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Abstract

The catalytic cycles for the Hhydrogenation (H) and transfer hydrogenation (T) 8fdCand G-N bonds catalyzed by over 100 ruthenium
hydride complexes in organic and aqueous media can be classified into two main classes: the hydride transfer step is inner sphere (I) «
outer sphere (O). Important subclasses of these mechanisms are cases where an ancillary ligand may assist in the hydride transfer step
or OL, respectively). The types of hydride complexes and their reactivity towa€ Retones, aldehydes, Goand G=N (imines) bonds
is examined. Features of the different types of catalytic cycles are described. It is clear that the ligand assisted cases lead to very efficier
catalysts for the selective hydrogenation of these polar bonds (e.g. Noyori’'s metal-ligand bifunctional catalysis).
© 2004 Elsevier B.V. All rights reserved.

Keywords:Hydrogenation catalyst; Ketone; Imine; Enantioselective; Alcohol; Amine

1. Introduction especially 2-propanol, or formic acid, often as the formate
[NEtsH][CO2H]. The reduction of CQ@ will also be men-
The catalytic hydrogenation of polar bonds and the asym- tioned, where appropriate.
metric versions of these are key reactions in fine chemical In this review, mechanisms that involve hydrogenation of
and pharmaceutical synthesis. Ruthenium homogeneoussubstrates by use of hydrogen gas will be referred to as
hydrogenation catalysts have been known for almost 40 H mechanisms while those that transfer hydrogen from the
years[1,2] and they are proving to be some of the most solvent or other hydrogen donor will be referred to as T
useful catalysts for these reactions. Ruthenium complexesmechanisms.
display favorable reactivity and selectivity, especially in  The catalytic cycles can be divided into two parts: (1)
the catalytic reduction of polar bonds, that often surpass the reaction of the hydride with the unsaturated compound,
those of the usual stars of hydrogenation, complexes ofand (2) the regeneration of the hydride from @h H) or a
rhodium and iridium{3—7]. For example Ru complexes can hydrogen donor (in T). We will classify the mechanisms of
be used to catalyze theorhydrogenation of a wider range  the catalytic cycles according to the pathway that is proposed
of Z-a-(acylamino)acrylic acids and esters than cationic Rh for the first step.
complexes[3]. Certain ruthenium complexes with amine
ligands are much more active than other metal complexes
for the H-hydrogenation of ketones, especially those de-
void of heteroatom functionality5,6]. This high activity
often comes with high enantioselectivity in the hydrogena-
tion of prochiral ketones and high selectivity for the hy-
drogenation of carbonyl over olefin functional groUpgs$.
They also have promising reactivity in imine hydrogenation

1.1. Classification of catalytic cycles according to the
hydride transfer mechanism

The classical mechanisms of transition metal homoge-
neous catalysis involve the reactants forming products while
bonded to the central metal. Therefore, it is usually assumed

. X X " that the hydrogenation of polar bonds by ruthenium hydrides
[4,7]. Review articles have discussed how some ruthenium ., ves the coordination of the ketone or imine at a site on

hydride [4,8-16] and dihydrogen complexga7-20]have 4 1 thenium(ll) made vacant by dissociation of a ligand,
been rgcognlzed as active precatalysts or intermediates inygan solvent. This coordination in the inner (1) or primary
catalytlc Cycles._ . _ ) coordination sphere allows the electrophilic activation of the

This review will discuss and classify the mechanisms pro- ., pon of the carbonyl or imine group by the metal ion so

posed in the open literature for the;#ydrogenation (H) 4t acis hydride ligand can migrate to this carbBrto the
and transfer hydrogenation (T) ofO and GN bonds with metal €ig. ).

a focus on the ruthenium hydride complexes that are in-
volved as catalysts or precatalysEgé. (1) and (2)

Mechanisms that have these features will be labeled as
HI or TI mechanisms. They are usually identified by evi-
H : R'IR2C=Q + H, [RulH R!R?CHQH 1) d_ence for ancillary ligand dissociation to pr_ovide a vacant

1 2 site for the unsaturated substrate to coordinate. Often the
catalyst has a site that is occupied by a weakly coordinat-

T : R'R?C=Q + DH, iy R'R’CHQH+ D (2) ing solvent molecule that can serve this purpose. Noyori and
3 4 Ohkuma[8] have argued that this inner sphere attack can

The compound4 of interest inEgs. (1) and (2are alde- have a high activation barrier because a drastic geometric

hydes or ketones (@ O) and imines (Q= NR3) while change of ground state structures is required to achieve the

the products are alcohols and amines, respectively. Prochi-requisite interaction between the Ru—H bond andrttiace
ral ketones and imines can lead to chiral products. Cat- of the carbonyl. In a few instances an ancillary ligand, L, on
alytic species include ruthenium hydrides, denoted [Ru]H, the metal, usually containing an acidic hydrogen bond donor
where [Ru] refers to the Ru and the other ligands. The hy- group, appears to provide additional activation of the unsat-
drogen source8 in Eq. (2)are usually secondary alcohols, urated substrate toward hydride attack as showhign 1
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Fig. 1. The attack of hydride on the coordinated unsaturated aldehyde or

ketone (Q= O) or imine (Q= NR) in the primary coordination sphere. Fig. 3. The outer sphere (O) attack of hydride on the unsaturated aldehyde
This is assumed to be part of the HI or TI mechanism. The [Ru] notation or ketone (Q= O) or imine (Q= NR). Usually, an electrophile (E) assists
refers to the ruthenium ion (usually Ru(ll)) and the ancillary ligands. The in these reactions and usually also an ancillary ligand (OL mechanism)
IL notation indicates additional activation by an electrophile B+, is involved. This is part of the HO, HOL, TO or TOL catalytic cycles.
MT) on an ancillary ligand. This forms part of the HIL or TIL catalytic

cycles. . . . .
Y More recent is the discovery of non-classical mechanisms

of polar bond reduction by ruthenium complexes, spear-
headed by Noyori’'s group. These are proposed to operate

o by hydride transfer to the substrate in the second, or outer
L to the end of the abbreviation. For example, HIL would re- y nyarias ' .
i . . coordination sphere of the Ru complex. These mechanisms
fer to hydrogenation of an unsaturated substrate in the inner_ . )
o ) . ) will be referred to as outer sphere (O) hydrogenation mech-
sphere with ligand assistance. Imines coordinated through

. ; : anisms Fig. 3). The carbon in a €0 or G=N bond usually
nitrogen do not have a lone pair for hydrogen bonding. How- : - . RS
. i has a low hydride affinity so that electrophilic activation is
ever, in the course of hydride transfer, proton transfer from

. ) . : required either by an external electrophile in a HO or TO
the ancillary ligand could stabilize the charge on the nitrogen : ; .
. g o D . catalytic cycle or by an internal electrophile attached to an
in the developing amido ligand. An imine thati#sbonded anciliary ligand (HOL or TOL catalytic cycle)
through the &N bond to metal could also be activated this y 119 yilc cycle).

. . - . Noyori has coined the term “metal-ligand bifunctional
way but this mode of bonding for imines is rare for later . . —
o catalysis”[29] to refer to the catalytic systems utilizing the
transition metal complexd21].

One deficiency of catalysts that operate by inner sphere HOL or TIL mechanisms. Typically in these cases the an-

hydride transfer is that they are often not very selective for C|.Ilary ligand provides a proton on the Ilgand_éEH n
& d ; Fig. 3 that can be transferred when the hydride is trans-
C=0 bonds over €C bonds in, for example, the reduction of . .
ferred. These reactions lend themselves to select#g @
a,B-unsaturated ketones and aldehy[#%23] Presumably _ ) . .
o " C=N bonds over €C bonds. When the ancillary ligand is
this is due to the competition of<C and GO bonds for . . . "
o S g a primary amine, the “N-H effect” (see below), the Ru-H
the vacant siteis to the hydride ligand. In addition mono- . ;
. and N-H bonds are aligned by the ligand geometry and a
hydrides that add to unsaturates are known to promote the - . '
. o . o . hydridic—protonic attraction.
isomerization of olefing24] and imines[25], another side . . o . .
) . The assignment of mechanisms is fairly arbitrary in many
reaction that may not be desired. L o ;
- . cases because it is usually very difficult to disprove the al-
The original Meerwein—Ponndorf-Verley (MPV) mecha- . e O . .
. . ; ternatives. In our classification of the mechanisms, we first
nism of transfer hydrogenation catalyzed by aluminum com- take the one pronosed by the authors and then we mav pro
pounds[26—28] might also have a parallel in ruthenium- prop y yp

. X pose a second possibility. In cases where no mechanism is
catalyzed reactions. In this case, the substrate and ahydrogesu ested. we make analogies with the better-characterized
donor would coordinate to the metal and the hydride would 99 ' 9

transfer directly from the donor to the unsaturated substraters]éifrgi' ;?1;|::§ran|?-gi(sjlséiesd t??ﬁzar? 'Z?a;hfh;?tgisi?tgft
without the formation of a ruthenium hydrid€ig. 2). No y g Y

ruthenium-catalyzed processes have been proven to followthe hydride transfer step and this ligand must have an NH
Y P P or OH group or an associated electrophile, like & ion.

the MPV mechanism. A flowchart that summarizes the classification method is
shown inScheme 1

When there is evidence for ligand assistance we will add an

N R: We 1.2. Formation of ruthenium hydrides
R g NGt w
N ,5 i| Rac« In the H catalytic cycles, hydrogen gas usually first coor-
g o.. _0O | dinates to the ruthenium at a vacant site ag&adihydrogen
™ OH ligand [17,18,20,30] In the most common cases involv-
* + ing Ru(ll), this ligand then undergoes heterolytic split-
H Me Me ting to give the ruthenium hydride and a protonated base
Me\};‘Me e (Scheme 2path ii) [10,31,32]
(I)H ol In certain cases, the intramolecular heterolytic splitting

Fig. 2. The Meerwein—Ponndorf-Verley (MPV) mechanism.

can occur to give a hydride and a protonated ancillary ligand
(path iii). The oxidative addition of dihydrogen to a Ru(ll)
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Q1 Source of
nH+/H-n

Q2 H transferred to
substrate that is
coordinated to metal
(in the inner sphere)?

Q3. Ligand assistsin
the H" transfer?

isH,(g)?

H(Hyr |
hydrog.)

Yes
No

Q1

T (Transfer
hydrog.)

Scheme 1. A flowchart to classify the mechanisms of the reduction of
polar bonds, where H, hydrogenation; T, transfer hydrogenation; I, inner
sphere; O, outer sphere; L, ligand assisted.

center will result in a Ru(lV) dihydride, Ru(IV)(H)(path

iv), while addition to a Ru(0) complex will give a Ru(ll) di-
hydride Ru(Il)(H}. Both of these pathways are also known
as well as the reverse processes. The reaction conditions
for the formation of selected catalytically active hydrides
are shown inTable 1 entries 1-4. These examples will be
discussed in more detail below. The first entry involves the
reaction of a stable alkoxide complex with dihydrogen at
50 atm pressure and at 50 to heterolytically split the b
release the alcohol product and generate the hydride cata-
lyst. This catalyst hydrogenatgsketoesters in an HI cy-
cle. In contrast, the next three entries, the intramolecular
heterolytic splitting of H at an amido—amine ligand occurs

B®
H
Lo L
Ru'
| L
So
(ii) H
Hy W/
Loy, oL T2 L',,,l\\\-L Lo, | oL
R ~ :/ /Ru
-
T T iy 7T

(iv) L
H/,’R \\\‘L

H—RuU
R4 | ~L

L

Scheme 2. Formation of ruthenium hydrides by reaction with dihydrogen.

Table 1

Representative conditions for the generation of catalytically active hydrides

Refere

Proposed cycle

Conditions

Hydrogen donor

Precursor

Hydride

HI [51]

50°C, 50atm H, MeOH
—20°C, tol-dg, 1atm

20°C, CsDg, 1atm

[Ru((R)-binap)(NCMe)§3-ROOCCMeCH(O)COOR)|BR

RuH(PPR)2((R,R)-NHCgH10NH>)

[RuH((R)-binap)(NCMe)(soh]BF4
transRuH, (PPh)2((R,R)-dach}

transRuH, (PPh),(tmen}

1

[46]

HOL
HOL
HOL

[47]

H2

RuH(PPR)2(NHCMe;CMeaNH3)

[47]
[42]
[165]
[163]
[167]

T
TI
Tl
T

20°C, CsDg/iPrOH

20°C, iPrOH
50°C, H,O

83°C, iPrOH
20°C, HpO, pH 4-9

20°C, GsDg, 1atm

Na@Pr

NaO,CH
KOH/iPrOH

NaO,CH

KOH/iProH
iPrOH

Hz

RuH(([R)-binap)(NHCMeCMe;NH3)
RuCh(PPhy)3
RuCh{PPh(CsH4SO:Na)}»

RuGI(PPh)(oxferphos)
Ru(pcp)(OTH)(PPB)

RUH(QCH){PPh(CsHaSOsNa)} 3
K[RuH(pcp)(QP1)(PPh)]

trans-RuHs((R)-binap)(tmen)
[RuH(CsMeg)(bpy)I*™

RuH,(PPh)3(sol)
RuH,(PPh)(oxferphos)

[173]
[29]

TO
TOL

[Ru(CsMeg)(bpy)(OH,)](PFs)2

9

20°C, iPrOH

R&E)-NHCHPhCHPhNTSs)(cymene)

RuH(§9-NH,CHPhCHPhNTS)(cymene)

10

@ dach: diaminocyclohexane.

b tmen: 2,3-diamino-2,3-dimethylbutane.



Table 2
Representative conditions for the stoichiometric reaction of hydrides with carbonyl or imine compounds

Ru—H (concentration) Substrate (concentration) Solverit (°C) Time (min) Conversion (%) Product after workup (%e.e.) ProposeReference
cycle
1  Ru(Hgp(H2)(PPh)3 Cyclohexanone (0.5 M) Toluene 20 60 100 of RuH Cyclohexanol HI [66]
2 cissRuHz(PMes)s (0.09 M) PhHG=0 (0.32 M) toluene —20 PhCHOH [41]
+ Ru(PMg)4(OCH,CsHa4)*
HOCH,Ph

3 cistransRuH(PPh)2((RR)-dach} (0.05M)  PhMeGO (0.1 M) GsDs 20 >1000 LowW 1-PhMeHCOH HOL [46]
4 ciscisRuH(PPh)2((RR)-dachyf (0.03 M) PhMeGO (0.05M) GDsg 20 <3 100 of RuH ©-1-PhMeHCOH (16% e.e.) HOL [46]
5 transcis RuHp(PPh)2((RR)-dachy (0.01M) PhMeGO (0.05 M) GDs -20 <3 100 of RuH ©-1-PhMeHCOH (62% e.e.) HOL [46]
6 transciss RuHx(PPh)2(tmenf (0.05 M) PhMeGO (0.05M) GDs¢ 20 <5 100 PhMeHCOH HOL [47]
7 transRuHy((R)-binap)(tmenj (0.05 M) PhMeGO (0.05M) GDs 20 <5 100 ©-1-PhMeHCOH (60% e.e.) HOL [47]
8 cisRuHx(PPh)4 Hexaldehyde eHsBr 20 Fast Tl [40]
9 cisRuH(PPh), Acetone Toluene 56 5 50 iPrOH TI [42]
10 cisRuH(PPh)4 Acetone 50 Ru(H)CO)(PPh)s and other products TI [43]
11 cisRuHx(PPh)s PhCHN=CHNp (5[Ru]) CHOH 65 30 5 PhCHNHCH,;Np Tl [44]
12 cisRuHx(PPh)4 CRs(Ph)G0 Toluene 60 RuH(OCH(Ph)GKPPh)3 Tl [45]
13 RuH(NH,CHPhCHPhNTs)}-cymene) MeC=0O (10[Ru]) 20 <1 100 iPrOH TOL [29]

a cis-Hydrides, trans-PPh, dach= diaminocyclohexane.

b Correction of result reported if48].

¢ cis-Hydrides, cis-PPh.

d

transhydrides, cis-PPh.
€ tmen = 2,3-dimethyl-2,3-diaminobutane.

1£22-T022 (¥002) 872 smalnay Ansiway)d uoneuipiood /e 18 weyde|d '3's
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Table 3

Representative conditions for they#Hydrogenation of aldehydes, ketones (aromatic and aliphatic) and imines to the alcohols or amines

Precatalyst (Ru) Substrate (S) AdditivesRu:S:A Solvent p(H2) Conversion e.e. (%) Time (h) Temperature TOF Cycle Reference
(A) (atm) (%) (@) (™
1 [RuH((R)-binap)(NCMe}_,(sol),]* MeOOCCMe- 1:200 MeOH 50 100 59R) 50 50 4 HI [51]
C(=O)COOMe
2 [RuHs(CO)(PCy(CH2)4PCy)]~ Ph,C=0 1:3000 iProH 1 96 24 60 125 HI, TI [65]
3 RuH{k?-0-C(O)(Ph)(GH4} Phb,C=0O 1:20,000 iPrOH 1 90 3 80 9600 HI, TI [65]
(CO)(PCy(CH2)4PCy,)
4 [RuH(CO)(NCMe}(PPh)2]BF4 PhHG=O 1:100 MeOCHCH,OH 1 10 07 98 14 HI  [68]
5 RUHCI(CO)(PP})3 EtCHO 1:1000 Toluene 30 100 2 150 2 HI  [69]
6 RuH(CO)(PPh)2 PhMeG0O 1:88 Toluene 50 69 24 120 4 HI  [22]
7 RUHCI(CO)((PPBCH,)3CMe) Cyclohexanone 1:1000 THF 20 63 1.3 100 470 HI [72]
8 RuH(Tp)(H2)2 Cyclohexanone 1:100 Heptane 3 93 2 80 47 HI [75]
9 Ru(HR(H2)(PPh)s Cyclohexanone 1:36 Toluene 0.6 3 1 20 1 HI [66]
10 Rubb(PPh)s CR(Ph)GO 1:720 Toluene 1 100 <2900 100 0.2 HI [45]
11 Rubb(tppts) EtCHO 1:1000 HO 50 100 0.8 HI  [83]
12 Rukb(tpptsh EtCHO Nal 1:1000:100 kD 50 35 2000 HI [83]
13 Ruhb((R)-binap)(tmen) PhMe€0 1:400 Benzene 8 100 62-6B)( 2 20 200 HOL [47]
14 Ru(Cly((9-tolbinap)(§S)-dpen) PhMeE€O KOtBu 1:2,400,000: iPrOH 45 100 80R) 48 30 2x 10° HOL [8]
24,000:

15 Ru(H)(BH)((9-tolbinap)(89-dpen) PhMeE€O 1:1800 iProH 4 100 82R) 2 30 900 HOL [101]
16 Ru(H)(BH:)((9-tolbinap)(§9-dpen) PhMeE€O KOtBu 1:1800:55 iPrOH 4 100 82R) 0.8 30 2200 HOL [101]
17 Ru(H)(CI)(&9-P-NHcyNH-P)) PhMe€O KOiPr 1:16:90 iProH 45 100 279 3 45 3x 10° HOL [121]
18 Ru(H)(CI)(R)-binap)(R R)-dach) PhNCPhMe  KQPr 1:500:10 Benzene 3 100 79)( 36 20 14 HOL [102]

90¢¢
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under much milder conditions to generate very active hy- bonds with ruthenium hydrideséble 2. These reactions
drogenation catalysts that operate with an HOL cycle. The were explored for the most part to demonstrate a step in the
HOL cycles typically operate under milder conditions than catalytic reactions, as will be described below. Aldehydes
the HI cycles. have a higher hydride affinity and are easier to reduce both

In the T catalytic cycles, hydrogen transfer reagents thermodynamically and kinetically (less steric hindrance to
such as 2-propoxide iiPrOH/base mixtures or formate in  hydride transfer) than ketones and imines. They react read-
HCOOH/NEg mixtures provide hydrides on ruthenium by ily with cissRuHx(PPh)4 at 20°C [40], and with the more
B-hydride elimination reaction@3], essentially the reverse electron-richcissRuHx(PMes)4 at —20°C [41] (Table 2 en-
of the processes shownitigs. 1 and 3Eq. (3) Ry = Mey, tries 2 and 8, in Tl cycle). For complexes with labile, mon-
0, etc.). Entries 5-10 show examples of hydride-containing odentate ligands such as RugkH,)(PPhy)s, there is often
catalysts that are generated by reaction of precursors withthe unwanted formation of ruthenium carbonyl compounds
iPrOH, iPrO~ or HCO,™ in organic solvents or water at by CO abstraction from the aldehyde. Ketones and imines
temperatures that range from 20 to 2@and are active in  react with the dihydrogen complex Ru@y2)(PPhs)s
TI, TO and TOL cycles: at 20°C (entry 1, HI cycle) and withcisRuHx(PPh)4

_ _ at about 60C (entries 9-12, Tl cycle}42—45] The di-

Ru(ll) + OCHR,™ — [Ru(IDH]™ + OCR, C) hydrogen complex andis-dihydride complexes are rel-
atively active HI and TI catalysts, respectively (see be-
low). By contrast the complexes Ru(H)(CI)(CO)(RPh

An alternative mechanism is the oxidative addition of an
element hydrogen bond D—H of the hydrogen donor

Ru(0) to give a Ru(ll) hydride, Ru(ll)(H)(DH)Eg. (4): ar_ld Ru(H)(CI)(CO)(PPj)(diphosphine) with -electron—
withdrawing CO and CI groups and aryl-substituted phos-
Ru(0) + DH2 — Ru(ll)(H)(DH) (4) phines do not readily react with ketones and only be-

I " ) come active as catalysts at relatively elevated temperatures
The oxidative addition to Ru(0) of the O—H group of iso- >100°C) (see below and entries 5—7 Bble 3

propanol has been proposed as a mechanism of generatin The other entries in thefable 2 describe some hy-

a Ru(ll) hydride in a Tl cyclg15]. drides that react with ketones by an OL mechanism.
o . i i Trans-dihydrides Ru(H)diamine)(PR)2, (PRs)2 = (PPh)2
1.3. Hydridic reactivity of ruthenium hydride complexes or ((R-binap), react rapidly with ketones at room tem-
] ] o perature or below (entries 5-7 ofable 2 while a
As mentioned, the hydride affinities of the polar bonds cis-dihydride, cistransRu(H)(PPh)2((RR)-dach), with
under consideration are low. Ruthenium complexes that arepydridestrans- to the lowsransinfluence diamine ligand,
catalysts in H or T cycl_es must l_)e _sufficiently hydridic to  eacts very slowly with acetophenone (entry [85-48]
undergo the reactions discussedection 1.1They usually  only the transdihydride isomers are very active ketone
have the following properties. First, they contain ancillary 544 imine hydrogenation catalysts with an HOL cycle.
ligands that stabilizg the positive charge that is left on the However, the isomercis,cis-Ru(H)(PPH)2((RR)-dach),
metal after the hydride transfer steip( (5): with one hydridetrans to a PPh ligand of trans influ-
[Ru]-H + R,C=Q — [Ru]t + RyHCQ™ (5) ence, also reacts rapidly with acetophenone (entry 4 of
Table 2 [46] and is an active precatalyst for the HOL
These ligands could include strongly basic hydride, phos- cycle. The complexesranssRuHCI(diamine)(PR), with
phine, and cyclopentadienide ligands with electropositive hydride trans to chloride do not react with ketones and
donor elements (H, P, C), but not usually theacidic car- are not ketone hydrogenation catalysts at room temperature
bonyl ligand. These high trans influence ligands, when trans [46—48] The strongly basic tosylated amido—amine ligand
to the leaving hydride, assist by weakening the Ru—H bond. must compensate for the weakly basj#-arene ligand in
A negative charge on the ligands will also promote the re- RUH(NHCHPhCHPhNTSs)§-cymene) because this com-
action. Basic amine ligands also stabilize the product and plex reacts rapidly with ketones at room temperature in an
favor Eqg. (5) Some free energy measurements of the het- OL mechanism (entry 13 dfable 29 [29] and is a relatively
erolytic splitting of the M—H bond have been reported re- active TOL catalyst.
cently and some of the factors that favor hydridic char-
acter in transition metal complexes have been described
[34-39] Konno et al. demonstrate that a hydride on ruthe- 2. Homogeneous H,-hydrogenation of substrates with
nium can be made hydridic by use of chelating terpyridine polar bonds (H mechanisms)
and bipyridine ligands in [RuH(terpy)(bpy)] even though
the complex has a positive chaf@é]. This complex attacks  2.1. Hydride transfer to the substrate in the primary or
CO;, to produce a formate complex in an outer sphere (O) inner coordination sphere (HI)
reaction.
The influence of these factors can be qualitatively judged = The generalized catalytic cycle for an inner sphere hydro-
from the selected reports of stoichiometric reactions of polar genation mechanism is shown 8theme 3
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Scheme 3. Generalized catalytic cycle for the inner sphere hydrogenation (HHQ@MGnds, Q= O, NR.

The cycle starts with the addition of the substradag the
coordinatively unsaturated Ru(ll) hydride speci&y div-
ing the complex6 (stepl). The hydride speciesis usually
formed from a catalyst precursor at the very beginning of
the catalytic reaction and is not isolated itself (see below).
A hydride migration (stepl) affords the new unsaturated
ruthenium specied] to which dihydrogen coordinates (step
[11) affording the dihydrogen specie8)( A substrate inser-
tion (stepl) and a hydride migration (steld) are usually
very fast so only the product) can be observed. Compl&x
can further react in two ways: (1) protonation of the coordi-
nated substrate affords the produ@tieleasing the regener-
ated catalystq) (stepl V) or (2) the coordinated dihydrogen
can oxidatively add to the Ru(ll) center giving a dihydride
ruthenium(lV) species9) (stepV), followed by elimina-
tion of the produc® and regeneration of the active catalyst

[Ru((R)-binap)(NCMe)(1-3:5,6-C4Hy1)(BF,)

[Ru(F)((R)-binap)(NCMe)y(sol)s 1 J(BF;) -+ O

(5). It should be noted that it is often impossible to experi-
mentally distinguish between patk/ and pathv — VI.
Catalytic reactions for which the inner sphere hydrogena-

Table 3lists representative conditions for the operation
of some of the H-hydrogenation catalysts reviewed here.
The turn-over frequency (TOF in#) is estimated from
the ratio of the concentration of the product of the hy-
drogenation to that of the catalyst divided by the time for
the conversion. The numbers are approximate and are used
for order of magnitude comparisons of the hydride catalyst
activity.

2.1.1. Catalytic HI hydrogenations in organic solvents
Bergens and coworkers have reported the synthesis of

the complex [Ru®-binap)(NCMe)(1-3:5,6-gH11)](BF4)

as a catalyst precursor for the hydrogenation of various un-

saturated organic substrates includiagand B-keto esters

(Table 3 entry 1)[49,50] The complex reacts with 1 atmpH

in MeOH, THF or acetone (sol) giving the hydride complex

[RuH((R)-binap)(NCMe), (sol)—,,]BF4 (Eg. (6):

| atm H,

sol.

(6)

The hydride complex has not been isolated but has been
characterized by NMR spectroscopy. Its solvent molecules
can easily dissociate creating up to three vacant coordination
sites for substrates to attack.

tion mechanism has been proposed have several features Part of the proposed cycle for the hydrogenation of
in common, regardless of the solvent used (organic, water a-ketoesters catalyzed by this hydride (2%, 50atm H

or biphasic system). They all require relatively high tem-
peratures (50-10CC, in some instances even higher) and
high dihydrogen pressures (around 50 atifghle 3. The

50°C, THF or MeOH) is shown irFig. 4 [51]
The formation of the ruthenium alkoxide complex from
the hydride and the substrate is a fast process eveB@tC

catalyst-to-substrate ratio is usually small and no additives so that an intermediate of ty@from Scheme dhas never

are necessary for the reaction to proceed. $tépn the
Scheme 3s generally recognized as the turn-over-limiting
step.

been observed.
Bergens and coworkers have proposed that this insertion
proceeds either via prior coordination of the ketone as an
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H
RO CP// o {\/P
0 P’Tu\wl o O Ru H
HO @ © P\ /CI//RU\P)
Rors o oR Me <P/ ,,/CI
- sol o OR CI
R=Me i-Pr. t-Bu Fig. 5. Structure of [RuHCI(P-P]interpreted from the heavy atom
H, Y positions as determined by X-ray diffracti¢s2].
H
>, o [53]. Chloride bridged dimers of the type [Ru@P—P)} and
{ K |® “OR Ru,Cls(P—-P)» were found to be more effective precatalysts
g P & bin P(I OR under these conditions.
b - ® lcl o Bianchini et al.[54] studied by NMR the hydride species
b (melorisomen) that are generated under 50 atm pressure during the catalytic,
' ' highly enantioselective, hydrogenation of acetylacetone to
Fig. 4. The HI hydrogenation of-ketoesters catalyzed by [RuliRk 2,4-pentanediols. The precatalyst was the chloride-bridged

binap)(NCMe}.., (sol).] ™ complex RuyCl4(P—PY»(dmso), P—P= chiral diphosphine

(Fig. 6). An interesting dimeric dihydrogen complex was

m2-m-ligand (similar to an olefin hydride insertion) (an in- identified as the predominant speci&sg( 6).
ner sphere mechanism Hl) or via nucleophilic attack of the  Related hydride structures of the typgeansRuHX-
hydride on the carbonyl carbon (outer sphere HO). The re- (diphosphine)(substrate), X= Cl, Br, OAc, substrate
action is only partially reversible under the hydrogenation = B-ketoesters o-diketones have often been proposed,
conditions. The alkoxide species is actually a mixture of two without direct spectroscopic observation of the hydride, as
diastereomers. The formation of these is the step that de-transient intermediates in the asymmetric hydrogenation of
termines the enantioselectivity of the process. The nature,these substrates starting with Ri(diphosphine) precur-
geometry and absolute configuration of the major diastere- sors, Y= Cl, Br, methylallyl, OAc in alcohols. For example,
omer shown irFig. 4 have been established by, 13C, 31p Noyori and coworkers have proposed a catalytic cycle for the
and!®N NMR spectroscopy and deuterium labeling (starting hydrogenation of-keto esters and related ketones that can
from [Ru(D)((R)-binap)(NCMe),(sol)z_,,]* as a catalyst). act as bidentate ligand55]. The precatalysts were neutral

The reaction of the alkoxides with dihydrogen gas fol- ruthenium(ll) complexes Rug(binap)(sol} (sol = alcohol
lowed by the regeneration of the active catalyst and productor acetone]6]. The mechanism is proposed to include the
release is recognized as the turn-over-limiting step on the hydride species RuHCR)-binap)(RCOCHCOOR!) and
basis of following observations. First, the formation of the the transient complex that is activated for intramolecular
catalyst from the 1-3:5,6-¢E111 precursor proceeds at 1 atm  attack of the hydride on the carbonyl carbon of the substrate
of Ha; second, the formation of the alkoxide from the hy- by protonation of the carbonyl oxygerFig. 7(a). The
dride and the unsaturated substrate is fast and complete evestructure of the substrate—chiral binap complex is proposed
at —30°C while the catalytic reaction takes place at 50 atm to explain the enantioselectivity observed. The presence of
of Hy and 50°C (seeTable 3 entry 1). Since the alkoxide is  such intermediates is inferred by analogies to prior mech-
an 18-electron coordinatively saturated Ru(ll) complex, itis anistic work by groups of Wilkinson and Halpern and the
proposed that the regeneration of the hydride proceeds viaresults of deuterium incorporation into olefinic substrates
either dissociation of acetonitrile or one of the ester groups
to allow the coordination of the # No intermediates of the

type 8 or 9 (Scheme Bhave been observed or proposed. _\5’/0 .cl P H.. 50 atm
James and coworkers have studied the hydrogenation \\\\\\RLJ\\&C[,//Rlﬁn,v i ,

of imines catalyzed by ruthenium complexes contain- C'P( / NP MeOH. 60°C

ing bidentate ligandg4]. The trimeric hydride species cl c

[RUHCI(P-P)}, (P—P)= dppb, §9-chiraphos, diop, hy-

drogenate aldimines (RGHNR') at 1atm H, 50°C and a

sterically hindered ketimine 2,6-MEgH3N=CMeCH,OMe (\P ¢

at 70atm H, 20°C in methanol/benzene with an e.e. ", "/ |\\\\\ H'”II/RU\\“\\““\H

of <10%. The X-ray structure of the trimer with P—P K , \HV , ~~

= (S9-chiraphos is interpreted as shownhig. 5. NMR PPh, PPh, o PJ

data provides evidence for the hydrides.

The complex [RuHCI(dppbg] catalyzes the hydrogena- Fig. 6. The proposed formation of the catalyst for the hydrogenation of
tion of PhCHN=CMePh at 20C, 70atm H in MeOH acetylacetong54].
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R Fig. 8. Structure of RuKk?-0-C(O)(Ph)(GH4}(CO)(PCy(CH,)4PCy,)

(b) [65]. Atoms of the cyclohexyl groups have been removed (structure

. . . . . . XIGGUP from the Cambridge Crystallographic Data Centre (CCDC)
Fig. 7. Transient hydride species proposed in the hydrogenation of [67]).

B-ketoesters (aj6] and B-ketosulfoxides (b)56].

that are also hydrogenated by such catalyst systems. Thdulated to be Ru(HXHz)(CO)(dcypb) by analogy to
chloride ligand seems to be an important component, since RU(H2(H2)(PPH)s [66] (see below) and so an HI or Tl

the use of other halides and pseudo halides lead to lesgneéchanism is tentatively assigned. The anionic complex
active and enantioselective catalysts reacts with benzophenone to produce a neutral monohy-

The most effective system of this type for the asymmet- dride czomplex containing a cyclometalated,E1 group,
fic hydrogenation of a simple ketone like acetophenone to RUH{k™-0-C(O)(Ph)(GH4}(CO)(dcypb) that has equal hy-

1-phenylethanol in 78% e.e. is Ru(OAKR)-xylbinap)/2 drogenation activity iniPrOH to the precursor complex.
[8]. This is thought to involve the transient intermedi- reported using this complextgble 3 entry 3); there may

ate RUH(QPPh(OH))(R)-xylbinap)(O=CPhMe). The OH be contributions from both $ and transfer-hydrogenation

group of the phenylphosphonate ligand might assist the me_chgnisms_ since acetone is pro_duced in th_e reaction. The
hydride migration to the ketone in an HIL mechanism (see anionic hydride and the monohydride compleig( 8 were
Fig. ). completely characterized including single crystal X-ray

diffraction structure determinations. This catalyst system is
an exception to the rule that carbonyl ligands are deactivat-

crnphos[57] and synpho$58] systems in the catalytic hy- ing; this rule may be specific to arylphosphin(_a—contgining

drogenations of-keto esterg59,60] B-keto sulfoxides and ~ complexes. Here the bulky, electron-donating diphos-

sulphones[56,61] and B-diketones[57,62] The catalytic phine Ilgand dcypb compensates for the presence of the
system was used also as a part of a multistep synthesis aglectron-vylthdrayvmg CO ligand. -

an important and efficient way for obtaining useful start- A détailed kinetic and mechanistic study was car-

ing compoundg61,63] In their synthetic procedures, they '1€d out by Sanchez-Delgado and coworkeisd,68]

form the precatalyst in situ from Ru(2-methylallydod), on the catalytic hydrogenation of benzaldehyde using
a chiral diphosphine and an acid. They make use of a sim- [RUH(CO)(NCMe}(PPHy):]BF4 as a catalyst precursor at

ilar stereochemistry of the transient hydride as proposed ©€Mperatures of 50-10€ and a hydrogen pressure of 1 atm
by Noyori. For example, in the hydrogenation oféeto (Table 3 entry 4). The system showed a_flrst order depen-
sulfoxide they proposed the Ru(ll) hydride intermediate d€nce on the RuH, the substrate and dihydrogen pressure

shown inFig. 7(b) [56] In another study, the structure of the With rate constant = 20 M=2s~* at 97°C (Eq. (7):

hydride intermediate RuHCI(synphos)(methylacetoacetate) jte — k[RUH][PhHCO][H,] )

was calculated by use of molecular mechaf&&. Chan’s

group has also made use of related systems for the enan- In order to gain further insight into catalytic cycle, they

tioselective hydrogenation @-ketoesterg64]. have also studied the interaction of the RuH with all of the
The anionic hydride complex [Ru(k(CO)(dcypb)t, components of the catalytic system. In this way they have

dcypb = PCywCH,CH,CH,CH2PCyy,, is an active cat-  identified two new complexes upon reacting the RuH with

alyst for the hydrogenation (in benzene) and trans- the 2-methoxyethanol (used as the solvent in the cataly-

fer hydrogenation (fromiPrOH) of benzophenong65] sis) in chloroform: [RuH(CO)(NCCBE)(sol)(PPh),]* and

(Table 3 entry 2). The active species ifPrOH is pos- [RuH(CO)(sol»(PPh)2]* (sol = 2-methoxyethanol). In a

Geret and coworkers also utilize Rukdiphosphine),
diphosphine= binap, MeO-biphep, duphos and their own
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similar way, they have shown that the RuH can form mono- Li et al. have reported the use of RuHX(CO)(BRh
and disubstituted products in its reaction with benzalde- (diphosphine) (X= Cl or H) with trans-spanning diphos-
hyde in CDC4. This demonstrates that the substitution of phines  2,2'-bis(diphenylphosphinomethyl)-tiiphenyl
weakly coordinated CECN molecules with the substrate (bisbi) [70] and 1,8-(diphenylphosphinomethyl)naphthalene
can be one of the steps in the catalytic cyckelieme 3 (bdna)[71]. The bisbi ligand has an unusually large bite
step1). Furthermore, thé’!P{H} NMR spectrum of the  angle so that two phosphorus atoms from the diphos-
reaction between RuH and dihydrogen gas at 343K in a phine ligand are actually intrans positions and the
mixture of 2-methoxyethanol and methanqlshowed the backbone of the ligand passes over the hydride ligand
formation of a new species which was suggested to be pos-(crystal structure and NMR evidence). They tested the
sibly the product of the oxidative addition of dihydrogen to complexes in the catalytic hydrogenation of citral and
the Ru(ll) center, [Ru(HXOCH,Ph)(CO)(sol)(PP¥2]*. cinnamaldehyde. In both cases, the complexes contain-
The postulated ability of RuH to oxidatively add,He- ing diphosphines showed higher activity under the same
minds us that the species of the typeg(Scheme B can conditions (50-80C, 1-3h, 2-5atm k) compared to
be part of the catalytic cycle. However the most cur- their monophosphine counterparts, RUHX(CO)(BRHX
rent evidence favors Ru(ll) dihydrogen intermediates over = Cl or H). The bidentate systems also gave better se-
such Ru(lV) species, except when small, electron-donating lectivity to the allylic alcohol than the monophosphine
monodentate or bidentate ligands are present. Based orones.
the above experimental results, the catalytic cycle pro- Jun and coworkers studied the effect of polydentate ver-
posed by Sanchez-Delgado and coworkers fits into thesus monodentate ligands on the activity of catalysts for
general mechanism of an inner sphere hydrogenationthe hydrogenation of cyclohexanone and propdia].
with the reaction of dihydrogen with the alkoxide com- For cyclohexanone, the activity of monohydrides of the
plex being the turn-over-limiting step. If the Ru(lV) type RuHCI(CO)(PR)s increased as (Pf= monoden-
species is involved then the benzyl alcohol product is re- tate (PPB)s < bidentate (PP§(PPhCH,CH2PPh) <
leased in a reductive elimination step. This group studied tridentate (PP¥CH2)3CMe, B). For the tridentate system
the use of other carbonyl-containing catalysts, including (Table 3 entry 7). The rate law was described Bg. (9)
RUHCI(CO)(PPB)s, for the hydrogenation of aldehydes (k[cyclohexanonek 1.2 x 10-2min—1 at 100°C):
(Table 3 entry 5)[69]. An HI mechanism was proposed.
The conditions were quite severe for this reaction (30 atm "€~ k[H2][RUHCI(CO)Ps][cyclohexanone] )
Hz, 150°C). The rate law and the observation of a negative entropy of
Frediani and coworkerf22], based on their mechanistic  activation were used to suggest that the mechanism is an
investigations of the catalytic hydrogenation of a wide range Hj cycle as shown ifScheme 3Here the active catalytic
of simple ketones such as acetophenofable 3 entry 6) species containing am2-P; ligand with one CHPPh
using the neutral dihydride complex RugfifO)(PPt)z group (originally trans to the hydride) uncoordinated to
as the catalyst, have proposed that the turn-over limiting stepajiow the ketone to coordinate, forms the alkoxide, and
is the coordination of the substrate next to the Ru—-H bond then allows the dihydrogen to coordinafég. 9). Propanal
to give a 20-electron complex Ru(t{ketone)(CO)(PPt)2 was hydrogenated by the catalyst with the tridentate lig-
in the first step of the catalytic cycle (such an intermedi- gnd and at almost twice the rate of that observed for
ate would have a high energy and may only be a transi- cyclohexanone. This catalyst reduces theCChond of
tion state or the mechanism might involve prior ligand dis- cyclohexenone in preference to the@ bond. The hydro-
sociation). Followed is the insertion of the ketone to the genation of propanal by the well-characterized complexes
Ru—H bond to give the corresponding Ru-alkoxide species RyHCI(CO)(PPE)(L-L), L-L = PPhCH,CH,PPh,
(Scheme 3complex7). The product is released and the cat- ppp,CH,CH,AsPhAsPhCH,CHoASPh, was also stud-
alyst is regenerated after the addition oftd the Ru center  jeq in detail by this groug73]. The phosphorus ligands
(Scheme 3complex8 and stepl V). The support for this  produced more active catalysts than the arsenic ligands

HI mechanism is found in the rate lakq. (8) and the ob-  and again an HI mechanism was proposed with a chelate
servation that the reaction rate decreases with an increase

of steric bulk of the substrate (ME=O > iPrMeCG=0O >

tBuMeC=0O and increases with the electron-withdrawing
groups (CEPhG=0O > MePhCG=0). There was no observa- Ph,P
tion of an intermediate in the catalytic cycle. The observa-

tion thata,B-unsaturated ketones are hydrogenated to the OC””"'.RIU\\“‘\Pth PPh,
saturated ketones also provides evidence for an HI mech- %fol \ \/H

anism since the substrate usually has to coordinate for the cl H

C=C bond to be reduced. H

Fig. 9. Proposed dihydrogen intermediate in the hydrogenation of cyclo-
rate = k[Ru][substrate][H] (8) hexanone catalyzed by RuHCI(CO)((REl,)3CMe) [72].
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ring-opening step to allow the aldehyde and dihydrogen to
coordinate.
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pre-equilibrium H dissociation and then rate determining
re-addition step. In the HI mechanism ldissociates from

Cationic complexes containing phosphorus and nitrogen RuHs(PPh)3 when the ketone coordinates, an alkoxide in-

donors [RuCI(PP§)2(P,N,N'-PPh_,(py).)]PFs (x = 2, 3;
py = 2-pyridyl) catalyze the hydrogenation of an aldimine
at 20°C, 36atm H in MeOH [74] but hydrides were not
detected.

The bis-dihydrogen complex RuH(T{H2)2, Tp* =
hydridotris(3,5-dimethylpyrazoyl)borate is both any-H
hydrogenation catalyst and aRrOH transfer hydrogena-

tion catalyst (see Tl section below) for ketones (acetophe-

none, acetone, cyclohexanone) but not aldehyfi#s
(Table 3 entry 8). The complex RuH(T{cod), cod=

termediate RUH(OR)(PRJy forms (refer toScheme Band
then H re-coordinates to this intermediate in the rate deter-
mining step66]. This is followed by the fast elimination of
alcohol and reaction with fto reform RuH(PPh)s.

Hayashi et al[45] studied the hydrogenation of ketones
catalyzed by Rub{PPh)4. They found that it was some-
what active for the hydrogenation of trifluoroacetophenone
in toluene at 100C, 1 atm k (Table 3 entry 10). For com-
parison, RUGI(PPh)4, is an HI catalyst at 125 88 atm for
the conversion of acetophenone to the alcdBdal.

1,5-cyclooctadiene, has the same activity and presumably
leads to the same catalyst as the bis-dihydrogen complex.2.1.2. Catalytic HI hydrogenations in water
These are rare examples of a Ru hydrogenation catalyst that Basset and coworkers discovered that the addition of Nal

do not contain phosphine ligands.

Ruthenium carbonyl clusters are somewhat active
for the hydrogenation of polar bonds. For example
RuwH4(CO)s((—)-diop), catalyzes the hydrogenation of ace-
tophenone to 1-phenylethanol in 1% e.e. (120130 atm,
toluene)[76]. The clusters RiH4(CO)[P(CH,OCOR}]a4,

R = Me, Et, iPr, tBu, have activity as catalysts in the hy-
drogenation of carboxylic acids (100—13D, 130 atm). The

dramatically activated ruthenium complexes of the water
soluble phosphine PgEl4-m-SOsNa)s (tppts) in the hydro-
genation of propionaldehyde in water at T@) 50 atm H
[82—84](refer toTable 3 entries 11 and 12). The complexes
included [RuCh(tpptspl2, RuHCI(tppts), RukHp(tpptsy

and RuH(OAc)(tppts) These were isolated and charac-
terized by NMR [84]. While the catalyst precursors are
water-soluble, the substrates used are not miscible with

hydrogenation of the ester group on the ligand produces anwater. Hence, the whole catalyst system is actually biphasic.
alcohol and a P(CkDH)3 ligand that then reacts with the Experimental results suggest that each of these complexes,
carboxylic acid substrate to regenerate the ester ligand. Thein the absence of Nal leads to the same active catalyst species

exact mechanism is not known but this might be classified
as an HIL mechanism.

The complex Ruk(PPh)3 (now known to be Ru(h)
(m3-H)(PPhy)3 [77]) was found by Linn and Halperi66]

in H2O, namely RuHL3 (Fig. 10. Starting from any of the
tppts precatalysts, under the same catalytic conditions, sim-
ilar turn-over-frequencies of about 0.8hfor the conver-
sion of propanal to propanol have been observed af €00

to be the catalyst responsible for the catalytic hydrogenation (Table 3 entry 11).

of cyclohexanone in THF when starting with the anionic
hydride precatalyst K[Ruk{PPh)3] [78,79] The RuhH

The catalytic reactions using [Ru@pptsh]. as a pre-
catalyst were shown to be first order in Ru, substrate con-

compound catalyzes the hydrogenation of cyclohexanonecentrations and dihydrogen pressure akdn (11)

in toluene at 25C, 1atm H (Table 3 entry 9). The rate
law for the catalytic reaction was determined to be given
by Eq. (10)with k = 1.3 x 103M~1s~1 at 20°C:

rate= k[RuHs(PPh)s][ketone] (10)

The stoichiometric reaction between R4(APK)s and
cyclohexanone produces the same rate lalz@s(10)and
therefore this reaction is the turn-over-limiting step, mak-
ing it look like an HO cycle with the outer sphere attack
of the hydride on the ketone. In fact we suggest that it
could even be an HOL mechanisiig. 3) where the some-
what acidic dihydrogen ligand assists in the hydrogenation
by transferring a proton when the hydride is transferred.
However, there is an easy loss of Hrom this dihydro-
gen compleX20,66,80] In fact, the dehydrogenation of al-
cohols catalyzed by RuHPPk)3 in the presence of base
was explained by the efficient loss of, Hrom this com-
plex, although at higher temperatui@8]. Therefore, Linn

and Halpern proposed an HI mechanism where the lack

rate= k[EtCHO][Ru][H2] (12)

1/2[RUC|2L2‘|2

N
Hy, L, HZOT

L
+H,0,-L Hy, | oL
Ru(H),L 4 4—;> ; u\V
HY | TOH.

L

-Hzo lT +H20

L
|

Ru(H)CIL;  Ru(H)(OAC)Ls

J

H/'Ru‘\\L
H” | YO

L

of a dihydrogen concentration dependence in the rate lawrig. 10. Formation of dihydride complexes in water when L

of Eg. (10)was rationalized by the canceling effects of a

= P(GsHs-m-SOsNa); (tppts).
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A reaction scheme identical t8cheme 3was proposed
where the active catalyst RuHppts) is formed by dissocia-  values Fig. 11).
tion of H>O from the catalyst precursor Rutipptsy(OH>). The activity of the dichloride catalyst precursor towards
The turn-over-limiting step is proposed to be the reaction of the catalytic hydrogenation of GOs also a function of the
the alkoxide RuH(OCbLEL)(tppts} with dihydrogen, as in  pH of the water solution. The hydrogenation initial rates are
Scheme 3 the greatest at pH 5.9 where the optimum concentrations
In the presence of Nal in water, all of these complexes of CO, and HCQ~ are present. The highest activity was
are thought to be converted to RuHI(tppt§H.), the observed when the pH of the reaction mixture was controlled
active catalyst. The turn-over frequency increases from by the use of the C&HCOs~ buffer by varying the CQ
0.8h 1 at 100°C without the Nal to 2000 at 3% with pressure (TOR= 807 hr1).
Nal. The sodium cation is postulated to assist in the ox- In acid, the catalytically active species is thought
idative addition of HRCON® to the hydride [RU]JH to to be of the form [RuHX(ptaj™, X = CI= or Hy0.
produce a Ru—C bonded hydride alkoxyalkyl complex, The hydride is proposed to attack bicarbonate to form
(H)[RUV](C(ONa)RH). Hydrolysis of the ONa bond, reduc- [RuH(OCH(OH)O)(pta)]~ (stepl, Scheme Bthat is pro-
tive elimination of the alcohol product, and rate-determining tonated (stedV) to release formic acid and water. This
addition of H completes the cycle. Therefore, unlike the leaves a complex such as Rgtay (X = CI~ or Hy0)
other HI mechanisms discussed, the hydride addition occursthat reacts with K to regenerate the monohydride.
in a reductive elimination step. Another interesting catalytic system that shows pH depen-
Laurenczy et al. have developed an interesting catalytic dence is based on [Ruftppms}],> (tppms = (3-sulpho-
system for the hydrogenation of G@nd HCQ~ in water natophenyl)diphenylphosphine sodium sdBRB]. Similar
[85]. Their catalyst precursor is Rufpta)y, (pta = 1, 3, to the tppts complexes discussed above, it is used in catal-
5-triaza-7-phosphaadamantane). The fate of Rip&), is ysis in biphasic systems. Unlike the complex Ry(@ta),,
dependent on the pH of the solution. In a strongly basic this complex can be completely converted to Ru hydride
medium (pH = 120), it gives thecis-dihydride species  species in water underdand in the presence of the tppms
cisRu(Hy(ptay upon treatment with Bl However, in ligand. In acidic media, the dichloride gives the mono-
acidic solutions (pH= 2.0) it gives the monohydride hydride Ru(H)Cl(tppms) while in basic media it gives
Ru(H)(X)(ptay (Fig. 11). The X ligand might be Ci or mainly the dihydride Ru(H)(tppms). The mono- and
H>O and can be easily exchanged with pta. However, the di-hydrides coexist in the & pH < 8 range. The com-
mole fraction of Ru as RuH and RuHks very low (5%) at plex [RuCh(tppms)], was tested as the precursor for the
25°C and at 80 atm of bl The rest of the Ru is still present  catalytic hydrogenation ofranscinnamaldehyde. At the
in the form of RuCj(pta)y. Both hydrides can be also ob- pH range from 3 to 4.5 the product of the hydrogenation
tained from the reaction of [Ru@®)s]>*, a stoichiometric is almost exclusively the dihydrocinnamaldehyde (3-phenyl
propanal) that is formed via selective hydrogenation of
the G=C double bond. Above pH 5, the hydrogenation of
the GO bond predominates and the product is cinnamyl
alcohol (3-phenyl propenol). Since in the pH range of the
C=C bond reduction, the predominant hydride species is
the monohydride, it is reasonable to suggest that this is
the catalyst. On the other hand, at a pH of 4.5 and above,
the predominant Ru hydride species is the dihydride and it
can be assumed that it is the catalyst for the hydrogenation

amount of pta and dihydrogen gas at the corresponding pH

RUCI L, or [Ru(H,0)gl%* +4L

Hzo, 60 bar H2
pH=2

Hzo, 60 bar Hz
pH = 12

L of the G=O functionality. In all of the reported catalytic
" ‘ o Lo, ‘ o reactions, the formation of the fully saturated product
/""Ru“‘\\\ "R (3-phenylpropanol) was negligible. Hence, the selectivity
R \L i | \H of the dichloride precatalyst towards eitheF©C or GO

H
L//,,//, \\\\\\\\

=™
L

0

L=pta

Fig. 11. The formation of Ru(ll) hydride species in water with the ligand
L = pta at low and high pH conditions; % CI~, CO3H~ or OH,.

bonds can be tuned by the pH of the solution.

2.2. Hydride transfer to the substrate in the outer
coordination sphere (HO)

Early transition metal hydride complexes are sufficiently
hydridic to catalytically hydrogenate ketones in a catalytic
ionic hydrogenation mechanis{86]. An HO-like mecha-
nism with Mo(ll) or W(Il) hydrides and E= H™ in Fig. 3
was proposed. Recently, examples based on ruthenium have
appeared.
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Scheme 4. The hydrogenation of iminium ions catalyzed by Ru@#jé&
((§9-chiraphos), an HO mechanisfa7].

Scheme 4shows the mechanism proposed for the slow
asymmetric hydrogenation of iminium ions catalyzed by the
complex RuH(GHs)((SS)-chirophos) in CHCI, at 20°C
(2 days, 57-80% yield, 35-60% e.B))[87]. The relatively
high hydride affinity of the iminium ion permits the outer
sphere hydride transfer reaction. The loW,pof the dihy-
drogen ligand88] ensures that the hydride is regenerated
by the intermolecular heterolytic splitting by reaction with
the amine product of hydride transfer.

A second example is the hydrogenolysis of the trimethylsi-
Iyl enol of 2-cyclohexen-1-one catalyzed by the acidic dihy-
drogen complex [RuCl(R(PPhCH>,CH,PPh),]OTf [89].

In this case outer sphere proton transfer from the dihydrogenare

creates the hydride complexans-RuHCI(PPRCH,CH,-

PPh), and causes the cleavage of the Si—O bond to pro-

duce cyclohexanone and N®IOTf. The hydride that is
produced is then transferred to the outer spherg3aTf

to produce [RUuCI(PRICH,CH,PPh)]™. This complex
then reacts with Bland restarts the cycle.

2.2.1. Hydride transfer to the substrate in the outer
coordination sphere with ancillary ligand assistance (HOL)

A non-classical outer sphere mechanism for the hydro-

genation of polar multiple bonds is shownSgheme 5This
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Scheme 5. A general scheme for thg ltydrogenation of polar bonds cat-
alyzed by ruthenium catalysts where the hydride addition to the substrate
in the outer coordination sphere is assisted by an ancillary ligand (HOL).

form the original hydride complex0. We will consider two
main cycles of this type, one involving an NH group on the
ancillary ligand and one involving an OH group.

2.2.2. Hydride catalysts that exploit an NH group on the
ligand (the “NH effect”) in an HOL mechanism

As mentioned inSection 1.1 Noyori’'s group discovered
the “N-H" effect when they found that the addition of di-
amines such as ethylenediamine to Ri{EPh)3 and base
in iPrOH, greatly increased in the activity of the system
toward the catalytic B hydrogenation of ketonef,90].
Diamines without NH groups such as NM&H,CH>;NMe;
ineffective. Similarly RuGl(diphosphine)(diamine)
systems with chiral diphosphines such &-lfinap, when
matched with chiral primary diamines such aBR)-
NH>CHPhCHPhNH ((RR)-dpen = (RR)-1,2-diphenyle-
thylenediamine) or RR)-(NH2)2CgH10 ((RR)-dach =
(R,R)-1,2-diaminocyclohexane), are also extremely active
and enantioselective catalysts for the hydrogenation of a
wide variety of ketone§6,8,91-112Jand imineg102,113]
Hydrides of the typetransRuHX(diphosphine)(diamine),
X =H, CI, or OR, were thought to be the active catalysts
but at first little direct evidence for hydrides was provided
[6,8,91,99,114-117]It was recognized that at least two

mechanism involves a hydride on the ruthenium catalyst andequivalents of base (NaPr or NaQBu) in isopropanol

a proton on one of the ancillary ligands in a position to form
a hydridic—protonic interaction (structut®). The substrate
1 coordinates in stepby forming an outer sphere interaction

were required to generate the active catalyst from the
RuCh(diamine)(diphosphine) precataly$8]. Therefore,
the formation of a dihydride would be logical based on the

between the atoms of its polar multiple bond and the proton precedent that dihydrides are produced by two successive

and hydride of the complekl. This interaction allows for

loss of chloride, coordination of dihydrogen, and deproto-

the simultaneous transfer of the hydride and the proton (stepnation by a strong base in Ry@diphosphine) systems

[1) producing the hydrogenated substratend a ruthenium
complex with a vacant coordination sif. This 16-electron
ruthenium center is usually stabilized mydonation from

(seeScheme 6diphosphine= PR.CH,CH>PR,, R = Et,
Ph)[118].
Diagrams showing the stereochemistry of the reac-

the deprotonated ligand into the empty d-orbital. Hydrogen tion between atransRu(H)(X)(L)(L) catalytic species,

gas can then coordinate at this open sité¢)(producing a
dihydrogen complex intermediate or transition stelBeThe
dihydrogen ligand heterolytically cleaves in stp to re-

X =H or Cl and a prochiral ketone have been drawn
to explain the enantioselectively with respect to alco-
hol formation. Cao and Zhang proposed the diagram
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+ Na'

RUCI,(L)(L) — [RuCIL)(LY]*
-Nacl l +H,
+OR

Ru(CH(H)(L)(L") <— [RuCI(L)(L)(HI*
+Na' l -Nacl  “HOR

+H,
—  [Ru(H)L)L)HI*
+ OR‘l -HOR

[Ru(H)(L)(L)*

Ru(H)2(L)(L)

Scheme 6. The formation of the dihydride RyH)(L’) via the de-
protonation of two successive dihydrogen complexes where (L}
(diphosphine) (observed) or (diamine)(diphosphine) (proposed).

shown in Fig. 12(a) to explain the enantioselectivity
in producing the $-alcohol by reaction of prochi-
ral aromatic ketones with a hydride catalyst with £
(2R 2'R)-bis(diphenylphosphino)-&,1'R)-dicyclopentane

(a chiral diphosphine) and’L= (R R)-1,2-diphenylethyl-
enediaming114]. The proposal was based on a structure
suggested by Noyori. Yamakawa et al. propoBeyl 12(b)

to demonstrate why carbonyl reductions are so efficient
while C=C bonds are not touched15]. Noyori’s group
had previously shown that a substructure on octahedral
Ru(ll) with the stereochemistry fac-RuH(NHR-NH>),
where R is a linker group, was needed for efficient, enan-
tioselective hydrogenation. In this case, they postulate
that after hydride and proton transfer from this catalyst to
the ketone, there is formation of an amido—amine com-
plex RuX(NH-R-NH)(PRs)2 where (PR)2 represents

two monodentate or one bidentate phosphine ligand. This

complex reacts with dihydrogen as fBcheme 5to re-
generate the hydride catalyst RUHX(BHR-NH2)(PRs)2.
Abdur-Rashid et al. useHig. 12(c)to explain the produc-
tion of (§-aromatic alcohols byrans-dihydride complexes.

These were proposed to be the active catalysts in Noyori's

systems with IR)-binap and matched chiraR(R)-diamines

[119]. The effective diamines have equatorial substituents
that lock the five-membered Ru—N-C—C-N chelate ring
and position one axial NH on each side of the (usually)
Co-symmetrical catalysts. The OL hydride addition to the

(b)

C— Ryi
=0 v Nbig
L 9 Rmﬂf-Q\~
B \ —r7 !
=3 b N b P H
1 \ 1
[ 1 A '
N H Vi H ' N Hax
AN H N N
< - \\\N \\\N AN ayiReq
- u\|i| X(PR3)2RU\ 7 =N\ LRy
P NH N
X \ 2 lIH“
eq
x=H,cl H

Fig. 12. Proposed structures of the transitions states foHH transfer
that determine the enantioselectivity of the ketone reduction{1(&3];
(b) [115]; (c) [119].
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ketone leads to only theSf-alcohol when the large group
on the ketone avoids the bulky binap side of the dihydride
catalyst.

Hartmann and Chen have provided evidence that the
nature of the cation with the alkoxide base is important in
the Noyori RuCH((9-binap)(§S)-dpen)/base/isopropanol
system for ketone hydrogenatiofill7]. The potas-
sium ion is found to be optimum for catalyst activity.
They suggest that the structures of thransdihydride
RuHy((9)-binap)(§9-dpen) and the corresponding amido—
amine complex produced by hydrogen transfer to the ketone
have a natural binding site for’Kand that this ionic elec-
trophile can assist in the activation of the ketone to hydride
attack as shown ifrig. 3and in the splitting of dihydrogen
by positioning the alkoxide for an efficient deprotonation
reaction.

Our lab [47,48,119] obtained evidence for the hy-
drides in the catalytic cycle for these diamine systems
and proposed the mechanism shownSoheme 7 The
diamine complextransRuHx((R)-binap)(tmen), tmen=
NH,CMe,CMe;NH» is an active catalyst for the hydro-
genation of prochiral ketones to chiral alcohols in ben-
zene without added base or other additiy#$9] (Table
3, entry 13). The completransRuHCI((R)-binap)(tmen)

Iis not a catalyst but is a precursor to the dihydride cata-

lyst by reaction with hydrogen and base as indicated in
Scheme 6

Thetrans-dihydride is an octahedral Ru(ll) complex con-
taining chelating diphosphine and diamine ligands and is
completely characterized by NMR, IR and single crystal
X-ray diffraction [119]. The protons on the diamine allow
for the hydridic—protonic interaction shown3theme &nd
observed in the structure with aligned Ru—H and NH groups
on each side of the molecule with-H- H distances of about
2.3 A (Fig. 13. The hydrides have enhanced reactivity due

to their mutuallytrans configuration (se&ection 1.3,

AR
o TN e
7 T
(AT S
H NH; g ! SNH,
\Hz
H
H
) R
¢ P/R( R1/>;0H
Ii \NHz H

Scheme 7. The hydrogenation of ketones catalyzedrdoysRuH((R)-
binap)(tmen) and RuH(NHCM€E€Me;NH3)((R)-binap) in benzene.
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Fig. 13. The structure dfansRuH,((R)-binap)(NH.CMe,CMe;NH>) as
determined by single crystal X-ray diffractigdi19]. Atoms on the binap
phenyl rings have been removed for clarity (structure RAMGER from the
CCDC[67]). Fig. 14. The structure of RuUH(NHCMEMe;NH,)(PPh), as determined
by single crystal X-ray diffraction. Atoms on the phenyl rings have been
removed for clarity (structure XUPNAX from the CCDC).

The ketone is proposed to react with this dihydride by ac-
cepting a hydrogen bond from the axial NH on the diamine
and then receiving both the hydride from the metal and the  The first structural evidence for an amido-amine hy-
proton from the ligand in a concerted fashion according to dride complex like the one oScheme 7 was obtained
the OL mechanismAig. 3). Calculations on the reaction of ~from crystals of the analogous triphenylphosphine complex,
the model complexrans-RuHyx(NH>CHoCHaNH») (PHs)2 RuH(NHCMeCMe;NH>)(PPh). (Fig. 14 [47].
with acetone show that this is a very facile, low activaton ~ The geometry at the metal is between that of a distorted
energy proces§47]. In this way, the amido—amine com- trigonal bipyramid with axial amino and Pgllonors and
plex RuH(NHCMeCMe;NH,)((R)-binap) is produced as in that of a distorted square pyramid with the hydride in the
Scheme 7The ease of the reaction is confirmed by the ob- apical position. The amido nitrogen is trigonal planar and
servation of the fast reaction between the dihydride and ace-nas a shorter N-Ru distance than that of the amino nitro-
tophenone to give the amido—amine compl&at{e 2 entry ~ 9en. This is evidence fopm(N) — dw(Ru) bonding in
7). This complex has been isolated and characterizédHby ~ the REN bond. The structure allows dihydrogen addition
and3!P NMR and IR spectroscopy and was found to react approximatelytransto the hydride with minimal structural
with hydrogen gas to give back RuH{R)-binap)(tmen) thus reorganization. The coordination of dihydrogen occurs at
completing a turn-over of the cycle Bcheme 7 [119]The  the expense of the loss of the Ru-iNbonding and this
reaction of the dihydride with P produces H, HD, and accounts for part of the barrier to dihydrogen activation.
incorporates deuterium into the hydride and amino proton Coordination causes the dihydrogen to become acidic and
positions. the amido nitrogen to become pyramidal and basic thus
The rate law for the hydrogenation of acetophenone cat- initiating the heterolytic splitting of the H-H bond. The
alyzed by this dihydride was determined by monitoring the amido-amine complex RUH(NHCMEMexNH2)(PPH)2 is
rate of the reaction as a function of catalyst, ketone and hy- & Very active catalyst for ketone hydrogenation and its rate

drogen concentrations and is given By. (12)wherek = law for the hydrogenation of acetophenonéig (12)with
33M-1s1at20°C: k=115M"*st

The complex RuH(HCQ)(PPh)2(tmen) was synthesized
rate= k[Ru][H2] (12) to model aspects of the transition state for the step where the

H*/H™ equivalents transfer the ketone. The X-ray crystal
The rate law indicates that the addition of dihydrogen to the structure shows that the formate hydrogen bonds to an axial
amido—amine complex RUH(NHCMEMe>NH»)((R)-binap)  NH and the carbon of the formate is positioned over the

is the turn-over-limiting step in the catalytic cycl[d7]. ruthenium via the Ru—O bond just as the respective atoms
The negative entropy of activation ef23 calmoftlK—1 of a ketone are positioned in the transition state shown in
also supports this conclusion. DFT calculations actually Fig. 12(c) [47]

predicted the finding that the heterolytic splitting of di- Some reactions of the amido—amine and dihydride cat-

hydrogen would have the highest activation energy of the alysts with ketones and alcohols under Ar were also in-
steps in the cycle oBcheme 7efore these measurements vestigated. Evidence was obtained by use'ldfand 31P
were madd47]. Noyori and Okhumg8] also had reported  NMR studies for the reversible addition of alcohols to
that this step was likely to be rate determining because of the amido—amine complex RuH(NHCMeMe;NH»)((R)-

the sensitivity of the hydrogenation rate of their catalysts to binap) in GDe to give first alcohol adductsransRuH-
the hydrogen pressure. (NHCMe,CMepsNH2)(OHR)((R)-binap) and then alkox-
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cistrans-dihydride has been completely characterized in-
. Ru cluding its structure by X-ray diffractiorF(g. 15).

The cis-dihydride isomers are precatalysts that can be
isolated but it is the very unstabteans-dihydride isomer
{ ( L P [46] that is the catalyst along with the amido—amine com-
‘ plex RuH(R R)-NHCsH10NH2)(PPH3)2 for the hydrogena-
#_&"" _ tion of ketones and imines without base or solvent accord-
‘ ing to a similar HOL cycle to the one dcheme 7 Ini-
tially a cis-dihydride mechanism had been proposed but we
‘ now know that a slow isomerization generates the active
species[48]. This is shown by the rates of the stoichio-
metric reactions of these isomers with acetophenone and
the e.e. of the alcohol obtainediable 2 entries 3-5). The
cis-Hp,trans-P, isomer reacts very slowly with acetophe-
none while thecis-Hy,cis-P, isomers (two diastereomers)
react quickly with the ketone to give the alcohol in low e.e.
The transHy,cis-P, isomer is generated by reaction op H
with the amido—amine complex at20°C and reacts with
acetophenone to produc&<{l-phenylethanol in approxi-
ide complexestransRuH(OR)(R)-binap)(tmen). The di-  mately the same e.e. as is obtained in the catalytic hydro-
hydride trans-RuH((R)-binap)(tmen) also reacts with an genation reactions. The low reactivity of this, transiso-
excess of alcohol in the absence of base under Ar to elim-mer may be a result of the hydride being situatieohs to
inate B and give these adducts that are in equilibrium the lowtransinfluence nitrogen ligands and the NH not be-
with the amido—amine complexes and difficult to isolate. ing lined up parallel to the Ru—H bonds in hydridic—protonic
Since the amido—amine/alkoxide complex equilibrium is bonds.
reversible, the alkoxide complexes can serve as precat- Many types of hydride precatalysts and catalysts have
alysts, allowing entrance to the cycle &cheme 7via been prepared by a very flexible method starting with the
the amido—amine complex. The amido—amine complex complex RuHCI(PP¥)3, as shown irScheme 8
also reacts with acetophenone under Ar, first to give a The hydride complexesrans-RuHCI(diamine)(diphos-
ketone adduct, then a coordinated enolate RuH(GCPh phine), diamine= (RR)-dach, R R)-dpen, diphosphine=
CHy)((R)-binap)(tmen) and finally an interesting decom- (R)-binap, R R)-dppach (PPsNHCgH1oNHPPh) have
position product RuH{>-CH,CPhCHCPhO)®)-binap) been completely characterized and shown to be active
formed by an aldol condensation reaction along with diamine precatalysts in the asymmetric hydrogenation of neat

c H

Fig. 15. The structure o€istransRuH;(PPh)2((R,R)-dach). There are
no RuH --HN hydridic protonic interactions. Atoms of the phenyl rings
have been removed for clarity (structure WIZHES from the CCDC).

elimination from the comple§47]. The RuH(NHCMe- ketones and iminesTéable 3 entry 18) in the pres-
CMe;NH)(PPR)2 complex undergoes similar reactions ence of base[102]. Presumably HOL cycles are in-
with ketones and alcohols. volved that are similar to that oScheme 7 Solutions
The isomeric dihydrides cis-(H)2,trans(P)-RuH;- of the complexegransRuHx((R)-binap)(R,R)-dpen) and
(PPR)2((RR)-dach) cis,cis- RuH(PPR)2((RR)-dach),and  transRuHx((R)-binap)(R,R)-dach) were prepared by react-
transcis-RuHx(PPh)2((R,R)-dach), dach= diaminocyclo- ing the respective complexesans-RuHCI(diphosphine)-

hexane have also been generated in our[%&48] The (diamine) with the strong bastBuN=P(-N-P(NMe&»)3)3

H ! H
o pl P diamine P, | N KO'Bu P | \“Hz
'~ P - U\‘ e "'Ru“‘\
| P P | N Y
Cl cl 2 N
-P l diphosphine -2P ldiphosphine
H H 4 Hoop,
_ 5
| WP diamine Pu,, | W\ N H, P/I/,,, a N
P—Ru; — RU > —_— RU >
| Y P | N KoBu \p* | YN
cl a M Ho M

Scheme 8. Preparation of catalyst precursors of the type RuHCI(diaming)@# RuHCI(diamine)(diphosphine) and the amido—amineti@ms-dihydride
catalysts (EPPh, diamine= (RR)-dach, RR)-dpen, tmen; diphosphine (R)-binap, R R)-dppach[102]).
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Sandoval et al. proposed an HOL mechanism that,
like Scheme 7 involves the key dihydride catalyst,
\‘;\ . Ru transRuHy((S)-tolbinap)(§9-dpen), that forms readily
from the borohydride precataly$101]. Without a base,
‘r B the rate is independent of JHpressure in the range of
1-16 atm, while in the presence of a base, the reaction
rate increases with increasing Hbressure. The turn-over
number increases dramatically with the optimum amount
of base to over 20001 at 30°C, 4atm h (Table 3 entry
16). The e.e. of the alcohol product is unaffected by hydro-
gen pressure, the presence or absence of base, the kind of
base and coexisting metallic or organic cations, the nature
of the solvent, or the substrate concentrations. This and
Fig. 16. The structure ofransRuH@'-BH4)((9-tolbinap)(§S)-dpen). other evidence indicates that two cycles are operating as
Atoms on the binap and dpen phenyl rings have been removed for clarity shown inScheme 9In the absence of base, the intermediate
(structure IFOCUB from the CCDC). [RuH((9-tolbinap)(69-dpen)]" is thought to be produced
by protonation of the amido—amine complex as shown in
in CgDg under 1atm H [119] and identified by'H NMR cycle Il. ESI-TOFMS and NMR spectroscopy was used to
spectroscopy as triplets at4.5 and —6.1, respectively. identify this complex.
The 3P NMR resonances were singlets as expected. The This cation likely has a high affinity for dihydro-
complex transRuHy((R)-binap)(R,R)-daipen), daipen= gen [17] and reacts to form the postulated intermedi-
NH,C(CsH4-4-OMe)CHiPrNH, does not have a symme- ate trans[Ru(H)(m?—Hz)((9-tolbinap)(69-dpen)l" of
try axis and therefore produces two triplet hydride reso- Scheme 9 This dihydrogen complex will be acidic and
nances in théH NMR spectrum at-4.32 and—4.66 ppm will be deprotonated to generate ttians-dihydride species
(no 2Jun coupling is resolved). [32]. In an HOL transfer, the ketone is hydrogenated to
The activity of Noyori's catalysts for asymmetric ketone the chiral alcohol according the transition state structure
hydrogenation to high e.e. is amazingly high. The TOF for shown in Fig. 12(c) In the presence of excess base in
the precatalyst Ru(Glf(9-tolbinap)(§9-dpen) inthe pres-  2-propanol or if the solvent is toluene, cycle | is pre-
ence of base at 3@, 45atm H is 2x 10°h~1 [8] (Table 3 dominant. This is the same one that is observed for the
entry 14). In order to understand the action of this catalyst, RuHx((R)-binap)(tmen) catalyst described above. At an op-
Noyori's group has prepared the related hydride precatalyststimum concentration of base it is postulated that both cycles
trans-RuHm!-BH,)(diphosphine)(1,2-diamine),  diphos- operatg101].
phine = (§-tolbinap, §-xylbinap, diamine= (S9-dpen, Isotope effect studies suggest that the deprotonation
by reaction of the respective dichloride complexes of coordinated dihydrogen by the amido ligand is the
transRuCh(diphosphine)(diamine) with NaBH100,101] rate-determining step of cycle I. There is a marked decrease
These are very active for the asymmetric hydrogenation of in the rate of hydrogenation when it is done underddm-
ketones iniPrOH without added base to chiral alcohols in pared to H. This decrease is due to the decrease in acidity
high enantiopurity. For exampldR)-phenylethanol in 82%  upon going from coordinated Hto D,. This evidence is
e.e. is produced by hydrogenating acetophenone by use oSupported by the fact that the decrease in rate is smaller
the tolbinap precatalyst ilPrOH in the absence of base when base is added to the system.
with turn-over numbers of about 900hat 30°C, 4 atm b Mikami et al. [110] reported the interesting result that
(Table 3 entry 15). The tolbinap complex was character- the R)-diamine 3,3-dimethyl-2,2-diamino-1,1-binaphthyl
ized by single crystal X-ray analysikif. 16 as well as by ((R-dmdabn) reacts with a racemic mixture of RpQR/S)-
NMR and IR spectra. An interesting feature of the structure xylbinap)(dmf), to give, with complete selectivity, only
is that two of the hydridic hydrogens on the borohydride RuChk((R)-xylbinap)(R)-dmdabn). When this mixture is
ligand act as hydrogen bond acceptors from NH groups then treated with §S)-dpen, it reacts completely and se-
on each end of the diamine. These non-classical hydrogenlectively with the rest of the Ru@{(S)-xylbinap)(dmf), to
bonds are sometimes referred to as dihydrogen brfs. give RUCh((9-xylbinap)(S9-dpen). When this mixture is
An advantage of these hydride precatalysts is that vari- used to hydrogenate (8 atmpHarylketones iriPrOH/KOH
ous base-sensitive ketones can be converted to chiral alcoat 20°C, the aryl alcohols are obtained in >90% eR). (
hols without undesired side reactions such as ester exchangeThey postulate that theSE)-dpen complex is the cata-
epoxy-ring opening, elimination, and polymerization of ke- lyst while the dmdabn complex is poisoned with respect
tonic compounds. In addition they maintain the high activity to catalysis. Theoretical studies on a cycle similar to that
observed previously for the dichloride precataly$80]. No of Scheme 7suggest that the splitting of dihydrogen is
transfer hydrogenation of the ketones occurs in the absenceamore difficult for the dmdabn-containing catalyst than for a
of Ha(g) under the mild conditions employed (20). similar dpen-containing catalyst.
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Scheme 9. A mechanism for the hydrogenation of ketones catalyzed hsatieeRuXY ((S)-tolbinap)(§9)-dpen) systenjl01]. Cycle | involves neutral
complexes and applies when catalysis is performed with 2-PrOH/base or in aprotic solvents. Cycle Il involves cationic intermediates when the medium
is a protic solvent without added base.

The complexestransRuCh(P-NHcyNH-P), P-NHcy- was determined to be that &q. (13)wherek = 130 and

NH-P = PPh(0-CgH4)CH2NH-CgH1o-NHCH,(0-CgHa)- K = 16 M1 in benzene and = 1230M ! and K =
PPh (refer toFig. 17(b) and RuC}(P-NH(CH)2NH-P), 1.2M~Yin iPrOH:
respectively, are active transfer hydrogenation catalysts for K[RU[H ]

ketones in basitPrOH, presumably by the TOL mechanism rate= (13)

(see below). Recently, Rautenstrauch’s group and our group

[121] reported that these complexes, as well as the corre-This was interpreted as a pre-equilibrium between the

sponding hydridetransRUHCI(P-NHcyNH-P) Fig. 17, amido—amine complexEg. (14) and the ketone and a

are very active ketone hydrogenation catalysts in the pres-turn-over-limiting addition of H to the amido—amine com-

ence of base inPrOH (Table 3 entry 17) or benzene and plex (Eqg. (15). These two processes compete with each

less active catalysts for their transfer hydrogenation (seeother and so an inhibition by the ketone is observed. The

TOL cycles below). The hydride complex is prepared by dihydride produced, probably #&ransdihydride, reacts

reaction of the tetradentate ligand with RuHCI(BRBhand rapidly with the acetophenone to produce 1-phenylethanol

exists as isomers according to the stereochemistry of thein low e.e. (20—-25%R) (Eq. (16):

nitrogen donors and the position of the NH groups. One

isomer is converted to the other with a catalytic amount of RUH(P-NCyNH-P + PhMeG-0

the base DBU. = RuH(O=CPhMe (P-NcyNH-P (14)
The rate law for the hydrogenation of acetophenone cat-

alyzed by the hydride complex in benzene or baBi©OH RuH(P-NcyNH-P + H, — RuHx(P-NHcyNH-P (15)

1+ K[acetophenone]

r=-=-
/ \
< ] \\
CI '
th é Ph2 Ph2 E Ph2

(@) (b)

Fig. 17. Structure of hydrogenation precatalysts with tetradentate PLNHFP ligands. The linking group between the nitrogens can be-R-CH,CH,—
—(89-CeH1o—.
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Scheme 10. The heterolytic splitting of dihydrogen at Ru(ll) to give a hydridic—protonic bond is proposed by Ch[i28]ah the mechanism of the
homogeneous hydrogenation of carbon dioxide.

RuH;(P-NHcyNH-P + PhMeG-0 — RuH(P-NcyNH-P Ph

Ph
+PhMeHCOH (16) ArﬁO Ho
—~Ph Ar

The HOL mechanism allows interesting tandem re- Ar OC\\vR‘U\H/R@ o
actions to be carried out in the same reaction pot. co oc/ %0 AT
Grubbs’ group has devised a tandem olefin metathesis,

ketone hydrogenation reactiofl22]. First the catalyst W I -RU(CO)(CPO) H
Ru(=CPhH)CL(PCys)(imes), imes= stable carbene, was g
used to cross metathesize styrene with methyl vinyl ketone Ph TH—
to produce thex,3-unsaturated ketone PhGBHCOMe. Ar - /\\ Ar Ph
Then ethylenediamine, NaOH and, H1 atm) was added Ar 7~ OHT™ A /@o
to convert the metathesis catalyst to the HOL catalyst gg\\vFi”\H/”' | ~__ ' PR
RuH(CI)(en)(PCy)(imes) (identified by NMR). The car- 2o =~ oc
bonyl was smoothly reduced to produce the allyl alcohol at or Ha2 co
1atm H, 25°C. N

An early example of the HOL mechanism was proposed co, HCOOH

by Chu et al[123]. The Ru complexes shown cheme 10
are part of a catalytic cycle for the hydrogenation of Q@
HCOOH. The RuH- - HNMezR interaction produced in the

heterolytic splitting of dihydrogen is thought to be impor- o . ] ]
tant in the HF/H— HOL transfer to carbon dioxide. Various Pridging hydride. There can be various substituents on the

mechanisms of this reaction have been explored theoreti-cyclopentadienyl ring (aryl or methyl) but they have the
cally [124,125] general structure shown Bcheme 11The X-ray structure
Another cyclopentadienyl system displaying high of the corr_lpl_ex with Ar= p-CgH4Cl has been determined
HOL activity toward ketones is generated by mixing &S Shown irFig. 18 These compounds promote the hydro-
RuCI(GsMes)(cod), cod = 1,5-cyclooctadiene, a chelat- 9enation and solvent transfer hydrogenation of aldehydes,
ing ligand, L-NFp, with a primary amine such as Ketonesand iminefd27-136] Shvo’s group originally pro-
NMe,CH,CH,NH,, KOH and the ketone at 1 atmyHand posed a HIL mechanism where the substrate coordinates to
30°C in iPrOH [126]. The active catalysts are thought the ruthenium, presumably with slippage of the cyclopenta-
to be RuH(GMes)(L-NH)/Ru(CsMes)(L-NH). The het-  dienylring and is attacked by hydride and the OH proton in

erolytic splitting of dihydrogen at the amido-L ligand @ Stepwise fashiof.30]. More recently, Casey’s group has
is thought to be assisted by th@rOH solvent. The reported deuterium isotope effects on rates of CH and OH

pair of proposed Ru catalysts is isoelectronic with the
RuH(X-NHy)(arene)/Ru(X-NH)(arene) transfer hydrogena- . R
tion catalysts discussed below in the TOL section. These i

@ C
@ o
¢« H

Scheme 11. The HOL and TOL cycles for the hydrogenation of aldehydes,
ketones and imines catalyzed by Shvo’s catalyst.

complexes along with the RuH(Tl{H2)> complexes in
the HI section are rare examples of ketone hydrogenation
catalysts that do not contain phosphine ligands. ‘
2.2.3. Hydrides that use a hydroxyl group on the ligand in G
the HOL mechanism

The pioneering research by Shvo’s group on ruthe-
nium(ll) hydrido carbonyl complexes with a cyclopentadi-
enyl group with a hydroxyl group provided early examples
of ligand-assisted hydrogenations (see also TOL exam- Fig. 18. Structure from X-ray diffraction of the complex Ru-H)

ples below)[127-130] This family of catalysts is dimers  (,,-CsPhy(CsH4CI)20H. - - OCsPhy(CsHaCl)2)(CO) where most of the
held together with an GQ-H---O hydrogen bond and a aryl groups have been edited out (structure FAJLIL).
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Fig. 19. The HOL of CQ catalyzed by RuH(Tp)(OR(PPH) in THF.

bond breaking and forming steps that support a concerted
HOL mechanism as shown iBcheme 1lat least for the
hydrogenation of benzaldehydé&35]. The IR spectrum

of the reaction solution displayg(CO) stretching modes
corresponding to the three species in 8eheme 11 [130]

The hydrogenation (25atm J of CO, (25atm)
in the presence of NEtto [NEt3H][HCO;] is cat-
alyzed by the complex RuH(Tp)(GEN)(PPh), Tp =
hydridotris(pyrazolyl)borate, in THH137]. Water was
found to strongly accelerate the turn-over frequency.
An HOL transfer to the C@ to produce formate as
shown in Fig. 19 was supported by theoretical calcu-
lations. The complete cycle is very similar to that of
Scheme 5with the splitting of dihydrogen by the pro-
posed intermediate Ru(Tp)(OH)(PPhto regenerate the
hydride RuH(Tp)(OH)(PPhk). The labeled complex
RuD(Tp)(CH;CN)(PPh) reacts rapidly with CQ (10 atm)
in wet THF-c§ at room temperature to produce the formate
complexes Ru{*-OCDO.HO)(Tp)(CHCN)(PPh) and
Ru(n'-OCDO)(Tp)(OH)(PPhy).

There are reports that the addition of alcohols and amines
to the catalyst systems RufPMe3)4 (X = Cl, OAc, H) in
sub critical CQ/solvent causes the acceleration of hydro-
genation of CQ to formic acid[138-140] These additives
might coordinate to the Ru and promote an HOL or HIL
addition to the CQ.

3. Homogeneous transfer hydrogenation of substrates
with polar bonds (T mechanisms)

The transfer hydrogenation and asymmetric hydrogena-
tion of ketones and imines is a useful protocol in or-
ganic synthesig5,12,13,15,95,141,142Many ruthenium

2221
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Scheme 12. The inner sphere transfer hydrogenation mechanism (TI).

list representative conditions for the hydrogenation sf0C
bonds and €N bonds, respectively, by some of the Tl and
TO catalysts reviewed here. The turn-over frequency (TOF
in h~1) is estimated as decribed above and is usually an ap-
proximate value.

3.1. Hydride transfer to the substrate in the primary or
inner coordination sphere (TI)

A commonly proposed mechanism for transition metal Tl
catalysts is shown ischeme 12 [115,141The right hand
side of the cycle is the same as that of the HI mechanism
(Scheme B A complex with a hydride and a vacant site is
required B). The unsaturated substrate coordinates in step
| and the hydride adds to the beta position in dteprhe
hydrogen transfer agent releases the coordinated alkoxide
or amide by protonation (1) and then delivers a hydride to
the metal byB-hydride elimination V). Elimination of the
oxidized hydrogen donoM) completes the cycle. The few
instances of the observation of ruthenium hydride species
that might be in the cycle will be discussed.

The work of Mizushima et a[44] will be used to illustrate

complexes have proven to be catalysts in these reactionghis cycle for ruthenium §cheme 1B They showed that

and several contain hydride§ables 4 and b The gen-
eral catalytic chemistry of ruthenium including that of
RuHx(PPh)4 as well as other ruthenium hydrides has been
reviewed by Naota et al. in 19983]. This included their
use in catalytic hydrogenation and transfer hydrogenation.

the complexcis-Ru(H)(PPh)4 is an active precatalyst for
the transfer hydrogenation from 2-propanol to ketones and
imines[44,144] Table § entries 1-3 lists the conditions for
selected reactions. The same activity for the reduction of
the imine PhCHN=CMePh by 2-propanol catalyzed by the

Transfer hydrogenations have also been discussed in a booklihydride is observed whether or not KOH is added. The

chapter{143].

well-known transfer hydrogenation catalyst Rp@&Ph)3

A variety of mechanisms have been suggested for theseis inactive in the absence of a base.

reactions but they can be classified, in many cases some-

what arbitrarily, as involving a hydride transfer to the co-
ordinated substrate, mechanism TI, or a hydride transfer to
a second coordination sphere substrate, Tables 4 and 5

Scheme 13s an adaptation of the mechanism that they
proposed for the imine reductidd4]. The ligands around
the metal in the species in the cycle are not identified. They
assume that a PRhlissociates from the precatalyst to give



Table 4
Representative conditions for the transfer hydrogenation of aldehydes and ketones (aromatic and aliphatic) to the saturated products

Precatalyst (Ru) Substrate (S) H donor (PH Additives (A) Ru:S:DH:A Solvent Conversion (%) Time (h) TemperaturérOF1 Cycle Reference
Q) (™)
1 Ru(Hp(Ho)(PPhg)3 4-Methylcyclo-hexanone iPrOH 1:100:300 iPrOH 91 1 25 91 TI [153]
2 RuH(PPh)g 4-Methylcyclo-hexanone iPrOH 1:100:300 iPrOH 33 24 25 1 T [153]
3 RuH(PPhg)g PhMeGO iPrOH 1:200:neat iPrOH 93 3 85 62 Tl [44]
4 RuHy(PPhg)4 Hexanal PhCHOH CgHsBr 80 30 TI [40]
5 RuCh(PPhg)3 PhMeGO iPrOH 1:200:neat iPrOH 0 3 85 0 T [44]
6 RuCh(PPhg)3 Cyclohexanone iPrOH NaOH 1:1000:neat:24 iPrOH 89 1 82 1800 TI [219]
7 RuHCI(PPh)3 PhMeGO HCOOH PhMeE0O/HCOOH 46 3 125 TI [81]
8 [RuH(Hp){P(CHyCHyPPlp)3}]BPhy PhMeGO iPrOH 1:250:12000 THF 96 5 60 50 Tl [160]
9 [RuH(Hp){P(CHCHyPPhy)3}]BPhy Cyclohexanone iProH 1:250:12000 THF 100 1 60 250 Tl [160]
10 RuH(CO)(PPh)3 PhMeGO HCOOH PhMe&O/HCOOH 28 3 125 T [81]
11 RuHCI(CO)(PPg)3 PhHGO HCOOH 1:760:1760 PhHE/HCOOH 47 3 Reflux 280 TI [220]
12 RuHCI(CO)(PPg)3 PhHGO HCOOH 1:760:1760 PhHE/HCOOH 23 0.27 m# 860 TI [220]
13 RuyH4(CO)g((—)-diop)y PhMeGO iPrOH Ru:1:2, [Ru] 1 mM PhMe&0/iPrOH 37 111 120 Tl [76]
14  RuyH4(CO)g((-)-diop)y PhMeGO iProH NaOPr Ru:1:2, [Ru] 1 mM PhMe€O/iPrOH 67 24 120 Tl [76]
15 [RyH3(CO)0]~ EtMeCG=0 iPrOH 1:100, [Ru] 1 mM iPrOH 95 6 82 16 T [171]
16 RuH(OTf)(bpzm)(cod) Cyclohexanone iPrOH NaOH 1:2100:neat:10 iPrOH 3 80 880 TI [166]
17 RuH(Tg)(cod) PhMeGO iPrOH NaOH 1:500:neat:500 iPrOH 70 30 TI [75]
18 RuH(T@)(cod) Cyclohexanone iPrOH NaOH 1:500:neat:500 iPrOH 95 1.7 70 400 TI [75]
19 RuH(TE)(Hp)2 Cyclohexanone iPrOH NaOH 1:500:neat:500 iPrOH 95 3.7 70 200 TI [75]
20 Ru(pcp)(OTH)(PPY) Cyclohexanone iPrOH KOH 1:1000:neat:20 iPrOH 82 27,000 TI [167]
21 RuCh(PPhg)(oxferphos), seeFig. 20 PhMeGO iPrOH NaQPr 1:200:neat:4 iPrOH 94 (>99% e.e.) 2 20 100 Tl [165]
22 [Ru(GsHs)(NCMe)(pn)ICR3SO3 PhMeGO iProH NaOPr 1:200:neat:2 iProH 99 24 25 8 T [164]
23  [Ru(GsHg)(NCMe)((R)-ppfa)]CF3SO3 PhMeGO iPrOH NaQPr 1:200:neat:2 iPrOH <5 (0 e.e) 25 82 80 TI [164]
24 RuCh(Lpr)(PPhy) PhMeGO iPrOH KOH 1:100:neat:1.5 iPrOH 85 72 83 12 TI [170]
25 RuCh{PPhp(CgH4SO3Na)}» PhHGO NaG,CH PPIp(CgH4SO3Na) 1:100:excess:10 40/aldehyde 99.5 15 80 67 Tl [163]
26 RuH(NHCOMe)(OHPr)(PCy3)2(CO) PhMeGO iProH 1:200 iProH >95 6 80 32 TIL [172]
27  [Ru(CGsMeg)(bpy)(OH)I(PFg)2 Cyclohexanone NagCH 1:200:6000 1O, pH 4 99 4 70 98 TO [173]
28  [Ru(GsMeg)(bpy)(OHy)I(PFg)2 (NaSQ3-4-CgHy4)MeC=0O  NaO,CH 1:200:6000 KO, pH 4 98 3 70 103 TO [173]
29 [RuCh(CgHg)l2 PhMeG-0 iProH NH, CHy CHy OH/KOH 1:200:neat:5 iProH 28 227 TOL [12]
30 [RuCh(CgHg)l2 PhMeGO iPrOH NH, CHy CHyNHTS/KOH 1:200:neat:5 iPrOH 28 86 TOL [12]
31 RuCl(§&9-NHoCHPhCHPhNTSs)(mesitylene) PhMgO HCOOH/NEg 1:200:neat HCOOH:NEt = 5:2 99 (98% S) 20 28 10 TOL [12]
32 [RuCh(CgHg)l2 tBUOOCCHCOMe iPrOH/KOH (1S2R)-OCHPhCHMeNHCHCgH4Ph  1:100:neat:2 iPrOH 99 (67% e.e. S) 25 20 46 TOL[192]
33 [RuCh(p-cymene)) PhMeGO iPrOH/KOH (1R,2S)-Aminoindanol 1:400:neat:4 iPrOH 72 (91% e.e.) 4 20 72 TOL [201]
34  RuCh((RR)-P-NH-cy-NH-P) PhMe€O iPrOH KOPr 1:200:neat:0.5 iPrOH 91 (97% ee. S) 25 23 7 TOL [204]
35 RuHCI(PPh)3 PhPrG0O HCOOH/NEg  Amine of Fig. 28 R =H, Ar =Ph  1:100:neat:5 HCOOH/NEt 100 (86% e.e. S) 120 60 0.8 TOL [206]
36 R (M-H)(-CsPhp(CgH4OMe)OH. - Cyclohexanone HCOOH NafH 1:7200:7200:1400 HCOOHH#D/ketone 100 3 100 3800 TOL [130]
OCgPhp(CgH40Me),)(CO)y

& mw: microwave heating.
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Scheme 13. Hydrogenation of imines by TI catalyzed by n
cisRu(Hp(PPh); (R! =Ph, R =Me, R® =CHyPh; R =2-Nap, 5 @
R2 =H, R? =CH,Ph; R =Cy, R = Me, R® = CH,Ph; imine = 5 X
dihydroisoquinoline derivativej44,144] g e
3glga°s &
a dihydride catalyst since this reaction has been reported - >
by others[43]. The hydride then adds to the imine to give ii’ 5335« )
the amido complex. Mizushima et al. provided evidence S |fEsd ©
for this step by running the reaction with deuterium labels o
on the solvent and catalyst. When the solvent is30D < =% g g
and the precatalyst is RukPPh)4, hydride is added to the F § § g8 5
imine MePhGNCH,Ph and, after protonation, the amine (./D). SS 5 g §
NpH2C-NH(CH,Ph), Np = naphthyl is produced at low Z |858¢° o
conversiorj44]. When the precatalyst is Ru(H)(D)(P8hin
CD30D, both hydride and deuteride are added to the imine @
and both NpHC-NH(CH;Ph) and NpH(D)C-NH(CHPh) ;% T
are produced at low conversion. The observation that the di- 2g 2 =®
hydride also catalyzes the isomerization of imines between T
RIR2C=NCH,Ph and RR2ZHCN=CHPh is also consistent 8| & o
with an intermediate where a ruthenium hydride has added Els z
across the €N bond followed byp-hydride elimination 5|8 |rtrroT 5
g £l |2gee &
The last steps infScheme 13have not been detected % TTT T *
but are reasonable based on precedents in the literature. g o
The amido complex is thought to react with 2-propanol % & ENENEN b
to produce an alkoxide complex and the product amine. 5le 55&5&
A stoichiometric reaction of this type has been observed 218 185685
by Bryndza et al. where the ruthenium amido complex =15 2222 4 %
Ru(GMes)(NHPh)(PMe), reacts with MeOH to produce | |€g€8g8 2 2
the alkoxide Ru(€Mes)(OMe)(PMe), [145]. The hydride S
complex is then regenerated Byhydride elimination from g g' £T
the alkoxide complex, a commonly observed reaction in Els Q < ‘I& §
transition metal chemistrjl46—152] § R L 9 I
This same catalyst system works for the Tl of ketones 0|8 |22f 9,<>Ej D
as well in the absence of bas@able 4 entries 2-4). |8 |eclTa gz
For example, acetophenone is reduced by isopropanol to o288 [£58 53 St
1-phenylethanol at 62 turn-over per hour at’8when the 2 S|e cerEeo ®0
dihydride catalyst is presefd4]. A similar cycle could be =y AN )
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proposed for these reactions. The dihydride R{#Ph),

is a catalyst for the transfer of hydrogen from 2-propanol to
the ketone CE{(Ph)CG=0 in toluene and also a catalyst for its
hydrogenatiorf45]. The stoichiometric reaction of this ke-
tone with Rub(PPh)4 is reported to produce the alkoxide
RUH(OCH(Ph)CE)(PPh)4, identified by'H and3'P{1H}
NMR and IR spectroscopy. This was shown to react with
isopropanol to release the alcohol HOCH(PhYCFhese
steps support the Tl mechanism. The dihydride is selective
for the Tl of carbonyl over olefin in the:,3-unsaturated
compound PhCHCHCOMe. Only the allylic alcohol
PhCH-CHCMe(OH) was detected at 27% conversjdd].

The dihydride RuH(PPh)4, in the absence of a base,
catalyzes the Tl of benzonitrile to a mixture of the ex-
pected amine benzylamine (6%), the imine benzylideneben-
zylamine (20%) and the secondary amine, dibenzylamine
(25%) in 51% conversiorkq. (17) [44] The first product is
thought to be formed by the reduction of PhCN, first to the
imine PhCH-NH, and then to the benzylamine PheNH-.

The second product, the benzylidenebenzylamine, is thought

to be formed by the transamination of the intermediate imine
PhCH-NH with the benzylamine:

PhCN+ iPrOH — PhCHNH, (6%)
+PhCHN=CHPh(25%) + PhCHNHCH,Ph(25%)
(7)

Lin and Zhou[153] reported that the dihydrogen complex
Ru(H)(H2)(PPh)s is a much more active catalyst than
RuH(PPh)4 at 25°C for the transfer hydrogenation of sub-
stituted cyclohexanones by transfer fraRrOH in the ab-
sence of basgl53] (Table 4 entries 1-2). However at reflux
temperatures, the two catalysts have the same TOF of abou
580 L. They proposed a catalytic cycle that is identical to
the general Tl one oBcheme 12vhere the active catalyst
RuHx(PPh)3 (5 in Scheme 1pis generated by loss of H
from Ru(H)(H2)(PPh)s. The cycle consists of coordination
of the ketone to give Ru(HJO=CRy)(PPh)3 (6) migration
of the hydride to form the alkoxide Ru(OCHRH)(PPh)3
(7) and release of the product by reaction wiBrOH to
produce the alkoxide Ru(OCHMYH)(PPR)s (15) that
undergoesp-hydride elimination to complete the cycle.
The reaction of the ketone with the dihydrogen complex at
room temperature in §Dg gave *H and 3'P{1H} signals
attributed to Rub(PPh)3 (—17.8 ppm (q); 57.5ppm (s),
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Scheme 14. Hydrogenation of ketones by transfer from 2-propanol cat-
alyzed by RuCGl(PPh)s/base. [Rul= Ru(PPh)s.

ruthenium and the hydride adds asSecheme 12At this
stage, the alkoxide hydride is reductively eliminated to pro-
duce a very reactive R(PPh)3 species or solvated version.
This oxidatively adds the O—H bond of the hydrogen donor
alcohol to produce the alkoxidehydride complex that leads
back to the dihydride catalyst.

This mechanism is consistent with chemical, NMR and
isotopic labeling experiments. First it is found that the com-
plexes RuCI(PPh)3; and RuHCI(PP¥)3 are ineffective as
catalysts for the transfer of hydrogen from cyclopentanol
to acetone in the absence of base while RiPh), is
an efficient catalysf42] as also noted by Mizushima et al.
Also the monohydride did not react with acetone at*&5
whereas the dihydride rapidlyi(> approx. 5min) reduced
acetone to isopropanol (séf@ble 2 entry 9). The reac-
tion of RuCh(PPh)3 with 2-propanol and KOH under Ar
produced a broad doublet of triplet hydride resonance at
—10.1 ppm (br, dtJpy = 35, 42 Hz) that was interpreted as
belonging to the Ru(h)PPh)s catalyst mentioned above
[42]. This resonance may be due to RuffPPhs)4 since
it produces this pseudo doublet of triplets resonance at this

respectively) although we note that these resonances arechemical shift (actually it is the AApart of a second order

very similar to those of RUHCI(PRJy and therefore may
be due to an alkoxide RuH(OR)(PPk The compound
assigned to Rup{PPh)s was unstable and converted to
other hydride-containing compounds.

Pamies and BéackvaJll5,154] have proposed an alterna-
tive mechanism for transfer hydrogenations catalyzed by the
dihydride Ru(H}(PPh)3 that is thought to be formed by
the reaction of the precatalyst Ry(®Ph)3 with base and
2-propanol. Most of the intermediates are similar to those
of Scheme 14seeScheme 131 The ketone coordinates to

AA’XX'Y, pattern). Aranyos et al. did report that the addi-
tion of Ru(HR(PPhs)4 increased the intensity of this reso-
nance. The complex Ru(k{(PPh)3(THF) was reported by
Chaudret et al[33] and Linn and Halperii66] to have a
somewhat similar hydride resonance, a quartet®d.3 ppm
(Jpy = 36 Hz) and Lin and Zhou also obtained this species
along with other hydrides by the reaction of cyclohexanone
with Ru(H)(H2)(PPh)3 in CgDg. Aranyos et al. also de-
tected in the!H NMR spectrum the broad resonance at
—7.0ppm due to Ru(H)fH2)(PPhy)s, a dihydrogen com-
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plex that is known to efficiently catalyze the transfer hydro- centration. They found that the aldehydes reacted rapidly,
genation Table 4 entry 1)[153] and the hydrogenation of and acetone, more slowly, witis-RuH(PPH)4 at 20°C in
ketoned66] (Table 3 entry 9). CDCls to give uncharacterized products.

In order to distinguish between the mechanisms of In a second study, Imai et dlL58] reported a mechanis-
Scheme 12and Scheme 14Pamies and Backvall used a tic study of the transfer of hydrogen from aprotic hydrogen
clever isotope labeling method that involves the racemization donors such as dioxane to aldehydes, especially hexalde-
of (9-alpha—deutero-1-phenylethanol,S){fhMeDCOH, hyde catalyzed byis-RuH;(PPh)4. In this case, the rate
catalyzed by the Ru@{PPh)s/base systerfil54]. The chi- law suggested that the reaction of the hydrogen donor with
ral alcohol is oxidized by the catalyst to produce PhMeC a ruthenium species was the turn-over-limiting step. They
on the left side of these Schemes while the catalyst trans-measured a kinetic isotope effect of 2.0 for the reaction for
fers hydride or deuteride to the acetophenone on the rightdioxane vs dioxanegdas the reductant. On this basis, they
side to produce the racemic alcohat-PhMeDCOH. The postulated that the slow step in the cycle was the oxidative
monohydride mechanism Tl would effectively lead to se- addition of a C—H bond of the H-donor by a Ru(0) interme-
lective deuterium-transfer from the carbon of the chiral diate of the type Ru(PRhs.
alcohol to the carbon of acetophenone, resulting in the ul-  The related complegis-RuHx(PMes)4 also reacts rapidly
timate production of racemic PhMeDCOH. On the other with aldehydesTable 2. The reaction with benzaldehyde
hand, if the oxidative addition of§-PhMeDCOH occurs  at —20°C produces one equivalent of benzyl alcohol that
as inScheme 14both hydride and deuteride will be present then reacts with the “Ru(PMg" to produce the alkox-
on Ru as Ru(H)(D)(OR)(PRMs and either could add to the ide complex Ru(OChCgH4)(PMe3)4aHOCH,Ph and other
carbonyl carbon of acetophenone to result in a nonselectivespecied41]. It seems that such dihydrides are nucleophilic
transfer of the isotope, producing both racemic PhMeD- enough to transfer hydride to aldehydes without phosphine
COH and PhMeHCOH. The second result was the one dissociation. At room temperature the complex promotes the
observed, thus supporting the oxidative addition mechanism Tishchenko coupling of the aldehyde to produce benzylben-
of Scheme 14nd disproving the usual TI monohydride cy- zoate. In this case the ruthenium(0) intermediate Ru@Me
cle of Scheme 12Although the monohydride Tl has been was invoked to explain this reactivif¢1]. In related chem-
ruled out, the scrambling of isotopes does not completely istry Perutz and coworkers have generated Ru(0) species of
prove the existence of the Ru(0) specieSeheme 14ince the type Ru(diphosphing)diphosphine= dmpe, dmpm) by
a different process might cause this scrambling. Isotope the photochemical elimination of Hfrom the dihydrides
exchange has been observed between a metal-hydride an&u(H)(diphosphine) and found that their reactions are ex-
acidic ligand-deuterium bonds of the type N-D, S-D or tremely fasf159].

O-D. This pathway is suspected of involving-dihydrogen Cole-Hamilton and Wilkinson questioned the work of
(m?- HD in this case) intermediat§$55—157] Imai et al. when they found that RuPPh)s reacts

Aranyos et al. reported preliminary DFT calculations on with CgHsBr, the solvent of the Imai study, to produce
the alkoxide intermediates of the cyd?]. The geometry RuHBr(PPR)3 [43]. In their hands, the reaction of propi-
of the formaldehyde RuX(€CH,)(PHs)3, X = H, Cl and onaldehyde, acetone or cyclohexanone with the dihydride
alkoxide RuX(OCH)(PHs)3 model complexes were calcu- gave Ru(H)(CO)(PPh),, a product of carbonyl abstrac-
lated and it was found that the alkoxide for=XCl is less tion, as well as other productsTgble 2 entry 10). In
stable than that with %= H, perhaps explaining the lack of  addition, they stated that the Imai study used a method of

catalytic activity of RUHCI(PP$)s. preparation of the dihydride that tended to give an impure,
The first proposal for a Ru(0)(PB)Ja reactive intermedi- greenish, product.

ate of the type shown iBcheme 14vas made by Imai et al. The dihydrogen complex [Ru(H)@KP(CHCHa-

in studies of the hydrogenation of certain aldehydes by trans-PPh)3}1BPhs is an efficient precatalyst for the hydro-

fer from hydrogen-donors catalyzed lys-RuHx(PPh)4 genation of ketones to alcohols and unsaturated ketones

in bromobenzeng40,158] (Table 4 entry 4). This dihy- to the unsaturated alcohols by transfer frofmOH in the
dride was found to be more active than the carbonyldihy- absence of basd#ble 4 entry 8, 9)[160,161] Again the
dride complex Rub(CO)(PPh)3 that was in turn a better  cycle of Scheme 12vas proposed where the active catalyst
catalyst precursor than Ru@PPh)3. Other solvents were  [Ru(H){P(CH.CH2PPh)3}]BPhy is thought to form by
used with similar results. The studies involved a complete loss of H from the dihydrogen complex. The dihydrogen
rate law study with 2-propanol or benzyl alcohol as the complex (dppb)(H)Ru(u-Cl)sRu(dppb)Cl is also a transfer
hydrogen donor and gHsBr as the solvent. The rate law hydrogenation catalyst or precatalyst for ketonesPrOH
showed a first order dependence on hydrogen donor and ini-[162].

tial RuHx(PPh)4 concentrations. The rate was found to be ~ Watanabe et a|81] found that the activity of the catalysts
independent of added PRThese results were interpreted as for the transfer of hydrogen from formic acid to acetophe-
a rate determining oxidative addition of the hydrogen donor none at 125C in the neat ketone decreased as R(i€P)3
alcohol to a Ru(0) intermediate accordinglcheme 14The > RUHCI(PPR)3 (Table 4 entry 7) > Ru(H}(CO)(PPh)3
rate law also had an inverse dependence on aldehyde conentry 10) > Ru(H)(PPh)4. They postulated that instead of
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the monohydride or dihydride Tl mechanisms, the formic

acid is catalytically decomposed totdnd CQ and, in a \N/ 'PPhS
second step, the Hs used to catalytically hydrogenate the Fe thp\”c, S
ketone. To support this idea, they found that R{BPh)3 in @ H!.F_QII_J_-__X;O
neat acetophenone is a hydrogenation catalyst, but at 88 atm _ H
R=i-Pr
H> pressure and 12%. R=Ph
Sulfonated triphenylphosphine allows the formation of

Tl catalysts that are active in watglr6,163] Aromatic and
aliphatic aldehydes can be reduced to the corresponding al-
cohols by hydrogen transfer from formate using, as catalysts,
water-soluble complexes of Ru(ll) meta-monosulfonated
triphenylphosphine, PBtmM-CgH4sSO:Na), in agq./org. ture that might not allow for this dissociation. The complex
biphasic systems without phase transfer catalyEble 4 [Ru(GsHs)(PPH)(NCMe)]CF3SO; that has more vacant
entry 25). Olefinic double bonds (including those in coordination sites is a much more active precatdlyst].
o,pB-unsaturated aldehydes), are not hydrogenated and so [n contrast, another chiral phosphorus and nitrogen donor
valuable allyl alcohols can be prepared in this way. The yel- ligand oxazolinylferrocenylphosphine (oxferphos) coordi-
low hydride complex RuH(@CH){PPh(CsHsSOsNa)}3 nated in the complex RugPPh)(oxferphos) was effec-
was identified as the key intermediate in the processes catlive for the asymmetric transfer hydrogenation of alkyl aryl
alyzed by RuGJ(L)2 in an excess of phosphine. A hydride and alkyl methyl ketones in 2-propandiable 4 entry 21)
resonance at18.3 ppm was detected in a CQ@Oiution [165] The detection of two ruthenium d|hydr|de SpeCieS in
after extraction from the agueous phase_ The presence oithe CatalytiC mixture was mentioned in the article but no de-
the rriz-formate group was verified by IR Spectroscopy_ tails were glvenFlg 20shows the proposed structure of a
Bidentate |igands Containing phosphorus and nitrogen transition state between ketone and dlhydrlde that eXplainS
donors (P-N) have proven to be very activating with respect the enantioselectivity of the hydrlde addition to the ketone.
to transfer hydrogenation catalyzed by ruthenium com- Thus, acetophenone approaches the complex in such a way
plexes. Complexes of the type [Rufis)(NCMe)(P-N)]- to minimize steric interactions among the phenyl group of
CRsSO; with P-N = N,N-dimethyl-2-diphenylphosphin-  the ketone, the phenyl groups of two phosphines, and the
oethylamine (pn), optically pure RJ-C,S-pl)-2{1-(N,N- substituent of the oxazoline ring. The reaction through this
dimethylamino)ethyli-1-diphenylphosphinoferrocene Ri¢ transition state results in the formation of ti®-alcohol as
ppfa), andN,N dimethyl-2-diphenylphosphinoaniline (dbd) ©observed. This complex also catalyzed the asymmetric oxi-
as shown irScheme ]_5;ata|yze the TI of acetophenone in dation of racemic sec-alcohols with acetone via kinetic res-
2-propanol Table 4 entries 22, 23)164]. The fact that no  olution to extremely high enantioselectivity (>99.9% e.e.).
e.e. is observed when the chiral ligands are used indicates Chelating nitrogen ligands have been applied to the trans-
that the nitrogen end of the chelating ligand is hemilabile fer hydrogenation of ketones. A complex RuH(OTf)(bpzm)-
and is proposed to be dissociated from the complex during (cod) (bpzm= bis(pyrazol-1-yl)methane, coe cycloocta-
hydride transfer to the keton&¢heme 15 The low activity ~ 1,5-diene) containing a bidentate nitrogen-donor ligand

of the dbd ligand complexes was attributed to the rigid struc- (Fig. 21) catalyzes the transfer hydrogenation of cyclohex-
anone by propan-2-ol in the presence of NaOH at®@0

with a turn-over rate of 880t (Table 4 entry 16)[166].

Fig. 20. The proposed structure of the oxazolinylferrocenylphosphine
dihydride complex reacting with a prochiral ketofis5].

Me R The complex RuH(TP(cod) containing the tridentate
O=C‘Me @ O=C\R2 nitrogen-donor ligand Tp= hydridotris(3,5-dimethylpyra-
) P\‘RLU\H zolyl)borate was reported to catalyze the transfer hydro-
genation of cyclohexanone and acetophenone in 2-propanol
o Me in the presence of NaOHrIéble 4 entries 17 and 18)5].
O-Cﬂ*e@ @ The activity of the catalyst toward cyclohexanone hydro-
\\R;u@ — R0 _cn, = genation is much greater than that of acetophenone. The
P} “Nove oA %;H Jp\* g\H)Rl bisdihydrogen complex RuH(T}(H>)2 in the presence of
P-N = ’ N §(\:’

\
L\ R \
PP M N \\\\‘
M@N\p HO" Ve < H \
R
* Fe v
oTf

Scheme 15. Tl of ketones catalyzed by complexes RgHERKP—N). Fig. 21. Structure of RuH(OTf)(bpzm).
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Fig. 22. Structure of Ru(PCP)(OTf)(P®h(a) and the anionic hydride
complex (b).

NaOH (Table 4 entry 19) was found to be as active as
RuH(Tp*)(cod) in the transfer hydrogenation of cyclohex-
anone.

The pincer complex Ru(pcp)(OT)(PBPh pcp
[CeH3(CH2PPh)2-2, 6], OTf™ = OgSC% (Fig. 22(a))
is a very active catalyst for the transfer hydrogenation of cy-
clohexanone in 2-propanoldble 4 entry 20)[167]. When
this complex is heated to reflux ifPrOH/KOH in the ab-

sence of a ketone, a hydride species formed. It was assigned

to the structure shown on the basis of NMR spectroscopic
data Fig. 22(b). Other structures are also possible. The
complex RuH(pcp)(PR) might also be involved168].

Another very activating tridentate ligand L on ruthenium
has P, N and O donoffd69]. The complex RuG(PPh)L
is a very efficient catalyst for the transfer hydrogenation of
cyclic ketones and acetophenone (turn-over 118,80Din
basic media. No hydrides have been detected in this case.

The tridentate ligands PRGH,CH;NRCH,CH;PPh,

R = n-Pr (Lpr), n-Bu (Lbu), n-Hex (Lhex), CHPh (Lbz),
were coordinated in the complexgansRuChL(PPHs), L

= Lpr, Lbu, Lhex, Lbz[170]. The complexes were poor
transfer hydrogenation catalys®ple 4 entry 24) with the
activity decreasing as the R group on L increases in size.
No hydrides were detected in the reaction.

Another alternative mechanism for hydrogen transfer
might involve radical chain processes. Bhaduir efHI'1]
found that the anionic hydride carbonyl cluster complex
[RusH3(CO)2]~ catalyzed the transfer of hydrogen from
2-propanol to methylethylketoneTgble 4 entry 15) or
2-cyclohexenone at 8Z. The lack of selectivity of €0
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Scheme 16. The TIL hydrogenation of acetophenone by transfer from
iPrOH in the presence of the precatalyst complex RuH(NHCOMe)-
(OHiPr)(PCy)2(CO) [172].

X-ray diffraction study[172]. There are two triplets —18.3
and —14.3ppm in thelH NMR spectrum for this neu-
tral complex at low temperatures and this is assigned to
restricted rotation about the C-N bond resulting in the
interconversion of acetamido and iminol tautomers. This
complex was found to be an effective precatalyst for the
TIL of both aryl- and alkyl-substituted ketones and imines
at 80°C (Table 4 entry 26). The proposed TIL mechanism
for the reduction of acetophenone is showrScheme 16
The precatalyst is proposed to be activated to the catalyst,
the coordinatively unsaturated ruthenium-amido species
RuH(NHCOMe)(OHPr)(PCy)(CO), by the dissociation
of a PCy ligand. The competitive inhibition by added

over G=C bond hydrogenation was explained by the pres- phosp_hine provided.stropg evidence for this. Observati(_)n
ence of radicals. If the 2-propanol that is used as the of an inverse deuterium isotope effefct. supports a stepwise
hydrogen donor is rigorously purified, the solvent transfer Mechanism of proton transfer from iminol to ketone in an
hydrogenation of ketones ceased to proceed. When the hy_unobserved dl_hydrlde iminol species and then s_Iow hydride
droperoxide HO@Bu was added, the reaction started. They transfer to activate the carbon of the _ketone. Dls_placement
postulate that the ruthenium cluster fragments into paramag-Of the product 1-phenylethanol by therOH begins the
netic compounds that can initiate a radical chain propagatedcycle again.
by 2-propoxy radicals and cyclohexenone-derived radicals.

3.2. Hydride transfer to the substrate in the outer
3.1.1. Hydride transfer to the substrate in the inner coordination sphere (TO)
coordination sphere with ancillary ligand assistance (TIL)

An ruthenium-acetamido complex RuH(NHCOMe)- Ogo et al[173]found that the 2,2bipyridine ligand (bpy)
(OHIPr)(PCy)2(CO) was prepared from the reaction of promotes TO catalysis in the complex [Ry{@eg)(bpy)-
[RUH(PCy;)2(CO)(CHCN),]1BF4 with KOH in 2-propanol (OHL)](PFe)2 in water or water/organic biphasic systems.
and completely characterized including a single crystal TOF ranging from 20 to 1501t at 70°C are observed for
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Fig. 23. Acid assistance in the hydride transfer to ketones from
[RuH(bpy)(GMes)] ™ [173].

the hydrogenation of water-soluble and water insoluble ke-

S.E. Clapham et al./Coordination Chemistry Reviews 248 (2004) 2201-2237

ligand, as shown in outline iBcheme 1/is to (1) activate the
carbon of the unsaturated substrate to nucleophilic hydride
attack by hydrogen bonding to the oxygen or nitrogen of
the substrate, (2) provide a cyclic transition state fovii™
transfer by the correct hyperconjugation with the metal, (3)
serve as a source of proton to be transferred along with
the hydride from the metal, and (4) to provide a point of
interaction for enantioselective recognition of the prochiral
substrate. Usually, the substrate is in the second coordination
sphere of the catalyst complex and not directly coordinated
to the metal.

Scheme 17efers to the case of hydrogen transfer from a

tones by transfer from sodium formate (e.g. entries 27-28 generic hydrogen source YCHOH to the metal where Y can

in Table 4. The rate of hydrogenation is maximum at pH 4.

be R as in 2-propanol or O as in formic acid. We will call it

Two possible intermediates were observed in the catalytic 3 TOL mechanism where T stands for transfer and L stands

cycle, the formate complex [Rug@H)(CsMeg)(bpy)I™ and
the hydride complex [RuH(§Meg)(bpy)]*. The last com-
plex was identified by itdH NMR resonance at-7.45 (s).
They found that, although the hydride is stable within the pH
range of 5 to 9 at temperatures greater thah@the max-
imum rate of hydrogenation occurred at pH 4. This was ra-

for ligand involvement, usually when the substrate is in the
second coordination sphere. Steps | and IBoheme 1are
the same as the ones for the HOL cycBeljeme bwhere
there is a concerted or stepwise transfer of thefidm the
ligand and H from the ruthenium complex to the substrate
RIR2C = Q, Q= O, NR2. This results in the hydrogenated

tionalized in terms of acid assistance in the hydride transfer product RR2CH-QH and the creation of, formally, a 16

step of the hydrogenation (seey. 23. The Kz of HCOOH

is 3.6 and so the rate maximum occurs with the good
formate ligand HCOO present. The I§; of the aqua com-
plex [Ru(GMes)(bpy)(OH)]?™/[Ru(CsMeg)(bpy)(OH)I*

is 7.3. Therefore, below pH 7.3, the aqua ligand can be
displaced by formate while above pH 7.3 the hydroxide
complex is present and it is unreactive to formate. This
explains the narrow pH range for catalysis.

3.2.1. Hydride transfer to the substrate in the outer

coordination sphere with ancillary ligand assistance (TOL)
The discovery by Noyori and coworkers that the ligand

can play a crucial role in efficient hydrogen transfer to the

electron Ru center. The ruthenium hydride is then thought
to be regenerated by a similar transition state structure in-
volving the hydrogen donor RCIDH.

3.2.2. Hydride catalysts that exploit a ligand NH (the “NH
effect”) with a TOL mechanism

A breakthrough in transfer hydrogenation catalysts was
Noyori's discovery of the NH effecf12,29,115,116,174,
175]. When chelating ligands with NH groups, either
2-aminoethanol or the morig-tosylated diamine §9)-
TsNHCHCH;NH» are mixed with base and [Rugben-
zene)} in 2-propanol, a very active catalyst system is pro-
duced Table 4 entries 29-30). Notably the use BEN-

unsaturated substrate, and to the catalyst, was a revelation fogimethylated compounds lead to ruthenium complexes that
the strategy of the design of efficient catalysts. The role of the were totally inactive as catalysts. This was early evidence

c=0
17 T _____ T Q=C/ .
\
v L_ERU |
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o——c// p_c‘\\\\\
Hoo) £y
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L Rl'J] L—{Ru] 1
18
10 H_Q\|C—
o o @T 1 H/ 5
W \c/\ L—[-Ru]
14 H/ 12

for the “NH effect” for the hydrogenation of polar bonds.
This discovery led to the development of Noyori's ef-
ficient transfer catalysts for the asymmetric hydrogena-
tion of ketones and imines. These are hydride complexes
of the type Ru(H)®9-H2NCHRCHRNTs)-arene)
and their dehydrogenated partners of the type 88K
HNCHRCHRNTSs)g%-arene). They are generated from
the precursor chloride complexes Ru@§)-HoNCHR-
CHRNTs)f%-arene) by reaction with a reductant (for-
mate or 2-propoxide). The reactions are best conducted in
a formic acid-triethylamine azeotropic 5:2 mixture with
or without an additional solvent. The loss of g@rives
the reaction irreversibly to products and thus prevents the
metal-catalyzed racemization of the product, the chiral
alcohol or amine. This racemization can occur with pro-
longed exposure of the catalyst to the product solution.
Chiral alcohols derived from arylalkylketones and a variety

Scheme 17. The transfer hydrogenation mechanism involving a hydrogen Of chiral amines from prochiral imines are obtained in very

on a co-ligand, the TOL mechanism.

high e.e. Table 4 entry 31)[12,29,174,175]The proposed
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Fig. 24. The structures of RuCI(N@HPhCPhNS@CgHsMe)(p-cymene),
RuH(NH,CHPhCPhNS@CsH4Me)(p-cymene) and Ru(NHCHPhCHPh-
NSO,CgHaMe)(p-cymene) with atoms of the aryl rings removed, apart
from the ipso carbons (structures TAXFON, RIHFUJ and RIHFOD of
the CCDC).

(m®-cymene) and the catalysts, the yellow amido—amine hy-
dride complex RuH(NHCHPhCHPhNTSs){®-cymene), and
the purple bis-amido complex Ru(NHCHPhCHPhNFE)(
cymene) have been completely characterized by NMR, IR
and X-ray crystallography29]. The hydride complex has

mechanism of action of these catalysts for the hydrogenationa 1H NMR singlet at—5.47 ppm. The three structures are

of ketones and, presumably the hydrogenation of imines,

is illustrated inScheme 18nd provides the prototype for
the TOL mechanism ofScheme 17 [12,29,115,116The

shown in Fig. 24 The chloride and hydride complexes
have similar Ru(ll) §, 18 electron, octahedral geometries
where the arene ligand is a six-electron donor and occu-

in-coming substrate is oriented in the second coordination pies three coordination sites. The lone pair on the amido

sphere by forming a hydrogen bond with the NH hydrogen
on the tosylated diamine ligand that is axial with respect
to the five-membered Ru—N—-C—C—-N-ring. The other two
points of recognition for chiral induction are proposed to be
the hydride §~) to substrate spcarbon §*) contact and

a substrate aromatic ring tq°-ring attractive interaction
[116]. Concerted H/H* transfer produces the alcohol in
the (§-configuration and then the hydrido-amine complex
is regenerated by reaction with 2-propanol or formic acid.
While them®-mesitylene ligand on Ru gives a high e.e. for
a variety of prochiral ketones, the structure of the sulphonyl

nitrogen causes the nitrogen to be somewhat pyramidal in
these two structures. The chiral amido—amine ligand forms
a five-membered ring that is locked into theonfiguration

by the phenyl substituents alpha to the nitrogens. This locks
the configuration of the amino group so that the axial NH
is held parallel to the Ru—Cl or Ru-H bond in the respec-
tive complexes. There is RUHtHN hydridic—protonic
[155] (or dihydrogen[177,178) bonding at a short H-H
distance of 2.3 A. This might explain why only one diastere-
omer of this complex, both chiral at the ligand and at the
Ru, is observed and why HH™ transfer to the ketone is so

group on the diamine and the arene ring have to be adjustecefficient. The Ru—H distance was determined to be 1.4(1) A,
depending on the imine structure to produce a chiral amine shorter than the true value of 1.6 A because the X-ray ex-
in high e.e[176]. The cyclic imine shown iTable 5 entry periment typically underestimates element-hydrogen bond
5 can be reduced selectively in the presence of acetone andengths. The bis-amido complex has Ru—N distances that
so for this system, this imine is more reactive than ketones. are shorter than typical Ru—N single bonds because of

The cycle ofScheme 18 particularly well characterized.  p,(N) — d,(Ru) dative double bond character. The amido
The yellow precatalyst complex RUCI(NBHPhCHPhNTS) nitrogens are trigonal planar.
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The hydride complex was shown to react with acetone  One system that has been thoroughly studied involves the
quickly to form the purple amido-amido complex and ligand derived from ($2R)-N-(4-biphenylmethyl)norephe-
2-propanol. When the amido-amido complex was treated drine (HOCHPhCHMeNHCHCgH4-4-Ph or HO-NHR for
with isopropanol, it produced acetone and the hydride com- short) [192]. The catalyst system RuCI(O-NHR)(benzene)
plex (Table 1 entry 10). The hydride can also be generated transfers hydrogen fromPrOH to tert-butyl acetoac-
by reacting the amido—amido complex with dihydrogen, etate {BuOOCCHCOMe) to produce thetert-butyl
but only at 80 atm pressure. Therefore, under ambient con-3-hydroxybutyrate tBuOOCCHCH(OH)Me) in 67% e.e.
ditions the hydrogen comes from the solvent and not from (S) with a TOF at 20C of about 46 h!l (Table 4 entry
H> gas. Both complexes were used as catalysts and they32). The related yellow catalyst precursor RuCI(O-NHR)(
showed identical behavior, producing chiral alcohols of the cymene), the purple 16-electron true catalyst Ru(O-NR)(
same high e.e. as are produced starting with the chloridecymene), and the brown-red hydride catalyst RuH(O-
precatalyst[29]. The rate law for the transfer of hydro- NHR)(p-cymene), involved in the ketone reduction have
gen fromiPrOH to acetoneglto produce acetone and been isolated, characterized by NMR and ESI-MS, as well
(CD3)2CH(OH) at 23°C as determined from NMR studies as by X-ray crystallography in the case of the chloride com-

was given byEq. (18) plex. The alkoxy-amido complex Ru(O-NR}cymene) is
more reactive than the analogous tosylamido-amido com-
d[(CD3),CH(OH)] /dt plex described above and is more difficult to study. It reacts
s g 9 , at —25°C in tol-dg with excessiPrOH to produce the
=25 x 107> M~ " s “[acetone-d]|[iPrOH] (18)

unstable hydride complex RuH(O-NHR)¢ymene) that
gave a'H NMR resonance at-5.2 ppm for the hydride.
This and other measurements suggested that it is the deyynhen this solution was warmed to room temperature an-
hydrogenation of the alcohol by the purple amido—amido gher hydride resonance at4.8ppm grew in that might
complex that is the turn-over limiting step under the condi- pe the other diastereomer (opposite chirality at Ru). Both
tions of the kinetic study29]. Theoretical calculations pro-  pe alkoxy-amido and hydride complexes catalyze the TOL
vided the structures of the six-member ring transition states ¢ tBUOOCCHCOMe in iPrOH in the absence of base
shown inScheme 18 [115,116Further work on the mech- 54 give the alcohol with the same e.e. as does the chlo-
anism has provided activation parameters for the reaction yjje precatalyst. Therefore the catalytic cycle shown in
of the amido-amido complex with (GHCHOH: AHY = Scheme 19s proposed.

5.8 kcalmott, ASt = _a8 e.u.[179]. The negative en- The coordination and catalytic chemistry of a potentially
tropy of activation is indicative of a highly ordered transi- tetradentate, &symmetric HO-NH-NH-OH ligand de-
tion state where the complex and the alcohol associate as irrived from (nor)ephedrine was investigated by Petra et al.
Scheme 1&rior to the dihydrogen transfer. Individual ki- [200]. The ligand in combination with [Rug(p-cymene)}
netic and equilibrium isotope effects measured for the var- in basiciPrOH at 20°C catalyzes the transfer hydrogena-
ious C-H, N-H and O-H bond making and breaking steps tion of acetophenone td=}-1-phenylethanol in up to 90%

in the mechanism proves that the B+ transfer occurs in  e.e. The alkoxy-amine hydride complex &cheme 19

a concerted fashioflL79]. A study of the racemization of  shown inFig. 25was identified on the basis 8?N NMR,
(9-MePhCD(OH) catalyzed by the amido—amido complex H NMR and electrospray mass spectroscopy. A solution
in THF at 70°C shows that the deuterium is always trans- of the hydride in benzenesdroduces a singlet resonance
ferred to the carbon and almost never to the oxygen during
the 48 h required for complete racemizatid®4].

2

This tosylated diamine system and related ones have been R RY ;2 H
used with great success in the production of chiral alcohols o=—C /“(I:/
and amine$7,116,176,180—188No other hydrides of this \ee O

type have been characterized to date. H

There are many related precatalysts of the form >_©_ N >_©_

! |

RuCIl(O-N){®-arene), where O-N is a bidentate alkoxy- o—RUuy Ru
amine ligand formed from an amino alcohol or amino acid. K \N_H o “N-R
These have been studied extensively for use in the transfer PR\ \ B
hydrogenation of prochiral ketones and the kinetic resolu- M§ R PR =

tion of chiral alcoholg[5,7,115,141,189-199]Theoretical ~ 7 Me
studies suggest that the mechanism is identical to the one \ /—\/ [H

for the tosyldiamine systems just discus$&l5,116,189] c=o0 ”"Q/

A limitation of these systems, compared to the tosyldiamine / O\H

systems, is that HCOOH/NEtcannot usually be used to
drive the TOL of ketones to completion and prevent subse- scheme 19. The TOL of ketones catalyzed by the complexes RuH-
guent racemization of the alcohol that is formed. (O-NHR)(p-cymene)/Ru(O-NRJ-cymene) where R= CHoCgHy4-4-Ph.
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——@’< | o Rl= H, Me
|

o, O—Rumy RY N Ar = Ph, 1-Nap

NH

\&/N‘H H Me
Mel - \L MEJ\N
Ph

HO i i
Fig. 28. Structure of the ligand combined with RuHCI(BRhfor TOL.

Fig. 25. The structure of the alkoxy-amino hydride complex.

\ @ complex of Fig. 27(a) transRuCh((R,R)-P-NHcyNH-P),
| catalyzes the TOL of acetophenone iRrOH to the
H. O—Ruuy (9-alcohol to high conversion and 97% e.€aljle 4 entry
}\,,,WH 34) [202,204] Although mechanisms have been proposed
» 4 that involve hydride specig04], no hydrides were char-

“1IOH
©i> Q acterized in this work. It is not clear that they have the
same structure as the hydrides of the corresponding hydro-
E:gp azrtie.dsf:;un(ﬁ:ltlife of the ligand RI2S)-aminoindanol and the hydride I%?Rlﬁ(l:(;/rlllEii(;afr%stir?sl-slgjliz(e(cli?,;?fmg(T;I\TI-?- Ilg()?,i)e-
cause the e.e. of the product obtained usiagsRUuCh((R,
R)-P-NHcyNH-P), is different in transfer hydrogenation
at —5.5 ppm. The'®N spectrum provides evidence for one (S, high e.e.) and hydrogenatiorR ( low e.e.) [121].

coordinated NH and one free NH as shown. When a mixture of isomers dfansRUHCI(P-NHcyNH-P)

In a related study, evidence for the catalyst RulR(25)- was tested in transfer hydrogenation of acetophenone in
aminoindanalkoxidej-cymene), derived from an R29)- iPrOH/KGPr, the e.e. obtained was 20%) (121].
aminoindanol ligand Kig. 26, was provided by an It is likely that the NH groups as well as the hydrides

electrospray mass spectrum and the nature of the pre-are involved in the ketone reduction because the complexes

dicted hydride-ketone transition state that leads to the without NH groups,transRuCh(P-N-N-P) ((b) and (d),

(9-arylalkylalcohol[193]. When this complex is formed in  Fig. 27) are poor catalystgl2].

situ, it catalyzes the transfer hydrogenation of acetophenone A combination of the hydride RuHCI(PB)ss and ligands

in KOH/iPrOH to ©-1-phenylethanol in 72% vyield, 92% of the type shown irFig. 28 is effective for the TOL of

e.e.[201]. Again a TOL mechanism shown facheme 17  arylalkylketones in HCOOH/NEtin e.e. up to 86%9) al-

was proposed. The TOL six-membered transition state in- though the TOF is lowTable 4 entry 31)[206]. We as-

volving the hydride with the structure shownkig. 26 and sume that a complex of the type RUHCI(RRL) forms

an alkylarylketone leads to th&)alcohol as observed. with similar structure to the RuHCI(PB)2(diamine) hydro-
Complexes transRuCh(P-NH-R-NH-P) Fig. 27a—q genation precatalys{g7,48] although no evidence for this

with tetradentate ligands with phosphorus and secondaryhydride was presented.

amine donors have been used successfully in the asymmet- A ruthenium carbonyl complex containing a cy-

ric TOL of arylalkylketones[202—205] For example the  clopentadienyl ligand with a pendant amino group,

/,//
"I//

oo oK

hy q th 6 th

Me Me

ok Q?\'./

. Cl

Fig. 27. Chiral tetradentate ligand complexes for the TOL of ketones.
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ring as proposed originally by Menache and SK¥89],
followed by hydride addition to produce an amide and

! 1 I . . .
oo RU—y Hb = ocwRU~~ = ocRU~ H finally proton transfer from the hydroxyl group. This is
i \ \ " +
of R o€ 9P o€ P favored over a concgrted TQL_addmon of KH* because
R RL RL they observed the isomerization of PhM&CH,Ph to

PhMeCH-N-CHPh during the transfer hydrogenation of
the first imine. This implies that there was an amido inter-
mediate that underwegthydride elimination and therefore
the stepwise addition of hydride. However the reverse,
concerted elimination of H/H™ could also explain these
results. A similar cycle was proposed in the racemization of
chiral secondary amines via the hydride/imine intermediate
[212]. The product amine forms an adduct with the dehydro-
genated complex. This complex then generates imine and
hydride that re-adds to cause the formation of the racemic
amine.

Scheme 20. The racemization of chiral alcohols catalyzed by complexes
derived from RuCH®-CsPhyNHiPr)(CO).

RuCl(n°-CsPhNHiPr)(CO), has been used for the efficient
racemization of alcohols for use in kinetic dynamic resolu-
tions in conjunction with the acylating enzyme Novozym
435 [136]. A mechanism that involves the alkoxide com-
plexes Ru(OR){>-CsPhyNHiPr)(CO) and the release of
alcohols by protonation by the amine with formation of an
imine complex Ru(OR)}{*-CsPhNiPr)(CO) is proposed
(Scheme 2D The racemization process is proposed to in-
volve the elimination of the hydride from the coordinated
alkoxide, with ligand assistance, to give an undetected 4. Conclusion
hydride/ketone intermediate. The hydride then re-adds to
either face of the ketone. The study of ruthenium hydride complexes in cataly-
sis is challenging because of their air-sensitivity and high
3.2.3. Hydrides that use a hydroxyl group on the ligand in reactivity. Yet these are the species that are the closest
the TOL mechanism to the actual KH-hydrogenation and transfer hydrogena-

The mechanism of the ketone or aldehyde transfer hydro-tion catalysts. Excellent progress has been made in the
genation from formic acid catalyzed by Shvo's catalyst is past 20 years in studying these compounds and the mech-
shown above ifBcheme 11 [130]Several ketones and alde- anism of their catalytic activity. More than 100 are de-
hydes have been hydrogenated using this system. For examscribed in this review. Sometimes, once they are isolated,
ple cyclohexanone is reduced to the alcohol by transfer from they are active without the need of added reagents other
formic acid at a TOF of 3800 at 10C (Table 4 entry 36). than the substrate, solvent and the source of dihydro-
As noted in the HOL section, Casey and coworkers have gen. For example, the complexéansRuHx((R)-binap)-
provided evidence based on isotope effects that the transfe(NH,CMexCMe;NH3), RuH(NHCMe,CMexNH)(PPh)3
of the hydride and proton is a concerted OL prodéds%]. [47] andtransRuH(HBHz)((9)-tolbinap)(§S)-dpen)[101]

The racemization of §-MePhCD(OH) catalyzed are very active for the hthydrogenation of ketones without
by Shvo’'s catalyst was shown to selectively produce the need to add a base to the solvent. This opens the way
rac-MePhCD(OH) with only 5% scrambling of the D label to hydrogenating base-sensitive substrates. The complexes
to other positiong154]. This shows that hydride additions RuHCI(diamine)(diphosphine) are active precursors for
and eliminations almost exclusively involve this labeled the H-hydrogenation of imines as well02]. Of course,
carbon and that a monohydride mechanism is involved. another outstanding characteristic of the Noyori catalysts
The racemization of alcohols has been linked with enzyme is their excellent enantioselectivity in the hydrogenation
reactions to produce chiral acylated alcohols in high e.e. of prochiral ketones to chiral alcohols. Promising results
[15,133,207-210] have been reported for the asymmetrig-fiydrogenation

While there is evidence for an outer sphere hydride trans- of imines by these systems as widl02,113]
fer reaction for aldehydes, the situation is not as clear for the  The classification of the hydrides according to the |, IL, O
transfer hydrogenation of imines. Casey’s group has sug-and OL mechanisms is often arbitrary because it is difficult
gested that imines are also reduced in an outer sphere transto prove the actual pathway of the reaction. However there

fer reaction[135]. Samec and Backva]R11] reported that
Shvo’s catalyst Re(u-H)(u-C4PhCOH-: - - OCC4Phy)(CO)
promotes the efficient hydrogenation of imines of the type
PhN=CR!R? (R!, R? = aryl, alkyl) by transfer from iso-
propanol Table § entry 4). Stepwise TIL addition of hy-
dride from the metal, coordination of the amide and then

are features that assist in this classification. The OL mech-
anisms appear to be much more selective fe©O®r G=N
bonds over €C bonds. The | mechanisms allow both the
polar and the €C bond to coordinate next to the hydride so
that olefin hydrogenation and isomerization become com-
peting pathways. The | mechanisms may also explain the

proton addition from the hydroxyl has been proposed as isomerization of imines that has occasionally been reported
the mechanism. They propose that the reaction proceedq25,211] The origin of the selectivity of the OL mechanism

stepwise by the Tl mechanism via coordination of imine
to Ru, presumably by slippage of the cyclopentadienyl

is the ease of transfer of HHH~ between the M-L group
and the C-Q group. It seems that the charge alternation is



S.E. Clapham et al./Coordination Chemistry Reviews 248 (2004) 2201-2237 2233

5 5 .8 5 the TOL cycle, the facile reversibility of the HH~ transfer
“hy, Nz mechanism ensures that the hydride is regenerated. A high
c=—Q C—NQ - ) . -
] 5 o/ \ trans influence ligand makes the hydride more hydridic by
5 H H 5 H H O weakening the M—H bond.
M/ — M——L The use of water-soluble complexes has produced

some systems with very good activity and selectivity. The
RuHI(tppts}(OH2) system of Basset and coworkers has
Fig. 29. OL transfer of H/H* to the G=Q polar bond. excellent activity for the hydrogenqtiop of aldehydes in
aqueous Nal82—84] The sodium cation is thought to play
an important role. The complex [Rulppms}], displays
an important factor that favors transfer t&@ bonds and  an interesting change in selectivity toward the hydrogena-
not G=C bonds Fig. 29. tion of C=0 versus GC bonds with a change in pf23].

The hydrides that utilize the NH or OH effect in At higher pH, the dihydride Ruk{tppms), is thought to be
an OL mechanism are usually much more active than present and this selectively catalyzes theHydrogenation
comparable complexes without this ligand effect. The of the GO bond oftranscinnamaldehyde. The complex
most spectacular examples are hydrides generated byRuH(CsMeg)(bpy)]*, which is unusual for the lack of
reaction of RuGl((9-tolbinap)(§9-dpen) [101] or phosphine ligands, is surprisingly active for the formate
RuHCI(PPRCgH4CHaNHcyNHCH,CgH4PPIp) [121] with transfer hydrogenation of ketones in water or biphasic sys-
base in 2-PrOH. These catalyze the-lkydrogenation of  tems and a TO mechanism has been prop¢$&d]. The
ketones with turn-over-frequencies that excee® HG. optimum pH of 4 for the activity of this catalyst suggests a
The high activity of this second catalyst, despite the pres- general acid assistance of the hydride transfer.
ence of the strongly binding tetradentate ligand and the Noyori's effective ketone and imine catalysts RuH-
trans geometry, is excellent evidence for an outer sphere(TsNCHPhCHPhNH)(arene) for the asymmetric hydro-
reaction. A loss of activity upon the removal of the NH genation of imines and ketones by TOL are isoelectronic
groups in comparable ligands is also good evidence for the with the [RuH(GMeg)(bpy)]* system and also have carbon
OL mechanism. The Shvo catalygi27-131]that utilize and nitrogen donors that give hydridic character to the Ru—H
the OH effect also have very good transfer hydrogena- bond. In fact, the presence of both soft carbon or phospho-
tion characteristics. These active systems make it possiblerus and hard nitrogen ligands is a feature of many of the
to study reactions by NMR in a convenient temperature effective catalysts described. While electron-withdrawing
regime and thus learn more about the mechanism. Therecarbonyl ligands should make the hydrides less reac-
is at least one example where the N-H effect does nottive toward polar bonds, there are some active carbonyl
appear to confer higher reactivity. The use of a bidentate containing catalysts including the systems of Shvo (all
iminophosphine ligand with no N-H in the precatalyst carbon donors around ruthenium) and the catalysts such
RuCh(2-P,N-2-PAPCGsH4CH=NtBu)(PPh) is somewhat  as RuHk?2-0-C(O)(Ph)(GH4}(CO)(PCy(CH2)4PCy,) of
more active in the transfer hydrogenation of ketones than Drouin et al. that we tentatively classified as [@5]. In the
the related aminophosphine in the analogous complexlatter case, the donating alkyl phosphine may compensate
RuCh(2-P,N-2-PRPGsH4CHNHtBU)(PPhR) [213]. Also for the presence of the carbonyl ligand.
the Hp-hydrogenation precatalysts RyQliphosphine)(py), Another trend appears to be that polydentate ligands
diphosphine = (2S,43-PPhCHMeCH,CHMePPh and provide better performance than comparable systems with
(R), (9-Josiphos, have no NH and yet are active and monodentate ligands. Examples include the pcp pincer lig-
enantioselective ketonejrhydrogenation catalystg14]. and in the very active Tl catalyst Ru(pcp)(OTf)(RP[L67]
Hydride complexes were not identified in these last two and the very active HOL tetradentate catalyst mentioned
studies. above. The polydentate ligands might serve to increase the

Octahedral Ru(ll) complexes can form quite stable di- hydridic character by stabilizing the cationic metal that
hydrogen complexefd7,19,30,215-218]This may be how s produced after the hydride has transferred. They might
dihydrogen competes for a binding site on the catalyst with also maintain the structure of the catalyst in the pres-
the substrates, the ketones and imines, and the productsence of potentially strong ligands that are produced in the
the alcohols and amines, that are all good ligands them-hydrogenations—alkoxides from the alcohols produced from
selves. However, dihydride complexes of Ru(lV) might also ketone hydrogenation or amines or amides from imine hy-
form in the presence of small electron-donating ligands such drogenation. Polydentate ligands also allow better control
as trialkylphosphines and ligands with suitable bite angles of the chiral environment around the metal.

[17,20] The presence of a low electronegativity donor atom  Some catalysts work in botha-hydrogenation and trans-
such as phosphorus, carbon or hydrogen (as a hydratey fer hydrogenation, although usually the substrate to catalyst
to the K binding site ensures that substitution reactions are ratio is lower in the transfer hydrogenation case. The Shvo
fast. The formation of an acidic dihydrogen ligand promotes catalysts function as ketone and imine TOL and HOL cata-
the heterolytic splitting of the otherwise strong H-H bond. In lysts as do the tetradentate P-NH-NH-P systems. Some cat-
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alysts are much more active fopHhydrogenation than trans-
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[27] W. Ponndorf, Angew. Chem. 39 (1926) 138.

fer hydrogenation, such as the RuHX(diamine)(diphosphine) [28] A. Verley, Bull. Soc. Chem. Fr. 37 (1925) 537.

systems. Others are much more active for transfer hydro-

genation, such as the RUH(TsNCHPhCHPBhBINHrene) sys-

[29] K.J. Haack, S. Hashiguchi, A. Fuijii, T. Ikariya, R. Noyori, Angew.
Chem. Int. Ed. Engl. 36 (1997) 285.
[30] D.M. Heinekey, W.J.J. Oldham, Chem. Rev. 93 (1993) 913.

tems. Itis not yet possible to explain these differences com- [31] p.J. Brothers, Prog. Inorg. Chem. 28 (1981) 1.

pletely.
No doubt future work will reveal more important mecha-
nistic details of how hydrides are involved in catalysis. The

mechanism of the outer sphere transfer of dihydrogen per-

[32] R.H. Morris, Can. J. Chem. 74 (1996) 1907.

[33] B.N. Chaudret, D.J. Cole-Hamilton, R.S. Nohr, G. Wilkinson, J.
Chem. Soc. Dalton Trans. (1977) 1546.

[34] J.A. Labinger, K.H. Komadina, J. Organomet. Chem. 155 (1978)
C25.

haps can be extended to other catalytic atom or group trans- [3s g E. Bursten, M.G. Gatter, J. Am. Chem. Soc. 106 (1984) 2554.

fer reactions and further expand the collection of powerful
catalysts available for organic synthesis.
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