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1. Introduction

The synthesis of chiral non-racemic secondary alcohols by catalytic enantioselective reduction of
the corresponding ketone remains a pivotal transformation in organic synth&kis.three major
catalytic procedures which have emerged in recent years are: (i) enantioselective hydride reduction; (ii)
enantioselective hydrogenation; and (iii) enantioselective transfer hydrogenation.
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Some of the most successful and general catalysts for hydride reduction are based on the oxazaboro-
lidine structure, developed by Coréypllowing on from initial work by Itsunc® Excellent results have
been obtained with these materials, however the high level of catalyst often required (typically 10 mol%),
and non-compatibility of borane with certain functional groups, limits its utility somewhat.

Enantioselective hydrogenation catalysts derived from various BINAP and DuPHOS ligands, amongst
others, are capable of hydrogenating functionalised ketones in extremely hityh &esajor drawback
of such catalytic systems is the need for an adjacent heteroatom in the substrate to coordinate to the metal
centre. In response to this, Noyori has described a variant system which utilises a chiral diamine and KOH
in propan-2-ol to activate a BINAP—Ru(ll) complex to catalyse the hydrogenation of unfunctionalised
aromatic ketone8.

Studies have shown that the reduction is the result of net hydrogenation and that an interesting
synergistic relationship exists between the diphosphine and diamine. Later successful applications of this
systent® included the selective hydrogenation of the carbonyl group in conjugated and unconjugated
enals and enonésA remarkable system for the asymmetric hydrogenation of simple ketones, using a
combination of a Rh(I) complex of a chiral phosphine with the essential additives lutidine and KBr, has
been reported very recently.

The third major method for asymmetric carbonyl reduction involves transfer hydrogenation. This
has recently emerged as a powerful, practical and versatile system for the title transformation, and is
described in detail below.

2. Enantioselective transfer hydrogenation: background and mechanism

Transfer hydrogenation is defined as “the reduction of multiple bonds with the aid of a hydrogen donor
in the presence of a catalyst’,as depicted in Scheme 1.

DH,
catalyst M
—_— DH, = hydrogen donor
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D

Scheme 1.

Until quite recently, the catalytic enantioselective transfer hydrogenation of ketones lagged far be-
hind both the oxazaborolidine— and BINAP—Ru(ll) complex-catalysed reduction of ketones as a well-
developed, viable method for the synthesis of chiral, non-racemic alcohols. This is in spite of some
palpable benefits of transfer hydrogenation over other methods, as detailed by'Rlayariothers?!

These include procedural simplicity, avoidance of hazardous reagents such as molecular hydrogen and
borane (thereby removing the need for specialised, expensive facilities for the handling of such reagents)
and a distinct reactivity and chemo- and enantioselectivity, which may well complement other methods.
Inevitably, there are drawbacks, the most serious being the unfavourable thermodynamics associated
with the transfer hydrogenation of ketones using alcohols, especially propan-2-ol, as hydrogeA3source.
Judicious choice of hydrogen donor and reaction conditions are needed in such cases if good conversions
are to be achieved.

Two discrete reaction mechanisms have been described for the transfer hydrogenation of ketones: (a)
direct hydrogen transfer; and (b) hydridic rodte.
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2.1. Direct hydrogen transfer

This is a concerted process, involving a six-membered cyclic transition state in which both the hydro-
gen donor 'PrOH) and hydrogen acceptor (ketone) are in close proximity to the metal centre (Fig. 1).
This mechanism is similar to that proposed for the Meerwein—Ponndorf—Verley (MPV) redtfctién.

oM
1 1
1 1

R ST\ Me

Rs Me

Figure 1.

2.2. Hydridic route

This proceeds in a stepwise manner by way of a putative metal hydridermed by elimination
of acetone fromB, which then undergoes hydride transfer with a coordinated ketone, depicted in
(Scheme 2).
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Scheme 2.

The exact mechanism operating in a given system depends on the metal catalyst and hydrogen donor.
Main group elements are reported to undergo the direct hydrogen transfer route preferentially, as in
MPV reductiont®16 In contrast, transition metal complexes, as stated by Noyori, “prefer the hydride
mechanism™? Such metal hydride species have been reported in various systems. [Rhi](lspy)
implicated in the mechanism of [Rh(bip@l]-catalysed dehydrogenation of ethanol in the presence
of a basé® Also, Backvall has suggested the involvement of a ruthenium dihydride species in a
[RuCl(PPh)s] and NaOH catalyst system for the transfer hydrogenation of ketdnes.

In 1991, Backvall had discovered that the use of catalytic amounts of NaOH in the,[[R&®)s3]-
catalysed transfer hydrogenation of ketones by propan-2-ol dramatically increased the activity of the
catalyst!® Without added NaOH, or other bases such as potassium carbonate, no transfer hydrogenation
occurred. This observation was important, as previously ruthenium-catalysed transfer hydrogenation of
ketones had frequently been performed at high temperatfires.

The hydrogen donors most commonly used for the transfer hydrogenation of ketones are propan-2-
ol (generally used with sodium or potassium hydroxide as a base) and formic acid (generally used as
an azeotrope with triethylamine), the latter of which allows reduction of ketones to be achieved under
essentially irreversible conditions. If propan-2-ol is employed as the hydrogen donor, it is often present
in large excess in order to achieve useful conversions in the face of the unfavourable equifforium.
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3. Ligands for the enantioselective transfer hydrogenation of ketones

Many ligands have been reported for the enantioselective transfer hydrogenation of ketones, most
commonly with either rhodium, iridium or ruthenium metals. A brief summary of the most notable,
together with a comparison of the relative effectiveness of the prototype acetophenone reduction, is
presented below (Table 1, Fig. 2).

3.1. Phosphines

Some of the earliest catalytic systems disclosed used phosphine-containing Ru, Rh and Ir
complexeg!~23In general, the conversions and enantioselectivities were modest, with a requirement in
some cases for the use of harsh conditions. Speculation on the mechanism of these reactions has centred
upon the intermediacy of a ruthenium dihydridefollowing the precedents of Cole-HamiltShand
Béackvall®

Genét reported a series of dibromodiphosphinoruthenium catalysts ({BuP* where
P*=diphosphine such ag) for transfer hydrogenation of ketones, achieving good conversion in
short reaction times and moderate enantioselectivities (7-52% &eme quite impressive results (up
to 72% ee) have been obtained in recent work using a ruthenium(ll) complex of the diferrocene-derived
phosphine ligand9—(R)-Pigiphos4.2°

An interesting paper has described the use of BINAP, which is not one of the better ligands for this
application?* for the stereo- and chemoselective hydrogenation of unsaturated kétohkisough ees
were low, the combination proved to be a good one for selective reduction oftkel@nd in enones
when a phosphate salt was used as a hydride source. Good diastereoselectivities were also obtained for
the reduction ofx-substituted and cyclif-keto esters, which were opposite to those obtained using the
well-established Ru(Il)/BINAP hydrogenation system.

3.2. Pyridine derived chiral ligands containing nitrogen donors

Rh(l) complexes with chiral bipyridine§?” and Ir(I) complexes with chiral phenanthrolin€$®
and chiral imines7?® have shown poor to moderate enantioselectivity in the transfer hydrogenation of
acetophenone.

The reaction of the Rh(l) complex containing phenanthrofitias been proposed, from UV and other
data, to proceed via the pentacoordinated rhodium hy@RI€Fig. 3)28 This species, derived from
deprotonation 084 by KOH followed by hydride abstraction from the alkoxi@s, then adds selectively
to theReface of acetophenone. Displacement®f{-phenylethanol by propan-2-ol then completes the
catalytic cycle.

In contrast, transfer hydrogenation using the Ir(I) complexes containing chiral imine ligands, Such as

were speculated to proceed via the direct hydrogen transfer mechanism, within a six-membered transition
state?®

3.3. Tetrahydrobi(oxazole) ligands

Although significant advances were made by several reseattfiers2’-2%as detailed above, the
enantioselective transfer hydrogenation of ketones has only emerged as a viable synthetic tool in recent
years. This is in part the result of a report by Pfaltz in 1991, detailing the use of tetrahydrobi(oxazole)
ligands8, which described the attainment of >90% ee for the transfer hydrogenation of certain K8tones.
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Table 1

2049

Asymmetric transfer hydrogenation of acetophenone (hydride source/solvent is isopropanol unless

otherwise indicated)

Entry Ligand Metal

OCONOOODAWN =

1 Ru(ll)
2 Rh(l)
2 Ir(1)
2 Ru(ll)
3 Ir(l)
4 Ru(ll)
5 Rh(l)
6 Rh(l)
7 Ir(l)
8 I(1)
9 Ru(ll)
10 smil)
1 Rh(l)
12 Rh(l)
13 Rh())
14 Ru(ll)
16 Ru(ll)
17 I(l)
19 Ru(ll)
20 Ru(ll)
2021  Ru(ll)
0 Rh(I1l)
ent-20  Rh(lll)
20 Ir(11l)
21 Ru(ll)
212]  Ru(ll)
22 Ru(ll)
22[2] Ru(ll)
22 Rh(1ll)
22 Ir(I1l)
23 Ru(ll)
24 Ru(ll)
25 Ru(ll)
26 Ru(ll)
27 Ru(ll)
28 Ru(ll)
29 Ru(ll)
30 Ru(ll)
31 Ru(ll)
32 Ru(ll)

Time/h

111
3,5
23
0.03
8
120

Temp/ °C  Yield/%[1]e.e./%

120
82
82

35
60
71

7 (

5

©
N~~~ —~—~ T
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©
@
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©
(8]
23333330003333

[1] Isolated yield or conversion reported
[2] Formic acid/triethylamine 5/2 used as solvent and hydride source
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Figure 2. Ligands used in asymmetric transfer hydrogenation of acetophenone
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Ir(I) complexes of tetrahydrobi(oxazoles), such8satalyse the transfer hydrogenation of various

aromatic ketones with enantioselectivities ranging from 47 to 9198 €ae exact structure of the ligand

is important; isopropyl substituents on the oxazole rings appears optimal, with benzyl-substituted ligands

giving products of lower ee anért-butyl-substituted ligands giving essentially no conversion at all. The

best substrate for reduction, out of a short series studied, was phenyl/isopropy! substituted ketone, which

is surprising since this substrate generally affords products of lower ee than acetophenone in transfer

hydrogenations. The latter observation is probably the result of steric hindrance in the active catalyst

complex. In sharp contrast to the results obtained Ugisgmicorrins36 and bis(oxazolines}7 produced

no significant catalytic activity when used in this application.
N Rr! R!

o

R R

37 (R2=H, alkyl)

The amine-bridged bis(oxazolin@)gcts as a tridentate ligand in combination with Ru(ll) and success-
fully furnishes reduction products in excellent ee (generally >95% for a series of aryl/alkyl ketbnes).
The presence of the central amine is considered essential for high reactivity and enantioselectivity.

3.4. Tridentate ligands in Sm(lll) complexes

Evans has utilised a chiral Sm(lll) compl88, based on ligandO0, in enantioselective MPV reduction
of various aromatic ketones in propan-2-ol, obtaining generally excellent enantioselectivities-
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point binding ofo-methoxyacetophenorg9to the metal centre was suggested to account for the increase
in reaction rate for this substrate relative to acetophenone.

?n Me
Ph, Ph
,(\,il/\,
O—S'm—-O
|
38 39

In a closely related process the useRef-)-1-phenyl-2,2-dimethylpropane-1,3-diol gave a reduction
product from acetophenone of 46% ee in combination with Er nfétBhantiomerically pure 1,1,2-
triphenylethane-1,2-diol, in combination with zirconium, acts as a catalyst and generates products of up
to 62% ee. However it is necessary to use 20 mol% of the reagent for optimal Aéstlts.

3.5. Diamine and poly(urea) ligands

Rh complexes of variou€,-symmetric chiral diamines have been investigated by Lemaire as viable
catalysts for transfer hydrogenatiéf’ In general, the enantioselectivities obtained were modest, the
best being the secondary diamih& derived from §9)-diphenylethylenediamine. The Rh(I) complex
of 11 has recently been isolated and characterised by mass spectréin€hg. cobalt complex of
11 catalyses reductions in up to 58% &.¢° Lemaire subsequently incorporatéd into a polymer

backbone, by preparing its poly(urek.*°
R= HN—@—S;@—NH

P Ph

NMe MeN—C—R—
P

12
Polymer12 proved to be a better ligand thdd in terms of both reaction rate and enantioselectivity.
The pseuddz, symmetry ofl2 was the reason suggested for the observed enantioselectivity. The diurea
13 gave a slightly better enantioselectivity (up to 80% for propiopherféeilst the thioureal4 gave
even better results still with enantiomeric inductions of up to 91% ee (propiophenone) and 96% yield
when employed in conjunction with ruthenium(fd.As for 13, propiophenone gives a slightly better
result than acetophenone, and the 2-methylpropiophenone is yet more optimal for this catalyst (94%
ee)*2 The monothiourea derivativis performed poorly as a catalyst, thus confirming the importance of
the Co-symmetric nature of these reagefits.
A series of notableCo-symmetric diamines, typified by6, have been reported by Knichel to
be valuable transfer hydrogenation catalyétsJsing this diamine, reduction can be carried out at
temperatures as low as —30°C to give products of up to 90% ee (for 1-acetonaphthone). The combination
of iridium(l) with the diaminel7 is an excellent one for reduction of a range of ketdffeshilst the
Rh(l) complex of the diselenide-bridgdd gives reduction products in generally modest ee but notably
95% for the 2,2-dimethylpropiophenone reductf8it should be noted that in the latter case the transfer
hydrogenation was achieved using a combination of a silane and methanol as the source of hydrogen.

n

3.6. Diimine ligands

Moderate enantioselectivities (up to 40% ee) have been obtained by the use of several aromatic
substituted diimine ligands, such 49, in the Ru(ll)-catalysed transfer hydrogenation of aromatic
ketonest’ A heterogenised version of these diimine ligands in conjunction with Ir(I) gave products of up
to 70% ee but exhibited poor recyclabili§.
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3.7. Monotosylated diamine ligands

Of all the developments in this area in recent years perhaps the most important and significant is
the rise in status of monotosylated 1,2-diamines. This work has been led by Noyori who has reported
the use of monoarylsulfonylated diamines, in particl28; as ligands in Ru(ll)-catalysed transfer
hydrogenatiort?4%-52The conversions and enantioselectivities achieved for a variety of aromatic ketones
have been outstanding (Fig. 4). Inde@®,can be considered the most effective and best understood
ligand yet reported. Both propan-2tland 5:2 formic acid:triethylamine azeotr§p€® have been
utilised as hydrogen donor. The latter system has afforded generally excellent enantioselectivities
(83—99% ee) for a wide array of substrates, due, in part, to the irreversible nature of the transfer
hydrogenation. The choice of aromatic ligand is important; complexes of gitbygmene or mesitylene
give rather better selectivities than those of benzene alone, although the latter are more reactive.
Complexes of hexamethylbenzene appear to be relatively sluggish in this application.

& o

99, 96, S)
(93, 83, S) ( | A

, 90, S) Q S

:g% 3 (95, 99, R)
MeO CN
(54, 66, S) (99, 99, S)

o) o] | N

Uy :
\ ) (95, 98, Ry

0

(70, 82, S)

XXXXX
<
1]
I
O

TOIIO

(47,97, 9) (99, 98, S)

Figure 4. Ketones which may be reduced usi8&)f40/HCO,H/Et;N (0.5 mol% catalyst, parentheses contain % yield, ee and
configuration of product)

Extensive research has resulted in the characterisation and X-ray analysis of all rate limiting com-
plexes involved in the Ru-catalysed transfer hydrogenation empl@@n@cheme 3! Formation of
the 18-electron compled0 from [RuChk(p-cymene)} and 20, and subsequent treatment 40 with
KOH, afforded a 16-electron complekl. Noyori describest0 and 41 as the catalyst precursor and
‘true’ catalyst, respectively. Complekl was then shown to form a stable ruthenium hydrddeas a
single diastereomer on treatment with propan-2-ol. Bitrand 42 were able to catalyse the transfer
hydrogenation of acetophenone in the absence of KOH, affording enantioselectivities comparable to
those obtained with the in situ formed catalyst. >From these and other data, Noyori concluded that
“KOH is necessary only for the generation of catalgdtvia the precursoA0’.%! Also, the isolation
of 42 confirms that the Ru-catalysed transfer hydrogenation takes place by way of a metal hydride rather
than the metal alkoxides presumed for the MPV-type reaéfion.

In a later review of this work, Noyori postulated that hydrogen transfer occurs via a six-membered
cyclic transition state (Fig. 5), which is stabilised by hydrogen bonding from the NH to the carbonyl
oxygen??

Knochel has also reported some monoarylsulfonylated liga2tlar{d22) derived from diaminofer-
rocene and diaminocyclohexane, respectifeRf Significantly, ligand21 gave better enantioselectivity
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with formic acid as the hydrogen source than propan-2-ol. Ligghend similar derivatives afforded
good levels of enantioselectivity, some of which were close to those obtained2d5i6g-96% ee).

Although Noyori and Knochel initially focused their studies on ruthenium(ll) complexes, two very
recent papers have described the extension of monotosylated diaP@irsesl 22 to applications in
iridium(l1) and rhodium(lll) complexe$*5° The complexes used in this work (Fig. 6) notably contain
pentamethylcyclopentadienyl counterions which makes them isoelectroniel®véthd distinct to most
other complexes of these metals which rely on rhodium(l) and iridium(l) metal derivatives. Although the
specific applications of the new complexes shown in Fig. 6 have been limited to date, there is obviously
great promise here. In a very detailed paper by Noyori, the complex of Rh(lll) 2&tbmerges as a
marginally superior catalyst to that of Rh(lll) wi20, which is in contrast to the pattern described by the

Ru(ll) complexes?
jér jéf
I g

M——NH
e\ o\
TsN Ph TsN
(M=Ir, Rh) EPh (M=Ir, Rh) H'

Figure 6. Rh(lll) and Ir(1ll) complexes d20 and22

A polymer-supported version of Noyori's ligar®D has been prepared by the copolymerisation of a
vinylic derivative with styrene and a crosslinking agent. The reagent thus formed worked well in reduc-
tions in conjuction with Ru(ll) and, whilst recyclable, was much less effective than the homogeneous
systen’2 In contrast, the Ir(I) complexes of the supported catalysts performed rather better than the
homogeneous systems. In an alternative approach to a supported reagent, it has been shown that a func-
tionalised version 020 may be attached to a commercial amine-loaded solid support such as TentaGel or
Merrifield resin®’P This material appears to be capable of repeated usage in the ketone reduction process,
using either formic acid or isopropanol as hydrogen source. The material may be recycled but, although
the enantioselectivities remain high, the reaction time for good conversion becomes impractically long
after three cycles.
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3.8. B-Amino alcohol ligands

The ligand-acceleration effect of simple raceifdiamino alcohols in Ru-catalysed transfer hydrogena-
tion was observed by Noyo?t It is noteworthy that of all the ligands which Noyori has test@émino
alcohols have proved to afford the highest levels of acceleration to the reduction reactions (some 70-
fold over the background ratéj.Monotosylated diamines gave the second-highest level of rate increase
(ca. 30-fold over background) whilst all others gave little more than a seven- to eightfold acceleration.
Various chiral-amino alcohols, of differing relative configuration and nitrogen substitution, were then
examined as ligands, of which the best viz& Notable features of this system were the need for a
primary or secondary amine in the ligands and the reaction reversibility.

The stereochemically rigid amino alcoh@4>® and25°° also work well in transfer hydrogenation in
combination with Ru(ll). In the case @# deletion of the methylene bridge (i.e. the use of phenylglycinol)
results in a dramatic decrease of ee to 23% thus emphasising the importance of the rigid 3tucture.
The introduction of a two-methyl group adjacent to the hydroxy groupSmesulted in a completely
unselective reagent. Notably, the use of the ever-popular prolinol gave only an 8% ee for the transfer
hydrogenation of acetophenoffe.

Although -amino alcohols give excellent results in terms of rate and enantioselectivity, they appear,
in common with most other ligands, to be incompatible with the formic acid/triethylamine reduction
system.

3.9. Phosphinooxazoline ligands

Helmchen has applied Ru(ll) complexes of chiral phosphinooxazolines, su2 &s the transfer
hydrogenation of aromatic and aliphatic ketones in propan-hlotable amongst the results were the
enantioselectivities obtained for aliphatic ketones (up to 60% ee).

The closely related ferrocene derivat®gis also an excellent ligand (ees of 84—96% in a complex with
Ru for a series of aryl-alkyl ketone®).Careful experimentation revealed that the presence of triphenyl
phosphine (from the catalyst precursor Ry(EPh)3) was essential for optimum results —its removal
resulted in reduction in catalytic activity and enantioselectivity.

3.10. Tridentate P,N-containing ligands

Zhang has prepared and evaluated a series of nitrogen-containing phosphine ligands in Ru(ll)-
catalysed transfer hydrogenati®ti®® The first reported was the pyridine-based diphospBiBievhich
afforded enantioselectivities of 30—74% %eMore recently, N,P,N-tridentate ligan@® and 30 have
been utilised?%3 Notable enantioselectivities of up to 92% ee were achieved in the transfer hydrogena-
tion of certain aliphatic ketones using ligaf@l%°

The tridentate O,N,P donor ligar8l has also proved effective as a ligand although the enantioselec-
tivities achieved do not compare favourably with most other reagénts.

3.11. Tetradentate diamine/diphosphine ligands

Ru(ll) complexes containing a tetradentate diamine/diphosphine |B@¢telg. 2) have been applied in
the transfer hydrogenation of aromatic ketones, furnishing products in up to 97%%kee corresponding
diimino/diphosphine ligand was far less effective, presumably due to its lack of the crucial NH fultction.
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4. Specific applications of asymmetric transfer hydrogenation

Whilst the majority of catalyst development has focused on the reduction of aryl/alkyl ketones of
simple structure, there are a number of examples of alkyl/alkyl ketone reduction, although these generally
proceed with somewhat lower selectivity. For example, the reduction of cyclohexyl methyl ketone with
a combination of ruthenium(ll) and either ligaB@ or 26 gives products of ca. 60% &&%°In a rather
more useful experiment, reduction tefrt-butyl methyl ketone gave a product of 92% ee widéwas
employed as ligané®

Substituted substrates such as 2-chloroacetophenone are valuable substrates for asymmetric reduction,
since their products may be converted to epoxides and other valuable synthetic intermediates. Using a
polymer-supported version @0 with the formic acid/triethylamine system, this process has been used
to give (R)-2-chloro-1-phenethanol of 95.3% ee (Scheme’8).

o] 0.5 mol% [Ru(p-cymene)Cl], H OH

P.)J\/CI HCO2H, EtgN, DMF, 30°C, r«/(/C'
> P

polystyrene supported 20
(S/C 100) 90% yield, 95.3% e.e.

o

Scheme 4.

Although the transfer hydrogenation of the carbonyl group of enones appears underdetlbeed,
asymmetric reduction of acetylenic ketones provides a valuable method for the synthesis of functionalised
target molecule8? In general, the reductions are highly selective, efficient and versatile (Scheme 5). In
this reaction a substrate/catalyst ratio of as high as 1000 was all that was required for ees in the range
of 98-99% to be obtained in virtually quantitative yield. Of the arenes in the complexmene and
mesitylene were the optimal derivatives.

0.1-0.5 mol%[RuCl(arene).20] H OH
, iPrOH. 1t, KOH. L,
R -
1 // o 1 // "

R R
R'=Ph, nBu,TMS, yields 90->99%
R2=Me, Et. iPr, tBu, cHex, nPent. e.e.s typically 97-99%.
Scheme 5.

Enantiomerically pure substrates such4@may be employed as substrates in this process. Using
either enantiomer of the ligand, i.d},R)- or (S§9-20in the complex leads, respectively, to the products
44(97% yield, >99% ee) ands (97% yield, >99% ee) thus confirming that the catalyst selectivity greatly
overrides that of the inherent diastereoselectivity in this process (Schethe 6).

0 catalyst containing 0 catalyst containing
H (R,R)-20 (S,9)-20
// E = =
p NHCBz NHCBz NHCBz
44
97% yield, 97% yield,
99% e.e. 99% e.e.
Scheme 6.

Diamine 11 has been applied to the reduction of a series of ketones including, notably;kat
ester46.36 An almost unique result in this area was the generation of a product of 99% ee (Scheme 7),
although Noyori has obtained a product of 75% ee from the reduction of the isopropy! ester derivative of
4612
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% 0.5 mol% [Ru(CgH10)Clk H OH
’)klroa KOH, r.t. iPrOH, 1 h. hj(n/oa
P o Pl
o}

le} 10 mol% 11
46

100% conversion, 99% e.e.

Scheme 7.
In a similar application, the reduction of 1,2-diketones has been achieved through the use of a
ruthenium complex of monotosylated diamib@(Scheme 8§* Although the conversion was excellent,
the ee of the product was rather low.
0.5 mol% [RuCly(p-cymene)l]o H

’(R( 5 mol% KOH, r.t. iPrOH H Ph
Ph Ph
P - PN + P

2 mol% 16 h/\r

; . OH
° 98% conversion OH 31:69
50% e.e.

mQ
mQ

Scheme 8.

The asymmetric transfer hydrogenationfeketo esters and higher homologues has also been reported
(Scheme 9). As in previous examples, the combinatiofiOofith the formic acid/triethylamine system
appears to be ideal for these applications. In the example shown, the aromatic group in the ligand was
mesitylene rather thap-cymene, although the author notes that complexes derived from either ligand
work well in the application.

M (S.5)-40, HCORH/EtaN ;E;j\
P n OEt P okt

S/C 200, 28°C, 90 h.

n=3, 99% yield, 95% e.e.50
n=1, 94% yield, 93% e.e.'?

Scheme 9.

5. Transfer hydrogenation of imines

In contrast to ketones, imines have seldom been reported as viable substrates for enantioselective
transfer hydrogenation. A notable recent exception has been reported by Noyori (one representative
example is shown in Scheme 10), who finds that the rate of imine reduction under the stated conditions
outpaces that of ketone reduction by some 1000 titfes.

Me Me
0.4 mol% (S,S)-40
N —_— NH
MeO HCO2H:Et3N (5:2) MeO’

MeCN I\:/Ie
Me ([47] = 0.5 M)
47 f, 3 hrs 48, 99%, 95% ee (R)
Scheme 10.

Unlike the ketone reduction, the use of an additional solvent such as acetonitrile or dimethylformamide
appears to be critical for optimum results.

A preformed chiral Ru(ll) complex, such &, catalysed the transfer hydrogenation of various
cyclic and acylic imines with a formic acid:triethylamine mixture. Particularly effective substrates were
dihydroisoquinoline derivatived7 which yielded tetrahydroisoquinoline$8 with high ee. Labelling
studies with deuterated propan-2-ol indicated that propan-2-ol could not be used as a hydrogen source
for this particular catalytic system. However, Backvall had earlier reported the ruthenium-catalysed
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(racemic) transfer hydrogenation of imines by propan-2-ol in the presence of an appropriate base such
as potassium carbonate (Scheme®)nlike the Noyori reaction (Scheme 10) the reduction of imines
using the Backvall method was reported to be somewhat slower than the corresponding ketone reductions.

3
N/Ra 0.5 mol% RuCI,(PPhg)s, 5 mol% K,CO3 i

| - — : H
Rl)\ﬂz 'PrOH ([imine]= 0.1 M), 82 °C R R2
3-60 hrs, 48-95% yield

Scheme 11.

Transfer hydrogenation provides an excellent method for the asymmetric synthesis of enantiomerically
pure sultamg® Reduction of the cyclic precursafd with Noyori’'s monotosylated diamin&0 in a
complex with ruthenium(ll) under the formic acid/triethylamine conditions results in clean reduction
to 50in 91% ee (Scheme 12). The material could be recrystallised to an enantiomerically pure product
in 75% overall yield.

L

0.5 mol% RuCly((1S,2S)-20)(benzene),

\N o EI\/NH
s/ HCOoH, EtgN, r.t. 17h. 82
2
49 50 91% e.e.

Scheme 12.

6. Kinetic resolution of racemic secondary alcohols

Although the reversibility of the asymmetric transfer hydrogenation of ketones catalysed by chiral
Ru(ll) complexes is its greatest drawback, the situation can be turned to the chemist’'s advantage by
utilising this inherent reversibility to effect kinetic resolution of racemic alcohols. Noyori has elegantly
demonstrated the potential of this approach using the 16-electron Ru(ll) co#tp(&xheme 13J!

OH OH catalyst 41 OH

z e + Me,CHOH
+ _A__+ Me,CO — + 2
A BT Ar R 2 A R Ar R

1:1
Scheme 13.

An outstanding example of this work is the kinetic resolution of racematetralol ((+)-51); when a
2.0 M solution of ()-51in acetone was exposed to the preformed catdlystt room temperature for 6
h, (R)-51 of 99% ee was recovered in 49% yield (Scheme’14).

OH
0.2 mol% :
(S,S)-41
M92C O

([51]=2.0 M) )-51 49% yleId
t, 6 hrs 99% ee
Scheme 14.

Although by its nature, the process can only provide a theoretical yield of chiral alcohol of 50%, Noyori
notes that some alcohols obtained in high ee via this method are difficult to obtain by enantioselective
reduction of the corresponding ketone. In addition, kinetic resolutiomexodiols was also described,
potentially more appealing because the theoretical yield of chiral product is 100% (Scheme 15).
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HQ
CI:D (S,5)-40, Me,C=0,
S/C 500 o

Scheme 15.

wO
I
wO

I

Om
I

(e}
I

70% yield, 96% e.e.

7. Conclusions

The use of transfer hydrogenation is a valuable and versatile reaction which is now emerging as one of
the very best methods for achieving asymmetric transformations. The combination of practical simplicity,
mild reaction conditions, relatively non-hazardous reagents and high selectivities from which this method
benefits is unparalleled by most other processes in synthetic organic chemistry. No doubt even further
impressive developments will soon be forthcoming in this rapidly moving area.
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