | >5x10° | s1x10° | 4.0x10 | — —
Gs | Ba | Ln® HE Ta® W™ Re™ 0s* Ir* Ptd Aau*| Hg*? T | Pb+ BiI "
- — — — 48 — | 840 | 062 | 771 | 1.09

13.47 | 7.6-8.5 | 0.25 (-1)

— I>6x10” | 10%10%] — — —  L2xi0® | 7x10° |7.5x10°| —

85 8.3 8.1 8.0 — 7.9 7.8 8.0 7.9 8.0 8.0 7.9 7.7 VT
5.9x10° | 6.5x10° | 6.3x107 | 7.8x107 | 6.3x107 | 6.1x107 | 1.4x10°% | 6.4x10%| 8x107

La*®| ce*| Pr®| Nd*¥| Pm | sm*| Eu*| Gd*¢| Tb+ Dy 3| Ho*| Er*| Tm* Yb* Lu”'
7.8
6x107

2.1x10° | 2.7x10° | 3.1x10®| 3.9x10°

*pkh = -log Ky (Ref. 10).  x M** + yH0 =—= I'\uT,‘(IC.'rH},,("z'"]+ + yH* PMeasured by NMR, sound absorption, or multidentate ligand method
oy = [M,[OH),."‘"”‘] [H‘]" Oy Gr+! (see Ref. 12).
M=) g+ a0’

As for Cu?*, Zr**, AP, see Ref. 11.

Although at first sight these elements seem to have little in was observed in the aldol reaction. On the other hand, Co(ll)
common, we noticed a correlation between their catalytic activity and Ni(ll) have suitable I, values, but their WERC is smaller
in water and hydrolysis constatftd'and WERC!? pKj, values than the criteria; therefore less than only 20% of the aldol adducts
(Kn = hydrolysis constantj and WERC of the cations are shown were obtained even when Co(ll) and Ni(ll) perchlorate were used
in Table 219-13 Metal compounds, which gave more than 50% in the aldol reaction. “Borderline” elements are Mn(ll) and Ag(l).
yields in the aldol reaction, haveKp values from 4.3 to 10.08  Their pK, and WERC values are very close to the criteria lirffits,
andWERC greater than 3.2 1 M~ts™%. Thereis no exception  and the yields obtained in the aldol reaction are 40% and 42%,
in all the metal compounds we tested. Cations are generally respectively. Another interesting point is that, excluding the rare
difficult to hydrolyze when their i, values are large. In the earths, the elements fitting the criteria, Fe(ll), Cu(ll), Zn(ll),
case that i, values are less than 4.3, cations are easy to hydrolyze Cd(Il), and Ph(ll), are all classified as “soft acid$."This may
and oxonium ions are formed. Under these conditions, silyl enol be related to interaction of these elements with water, which is a
ethers decompose rapidly. On the other hand, in the case thathard base.*
pKy values are more than 10.08, the cations are too stable. The Judging from these findings, the mechanism of Lewis acid
pKn values are closely related to hydration energy and (eleéfron) catalysis in water (for example, aldol reactions of aldehydes with
(ionic radii) values. These values are correlated to the Lewis silyl enol ethers) can be assumed to be as follows. When metal
acidity of the cations. Cations which hav&pvalues greater compounds are added to water, the metals dissociate and hydration
than 10.08 have a small hydration energy as well as a small occur immediately. At this stage, the intramolecular and inter-
(electron¥/(ionic radii) value, and therefore their Lewis acidity —molecular exchange reactions of water molecules frequently occur.
is low. Similarly, WERC is also closely related to (electfn) If an aldehyde exists in the system, there is a chance for it to
(ionic radii) value. In general, a small (electr&ifipnic radii) coordinate to the metal cations instead of the water molecules
value means a fast WERC. These requirements Ky @nd and the aldehyde is then activated. A silyl enol ether attacks
WERC values for obtaining sufficient activity as Lewis acid this activated aldehyde to produce the aldol adduct. According
catalysts in water are very strict, and if even one of them is not to this mechanism, it is expected that many Lewis acid catalyzed
fulfilled, low catalytic activity is observed. For example, several reactions should be successful in water solution.
alkali and alkaline earth elements have fast WERC, but th&jr p This paper has shown the possibility of using several promising
values are too large; consequently, almost no catalytic activity metal compounds as Lewis acid catalysts in water. Research work

(9) Recently, indium(lll) chloride-catalyzed Mukaiyama aldol reactions in developing new agueous reactions on the basis of these new
water were reported. (a) Loh, T.-P.; Pei, J.; Cao, GIQ@hem. Soc., Chem. ~ 1indings is in progress in our laboratories.

Commun.1996 1819. However, these reactions could not be reproduced in
our hands. (b) Kobayashi, S.; Busujima, T.; Nagayamd,e®ahedron Lett.
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