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synthesis*

Shu Kobayashi' and Kei Manabe

Graduate School of Pharmaceutical Sciences, The University of Tokyo, Hongo,
Bunkyo-ku, Tokyo 113-0033, Japan

Abstract: New types of Lewis acids as water-stable catalysts have been developed. Metal
salts such asrare earth metal triflates can be used in carbon—carbon bond-forming reactions
in agueous media. These salts can be recovered after the reactions and reused. Furthermore,
L ewis acid—surfactant-combined catalysts, which can be used for reactionsin water without
using any organic solvents, have been also developed. Finally, Lewis acid catalysis in
supercritical carbon dioxide has been successfully performed. These investigations will
contribute to development of environmentally friendly Lewis acid catalysis.

INTRODUCTION

Lewis acid catalysis has been of great interest in organic synthesis [1]. While various kinds of Lewis
acid-promoted reactions have been developed, and many have been applied in industry, these reactions
must be generally carried out under strictly anhydrous conditions. The presence of even asmall amount
of water stops the reaction, because most Lewis acids immediately react with water rather than the
substrates and decompose, and this has restricted the use of Lewis acids in organic synthesis. From a
viewpoint of green chemistry, however, it is desirable to use water instead of organic solvents as a
reaction solvent, since water is a safe, harmless, and environmentally benign solvent [2]. In the course
of our investigations to develop new synthetic methods, we have found that rare earth metal triflates
[Sc(OTT),, Yb(OTf),, etc.] and some other metal salts can be used as water-stable Lewis acids in water-
containing solvents. Furthermore, anew type of aLewisacid, aL ewisacid-surfactant-combined catalyst,
has been devel oped for the Lewis acid-catalyzed reactions in water without using any organic solvents.
In this article, our research work on use of the Lewis acid catalysts in carbon—carbon bond-forming
reactionsin agueous solventsisoverviewed [3]. Asan extension of thiswork, apossibility of Lewisacid
catalysisin supercritical carbon dioxide is also discussed.

WATER-STABLE LEWIS ACIDS

The titanium tetrachloride (TiCl,)-mediated aldol reaction of silyl enol ethers with aldehydes was first
reported in 1973 [4]. The reaction (Mukaiyama aldol reaction) is notably distinguished from the
conventional aldol reactions carried out under basic conditions; it proceeds in a highly regioselective
manner to afford crossed-aldol adductsin high yields[5]. Since this pioneering effort, severa efficient
activators have been devel oped to realize high yields and sel ectivities, and now thereaction is considered
to be one of the most important carbon—carbon bond-forming reactionsin organic synthesis[6]. However,
thesereactions are usually carried out under strictly anhydrous conditions due to the water-labile nature
of the Lewis acids.

A disadvantage of using anhydrous conditionsisthat substrates which contain water of crystalli-
zation or are available as water solutions cannot be used directly. On the other hand, we found that
lanthanide triflates [Ln(OTf),] functioned as water-stable Lewis acid catalysts. L anthanide compounds
were expected to act as strong Lewis acids because of their hard character and to have strong affinity
YR RSO LRI FUBREIRLS. st el olvsiaaR gt ated to be slow, based on their hy-

TCorresponding author: E-mail: skobayas@mol.f.u-tokyo.ac.jp

1373



1374 S. KOBAYASHI AND K. MANABE

dration energies and hydrolysis constants [7]. In fact, while most metal triflates are prepared under
strictly anhydrous conditions, Ln(OTf), are reported to be prepared in agueous solution [8]. The useful-
ness of these Lewisacidswasfirst demonstrated in the hydroxymethylation of silyl enol ethersby using
commercia formaldehyde aqueous solution [9]. Among the Ln(OTf), tested for the aldol reaction,
Yb(OTf), was found to be the most effective catalyst (Eg. 1). It is noted that only a catalytic amount of
Yb(OTf), was required to complete the reaction.

Ln(OTf),, especialy Yb(OTf),, also activate aldehydes other than formaldehyde in aldol reac-
tions with silyl enal ethersin agueous solvents [10]. One feature in the present reactions is that water-

OSiMes Yb(OTf)3 (10 mol %) o
h)\/ + HCHO ag. > P OH 1)
P H,0 THF (1/4), 1t
1 94%

soluble aldehydes, for instance, acetaldehyde, acrolein, and chloroacetal dehyde can be used directly for
the reactions with silyl enol ethers to afford the corresponding crossed-aldol adducts in high yields.
Another striking feature of Ln(OTf), isthat it is very easy to recover them from the reaction mixture.
Ln(OTf), are more soluble in water than in organic solvents such as dichloromethane. Almost 100% of
Ln(OTf), was quite easily recovered from the aqueous layer after the reaction was completed, and it
could be reused. The reactions are usually quenched with water and the products are extracted with an
organic solvent. The catalyst isin the aqueouslayer, and only removal of water givesthe catalyst which
can be used in the next reaction (Scheme 1). It is noteworthy that Ln(OTf), are expected to solve some
severe environmental problemsinduced by Lewis acid-promoted reactionsin industrial chemistry [11].

In the present Ln(OTf),-catalyzed aldol reactionsin aqueous media, the amount of water strongly
influenced the yields of the aldol adducts. The effects of the amount of water on the yield in the model
reaction of benzaldehyde with silyl enol ether 2 in the presence of 10 mol % Y b(OTf), in THF were
investigated (Eq. 2). The best yields were obtained when the ratios of water in THF were 10-20%.
When the amount of water increased, the yield began to decrease. The reaction system became two
phases when the amount of water increased, and the yield decreased. Only 18% of the product was
isolated in 100% water solution. On the other hand, when water was not added, or 1-5 eq. of water were

reaction mixturel

water (quench)

(extraction)

A Y

| organiclayer | | agueouslayer I
(purification) (removal of water)
| product Ln(OTf)

Scheme 1 Recovery of the catalyst.
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OSiMe3 OH O
Yb(OT)3 (10 mol %)
PhCHO + © > P 2
H,O THF, rt, 19 h
2

added to Yb(OTT),, the yield of the desired aldol adduct was also low (ca. 10% yield). The yield im-
proved as water was increased to 6-10 eg., and when more than 50 eq. of water were added, the yield
improved to more than 80%. These results indicate that water acts as not only a co-solvent but also a
kind of an activator in the reaction.

Scandium triflate (Sc(OTf),) was al'so found to be an effective catalyst in aldol reactionsin aque-
ous media. For many cases, Sc(OTf), was more active than Y b(OTf), and Y (OTf), as expected from the
smaller ionic radius of Sc(l11).

In order to search other Lewis acids stable in agueous solvents, group 1-15 metal chlorides were
screened [12]. As amodel, the reaction of benzaldehyde with silyl enol ether 1 in H,O-THF was se-
lected. In the screening, the chloride salts of Fe(Il), Cu(ll), Zn(I1), Cd(11), In(l11), and Pb(l1), aswell as
the rare earth metals (Sc(111), Y (111), Ln(111)) gave promising yields. When the chloride salts of B(ll1),
Si(IV), P(111), P(V), Ti(1V), V(11), Ge(IV), Zr(IV), Nb(V), Mo(V), Sn(1V), Sb(V), Hf(1V), Ta(V), W(V1),
Re(V), and TI(l11) were used, decomposition of the silyl enol ether occurred rapidly, and no aldol
adduct was obtained. Thisis because hydrolysis of such metal chloridesis very fast, and the silyl enol
ether was protonated then hydrolyzed to afford the corresponding ketone. On the other hand, no product
or only atrace amount of the product was detected using the metal chloride saltsof Li(l), Na(l), Mg(I1),
AI(, K(1), Ca(ll), Cr(li), Mn(I1), Co(l1), Ni(11), Ga(l11), Ru(l11), Rh(I11), Pd(I1), Ag(l), Ba(ll), Os(111),
[r(111), PE(11), Au(l), Hg(ll), and Bi(ll1). Some of these salts are stable in water, but have low catalytic
ability. We noticed a correlation between their catalytic activity in agueous media and hydrolysis con-
stants (K,) and exchange rate constants for substitution of inner-sphere water ligands (water exchange
rate constant (WERC)) [7]. The metal compounds which were active in the aldol reaction have pK,
values from 4.3 to 10.08 and WERC greater than 3.2 x 10° M-'s. Cations are generally difficult to
hydrolyze when their pK; values arelarge. In the case that pKh values arelessthan 4.3, cations are easy
to hydrolyze, and oxonium ions are formed. Under these conditions, silyl enol ethers decompose rap-
idly. On the other hand, in the case that pK| values are more than 10.08, the Lewis acidity of the cations
are too low to catalyze the aldol reaction. WERC values should be large for effective Lewis acids in
aqueous media, because large WERC values secure fast exchange between hydrated water molecules
and an aldehyde which must coordinate to the metal cation to be activated.

Judging from these findings, the mechanism of Lewis acid catalysisin 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 occurs immediately. At this stage, the intramo-
lecular and intermolecular 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 pro-
duce the adol adduct. According to this mechanism, it is expected that many Lewis acid-catalyzed
reactions should be successful inwater solution. Although the precise activity as L ewisacidsin aqueous
media cannot be quantitatively predicted by pK, and WERC values, these results have shown the possi-
bility of using several promising metal compounds as Lewis acid catalystsin water.

LEWIS ACIDS WITH SURFACTANT MOLECULES

While the Lewis acid-catalyzed aldol reactions in agueous solvents described above were smoothly
catalyzed by several metal salts, acertain amount of organic solvent, such as THF, had to be still combined
with water to promotethe reactions efficiently. To avoid the use of the organic solvents, we have devel oped
anew reaction system inwhich metal triflates catalyze aldol reactionsin water without using any organic
solvents with the aid of a small amount of a surfactant such as sodium dodecyl sulfate (SDS).
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cat. M(OTf)3 (0] OH

OSiMe;

surfactant

PRCHO  + h)§/ ———— Ph
H,0, rt

1
Tablel. Effect of M(OTf),and Surfactants

M(OTf)4mol % Surfactant/mol % Time/h Yield/%
Yb(OTf)420 —_ 48 17
Yb(OTf)420 SDS/20 48 50
Sc(OTf)410 SDS/20 4 88
Sc(OTf)4/10 TritonX-100/20 60 89
Sc(OTf)410 CTAB/20 4 trace

The surfactant-aided Lewis acid catalysiswas first found in the model reaction shown in Table 1
[13]. While the reaction proceeded sluggishly in the presence of 20 mol %Y b(OTf), in water, remark-
able enhancement of the reactivity was observed when the reaction was carried out in the presence of 20
mol %Y b(OTf), in an agueous solution of SDS (20 mol %, 35 mM), and the corresponding al dol adduct
was obtained in 50% yield. The yield was improved when Sc(OTf), was used as aLewis acid catalyst.
It was found that the surfactants influenced the yield, and that TritonX-100, a neutral surfactant, was
effectivein the aldol reaction (but required long reaction time), while only atrace amount of the adduct
was detected when using arepresentative cationi ¢ surfactant, cetyltrimethylammonium bromide (CTAB).

A surprising feature of the Sc(OTf).-SDS system is that ketene silyl acetal 3, which isknown to
be hydrolyzed very easily even in the presence of asmall amount of water, reacted with an aldehyde to
afford the corresponding aldol adduct in a high yield (Eq. 3).

) Sc(OTf)3 (10 mol %) OH O
OSiMes SDS (20 mol %)
PhCHO + %OME‘ o > P OMe (©)
3 (Beq) 84%

This system was successfully applied to three-component Mannich-type reactions of adehydes,
amines, and silyl enolatesin water (Eq. 4) [14]. It is noteworthy in these reactions that the intermediate
imines were formed in situ from aldehydes and amines even in the presence of water as a solvent.

oM
Sc(OThs (5 mol %) ©

OMe OSiMe; @:
SDS (20 mol %
PhCHO + @ + )\ ( L NH O 4

Ph
NH, Hy0, rt

P Ph
(1 eq) (1 eq) (1 eq) 87%

With these resultsin hand, we have next introduced new types of Lewisacids, scandium tris(dodecy!
sulfate) (4a) and scandium trisdodecanesulfonate (5a) (Chart 1) [15]. These “Lewis acid-surfactant-
combined catalysts (LASCs)” werefound to form stable colloidal dispersionswith organic substratesin
water and efficiently catalyze aldol reactions of aldehydes with very water-labile silyl enal ethers.

To investigate this LASC system in detail, we have synthesized dodecy! sulfate and
dodecanesulfonate salts with various metal cations (Chart 1) and studied the effects of the metal cations
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M(O3SO0 CiaHzs)n

4a:M=Sc,n=3
4b: M=Cu,n=2

M(O3S Cy2Hzs5)n

5a:M=Sc,n=3
5b: M=Yb,n=3
5c:M=Mn,n=2
5d: M=Co,n=2

5e:M=Cu,n=2
5. M=2Zn,n=2
5g:M=Na,n=1

1377

5h:M=Ag,n=1

Chart 1.

on catalytic ability for aldol reactions in water [16]. The catalysts were used in the aldol reactions of
benzaldehyde (1 eq) with thioketene silyl acetal 6 (1.5 eq) in water (Eq. 5). Remarkable effects of the
metal cations on catalytic activity can be observed from the reaction profiles (Fig. 1). The order of
catalytic activity at theinitial stage of the reactionisasfollows: Cu (5€) > Zn (5f), Ag (5h) > Sc (5a),Yb
(5b) > Na(5g) > Mn (5c), Co (5d). The Cu salt (5€) has the highest ability to catalyze the aldol reaction
among the catalysts used. However, the yield of 7 did not exceed 70%, because Se accel erated not only
the aldol reaction but also hydrolysis of thioketene silyl acetal 6. The same trend was observed for the
Zn and Ag salts (5f, 5h). On the other hand, the Sc and Y b salts (5a, 5b) afforded the aldol product (7)
in>90% final yields, although the catalytic activities of 5aand 5b at theinitial stage of thereaction were
dightly lower than those of 5e, 5f, and 5h. It should be noted that, in the dispersion system derived from
5a and 5b, the hydrolysis of thioketene silyl acetal 6 was attenuated. Especially in the case of 5a, asmall
amount of 6 till remained when the aldol reaction was completed. When the Na, Mn, and Co salts (5g,
5c¢, 5d) were used as catalysts, the aldol reactions proceeded very slowly, and the hydrolysis of 6 com-
peted with the desired reaction, resulting in low yields of 7.

_ OH O
OSiMe3 LASC (10 mol %) 5
PhCHO  + P » P SEt )
SEt H,0,30 C
6 7
yield
(%) 100
5a (Sc)
5b (Yb)
75
5¢ (Mn)
5d (Co)
50
5e (Cu)
5f (Zn)
25
5g (Na)
5h (Ag)

time (min)

Fig. 1 Plot of yield versus time for the aldol reactions in the presence of the dodecanesulfonate salts.
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During our investigations on the reactions mediated by L ASCs, we have found that addition of a
small amount of a Bragnsted acid dramatically increases the reactivity of the aldol reaction (Eq. 6) [17].
This cooperative effect of a LASC and an added Bragnsted acid was also observed in the allylation
reaction of benzaldehyde with tetraallyltin in water [17b]. Although, from a mechanistic point of view,
little is known about the real catalytic function of scandium and proton, this cooperative effect of a
Lewisacid and a Bransted acid will provide a new methodology for efficient catalytic systemsin syn-
thetic chemistry.

LASC (10 mol %)
+

Brt nsted Acid (10 mol %) OH O

OSiMe,
F,0 6
PhCHO + SEt , > P SEt (6)
23 C,5min

LASC = 5a; Brt nsted acid = none: 10% yield
LASC = none; Brt nsted acid = HCI: 0% vyield
LASC = 5a; Brt nsted acid = HCI: 67% yield

This LASC/Bransted acid system has further extended to a catalytic asymmetric aldol reactionin
water [18]. An example is shown in Eq. 7. A combination of 4b and a chiral bis(oxazoline) ligand to
afford thedesired productsin alow yield (23%) with a modest enantiomeric excess (58% ee). However,
addition of aBrensted acid, especially acarboxylic acid such aslauric acid, improved both theyield and
the enantioselectivity. Thisis the first example of Lewis acid-catalyzed asymmetric aldol reactionsin

§°w><ro
[
‘\l N\,> (24 mol %)
—
OSiMe oH 0

3 4b (20 mol %)

PhCHO + H‘)\/ . PMS/L/ (7
H,0,23 C,20h

23% yield (syn/anti = 3.2/1), 58% ee (syn)
with lauric acid (10 mol %): 76% yield (syn/anti = 2.8/1), 69% ee (syn)

water without using organic solvents. Although the yields and the selectivities are still not yet opti-
mized, it is noted that this enantioselectivity has been attained at ambient temperature in water.

LEWIS ACID CATALYSIS IN SUPERCRITICAL CARBON DIOXIDE

Although water works as a Lewis base to coordinate to the Lewis acid in the above reactions, the
coordination occurs under equilibrium conditionsand Lewisacid catalysis has been performed efficiently
in such media. Similarly, it was expected that such Lewis acids would work well in supercritical carbon
dioxide (scCO,), which has al'so been regarded as a desirabl e substitute for some toxic organic solvents
to accomplish benign chemical reactions [19]. Quite recently, Diels-Alder reactions of carbonyl
dienophileswith dienes (Eq. 8) and aza Diels-Alder reactions of imineswith adiene (Eq. 9) werefound
to be successfully carried out using scandium tris(heptadecafluorooctanesulfonate) (Sc(O,SC/F,.),) as
a Lewis acid catalyst in supercritical carbon dioxide (scCO,) [20]. It was reveded that the length of
perfluorocarbon chains of the scandium catalyst was an essential factor for the catalytic activity in
scCO,.
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O Sc(03SCsF17)3
0,
+ (1 mol %) . (8)
| scCO,
Ph OSiMes Sc(03SCsF17)3

e h\
N (0.5 mol %) N>
+ —_— (9)
Ph)J\H MMe scCO; Ph/(\ALO

81%

CONCLUSION

Various metal salts such as rare earth metal triflates can function as recoverable and reusable Lewis
acidsin aqueous media. Furthermore, LA SCs promoted reactionsin water without any organic solvents.
Lewisacid catalysisis also successfully carried out in scCO,. The Lewis acids described in this article
are expected to be new types of catalysts providing some solutions for environmenta problems. The
investigations on reactionsin agueous media or scCO, will lead to the full understanding of the roles of
water or scCO,, and also contribute to development of “greener” reactions.
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