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CONSPECTUS: A current issue in metal-catalyzed reactions
is the search for highly efficient transition-metal complexes
affording high productivity and selectivity in a variety of
processes. Moreover, there is also a great interest in
multitasking catalysts that are able to efliciently promote
different organic transformations by careful switching of the
reaction parameters, such as temperature, solvent, and
cocatalyst. In this context, osmium complexes have shown
the ability to catalyze efficiently different types of reactions
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involving hydrogen, proving at the same time high thermal stability and simple synthesis. In the catalytic reduction of C=X (X =
O, N) bonds by both hydrogenation (HY) and transfer hydrogenation (TH) reactions, the most interest has been focused on
homogeneous systems based on rhodium, iridium, and in particular ruthenium catalysts, which have proved to catalyze chemo-
and stereoselective hydrogenations with remarkable efficiency. By contrast, osmium catalysts have received much less attention
because they are considered less active on account of their slower ligand exchange kinetics. Thus, this area remained almost
neglected until recent studies refuted these prejudices. The aim of this Account is to highlight the impressive developments
achieved over the past few years by our and other groups on the design of new classes of osmium complexes and their
applications in homogeneous catalytic reactions involving the hydrogenation of carbon—oxygen and carbon—nitrogen bonds by
both HY and TH reactions as well as in alcohol deydrogenation (DHY) reactions. The work described in this Account
demonstrates that osmium complexes are emerging as powerful catalysts for asymmetric and non-asymmetric syntheses, showing
a remarkably high catalytic activity in HY and TH reactions of ketones, aldehydes, imines, and esters as well in DHY reactions of
alcohols. Thus, for instance, the introduction of ligands with an NH function, possibly in combination with a pyridine ring, led to
a new family of [OsCL(PP)(NN)] (NN = diamine, 2-aminomethylpyridine; PP = diphosphine) and pincer [OsCI(CNN)(PP)]
(HCNN = 6-aryl-2-aminomethylpyridine, 2-aminomethylbenzo[h]quinoline) complexes, which are outstanding catalysts for
(asymmetric) HY and TH of carbonyl compounds and DHY of alcohols with turnover numbers and turnover frequencies up to
10° and 10° h™, respectively. In addition, PNN osmium complexes containing the 2-aminomethylpyridine motif have been found
to be among the most active catalysts for HY of esters. These complexes have shown catalytic activities that are comparable and
in some cases superior to those reported for analogous ruthenium systems. These results give an idea of the potential of Os
complexes for the design of new highly productive and robust catalysts for the synthesis of chiral and nonchiral alcohols and
amines as well as ketones from alcohols. Thus, we hope that this report will promote increased interest in the chemistry of these
metal complexes, opening novel opportunities for new catalytic processes as well as the improvement of existing ones.

1. INTRODUCTION

Ruthenium, rhodium, and iridium complexes are usually
employed as homogeneous catalysts for transfer hydrogenation
(TH)" and hydrogenation (HY)” reactions of C=X (X = O,
N) bonds, while osmium catalysts have received much less
attention because they are considered less active on account of
their slower ligand exchange kinetics. The notable research
focused in the last two decades on ruthenium has led to a large
number of well-defined chemo- and stereoselective catalysts,
while osmium catalysts have been little investigated. Surpris-
ingly, new osmium complexes have recently been prepared and
shown to have relevant catalytic performance in HY and
dehydrogenation (DHY) processes with activities comparable
to or even higher than those of the ruthenium analogues. In
comparison to ruthenium, osmium forms a stronger bond
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toward hydrogen, affording robust catalytically active Os—
hydride species. This peculiarity, combined with their simple
synthesis and manipulation, may offset the higher cost of Os
catalysts compared with their Ru counterparts. In this Account,
we describe several impressive results achieved in the past few
years by our and other groups on the application of Os
complexes in the hydrogenation of carbon—oxygen and
carbon—nitrogen bonds by both HY and TH reactions as
well as in alcohol DHY reactions.” The Account is organized
according to the category of the Os-catalyzed reaction and
arranged according to the type of ligand (monodentate,
bidentate, etc.) coordinated to the metal.
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2. TRANSFER HYDROGENATION OF ALDEHYDES
AND KETONES

Hydrogenation by TH of carbonyl compounds is an important
catalytic reduction reaction for the preparation of the
corresponding alcohols without the use of hazardous hydrogen
gas or moisture-sensitive hydride reagents." Among a large
variety of transition-metal complexes that can act as highly
efficient catalysts in this process, a number of osmium
complexes have recently been developed and shown to be
very active and robust TH catalysts.

2.1. Osmium Complexes with Bidentate Ligands
The Os complexes [Os(H)(Cl)(CO)(PPhy)(PAP)] (1-5)

were synthesized as single isomers (Scheme 1) and assessed
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for the selective reduction of trans-cinnamaldehyde both by TH
and HY.* These catalysts showed higher selectivity for the
reduction of the C=O bond compared with the C=C bond
(Scheme 2). The selectivity for the C=0 reduction was found

Scheme 2
@ﬂ TH or HY +
complex selectivities for cinnamyl alcohol?
TH (conversion %)° HY (conversion %)°

1 63 (10) 61 (25)

2 77 (19) 69 (30)

3 91 (39) 84 (71)

4 74 (20) 65 (28)

5 80 (92) 72 (100)

Reaction conditions: TH = catalyst (0.02 mmol), aldehyde (2 mmol),
i-PrOH (200 mmol), toluene (30 mL), 110 °C; and HY = complex
(0.02 mmol), aldehyde (2 mmol), H, (5 atm), toluene (45 mL), 90 °C.
@Amount of cinnamyl alcohol/amount of cinnamyl alcohol and
hydrocinnamaldehyde] x 100%. °[amount of product/initial amount of
substrate] x 100% after 2 h. lamount of product/initial amount of
substrate] x 100% after 3 h.

to decrease in the order 3 > § > 2 >4 > 1 and to be greater for
TH than HY. Complex 3 exhibited almost 90% selectivity for
cinnamyl alcohol in TH.

Faller and Lavoie screened the catalyst generated in situ from
[Os(#°-p-cymene)Cl,], and (1R,2S)-(+)-cis-1-amino-2-indanol
in the presence of tBuOK for the asymmetric transfer
hydrogenation (ATH) of ketones (Scheme 3).> This catalyst
was highly enantioselective, yielding alcohols with very good
enatiomeric excesses (up to 98%). The same catalytic system
was also investigated for ATH of ortho- and para-substituted
benzaldehyde-a-d derivatives, giving high conversions (>98%)
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Scheme 3
[Os(n®-p-cymene)Cll, / OH
% ¢
1 2 .
R" R 2-propanol, base RJ\Rz
ketone base temp time conv ee
°C) hy (%) (%)

acetophenone KOH -24 24 87 91
acetophenone tBuOK  -24 24 86 92
1-(naphthalen-1-yl)ethanone  BuOK  -24 48 80 94
2-(naphthalen-1-yl)ethanone  {BuOK  -24 48 77 89
1-tetralone tBuOK  +25 12 84 97
1-indanone tBuOK  -25 48 37 98

Reaction conditions: substrate to metal ratio = 100:1, using 2 mL of 0.1
M base/2-propanol. [Os(n8-p-cymene)Cl,],/ligand mole ratio = 1:4.

and modest to moderate enantioselectivities (up to 60% ee)
(Scheme 4).°

Scheme 4
0 [OS(n"-p-cymene)Clz]z/Cig'o"' D H
H p
R D 2 X oH
- 2-propanol, tBuOK, -78 to +25 °C R P>
R ee (%) R ee
4-Br 59 (S) 2-Me 33 (-)
4-H 60 (S) 2-CF; 25¢(-)
4-Me 51(S)
4-OMe 44 (S)

Reaction conditions: catalyst (3 mol%), 2-
propanol, tBuOK (0.006 M), -78 to +25 °C

A variety of hydridoosmium(II) complexes were synthesized
and assessed for the ATH of acetophenone.” The five-
coordinate compound [Os(H)(CI)(CO)(PiPr;),] (6) was
reacted with PiPr,R* (R* = NHCH(Me)Ph) to give the
octahedral complex mer-7 (Scheme S). The reaction of 6 with

Scheme §
H
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oc” | DPiPrR*
PiPryR*
7 R* = NHCHMePh
PiPr,R*
* RN
PrsP. I 1 Cl PiPr.
[OSHCICO)PPrs),] —— w "o+ osl°
oc”1TP : p71>co
6 P\) : L./P

*

M 8or9
P P =(S,S)-Chiraphos or (S,S)-Diop

8: only one of the two diastereoisomeric complexes (undetermined)
was formed from (S,S)-Chiraphos
9: two diastereoisomers were formed from (S, S)-Diop

(28,38)-(—)-bis(diphenylphosphino)butane ((S,S)-Chiraphos)
generated only one of the two diastereoisomeric complexes 8
(undetermined), while the reaction with (4S,55)-(+)-O-
isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)-
butane ((S,S)-Diop) gave two diastereoisomeric chelate
complexes 9, whose ratio was dependent on the reaction
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conditions (Scheme 5). [OsH(x*-H,BH,)(CO)(PiPr;),] (10)
reacted with (S,S)-Chiraphos to give the mononuclear
octahedral complex 11 as a diastereoisomeric mixture, while
the reaction with (S,S)-Diop quite surprisingly afforded the
dinuclear compound 12 (Scheme 6). Treatment of

Scheme 6
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[OsH,CL(CO)(PiPry),] (13) with 2 equiv of (S,S)-Chiraphos
afforded 14, which was converted into dihydrogen complex 16
via protonation of dihydrido complex 15 (Scheme 7). For the

Scheme 7
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ATH of acetophenone, complexes 7, 8, 9, and 12 showed good
catalytic activity but low stereoselectivity (Table 1); conversely,
complexes 11, 14, 15, and 16 were not active at all.

Table 1. ATH of Acetophenone Catalyzed by
Hydridoosmium Complexes 7, 8, 9, and 12

complex time conv. (%) ee (%) conf.
7 16 h 70 3.5 (+)-R
8 7 days 85 20 (-)-S
8/KOH” 22 h 62 17.4 (+)-R
9 18 h 94 35 (+)-R
9/KOH" 40 h 35 12 (-)-S
12 45h 63 14 (+)-R

Reaction conditions: complex (0.1 mmol), toluene (12.5 mL), 2-
propanol (12.5 mL), 85 °C, 1 h, then acetophenone (10 mmol) in 2-
propanol (12.5 mL). “KOH (0.1 M in 2-propanol, 3 mL) was added
to the catalyst.

Inspired by Noyori’s work on the catalysts [RuCL,(PP)(1,2-
diamine)] (PP = diphosphine),® which indicated that the use of
ancillary ligands featuring an NH functionality is crucial to
achieve highly active HY catalysts, we developed [OsCl,(PP)-
(Ampy)]-based catalysts, where Ampy is the mixed bidentate
nitrogen ligand 2-aminomethylpyridine.” Thus, Os complexes
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17—21 were prepared (Schemes 8 and 9).” Treatment of
[OsCl(PPh;);] with Ampy in mesitylene at 40 °C led to
trans,cis-17, which isomerized to cis,cis-18 upon being heated at
150 °C (Scheme 8). The reaction of [OsCl,(PPh,);] with
Ph,P(CH,),PPh, (dppb) and subsequent treatment with Ampy
gave an inseparable mixture of trans-19 and cis-20 in a 1:3
molar ratio, while the reaction with 2-(pyridin-2-yl)ethanamine
resulted in the formation of trans-21 (Scheme 9).

The Os compounds 17—21 were catalytically active for TH
of acetophenone. With the mixture 19/20, TH of acetophe-
none occurred in 30 s (turnover frequency (TOF) = 5.7 X 10°
h™'), showing that its activity is higher than that of the
analogous complex cis-[RuCl,(dppb)(Ampy)] (TOF = 3.0 X
10° h™').” With 19/20 the reduction of acetophenone was
obtained at extremely low catalyst loading. In contrast to the Ru
analogues (turnover number (TON) < 10%), 19/20 was
catalytically active even at 0.001 mol % (TON =~ 1.8 X 10°)
with a gradual decrease in the rate as the Os concentration was
reduced (TOF = 5.5 X 10° to 3.4 X 10° h™" at 0.02 to 0.001
mol %). This indicated that 19/20 is a more robust catalyst
than the Ru analogues, making this Os system suitable for the
synthesis of alcohols on a preparative scale. The mixture 19/20
enabled the fast reduction of several ketones, including tert-
butyl ketones that are difficult to hydrogenate, and also the
chemoselective reduction of S-hexen-2-one (Scheme 10).

With the catalyst generated in situ from [OsCl,(PPh,),], (S)-
1-[(RP)-Z-(diphenylphosphino)ferrocenyl] -
ethyldicyclohexylphosphine ((S,R)-Josiphos), and ligand
(Ampy, (+£)-1-methyl-1-(pyridin-2-yl)methanamine ((+)-Me-
Ampy), or (+)-1-tert-butyl-1-(pyridin-2-yl)methanamine
((£)-tBu-Ampy)), ATH of acetophenone afforded (S)-phenyl-
ethanol with both high ee (91-95%) and TOF (up to 1.9 X 10*
h™').” As found for the analogous Ru precursor
[RuCl,(PPh;),],'° an increase in enantioselectivity was
observed when the combination of [OsCl,(PPh;);] and
(S,R)-Josiphos was used with the racemic mixture of R-Ampy
(R = Me, tBu) on account of the diastereoselective formation of
the catalyst. With the catalyst generated in situ from
[OsCl,(PPhs),], (S,R)-Josiphos, and (+)-tBu-Ampy, ATH of
aryl methyl ketones afforded the related (S)-alcohols with 94—
96% ee and TOFs of up to 1.2 X 10* h™' (Scheme 11). These
impressive results established that the [OsClL,(PP)(Ampy)]
system can be efficiently used for the preparation of chiral
alcohols and opened the way for the design of novel highly
efficient Os-based catalysts for TH, HY, DHY, and borrowing
hydrogen reactions.

Very recently we prepared the Os complex trans-22 (Scheme
12) and compared its ability to catalyze a variety of organic
transformations involving ketones and alcohols with that of the
related Ru complex."’ At a loading of only 0.1—0.0005 mol %,
complex 22 efficiently catalyzed the chemoselective (C=0 vs
C=C) TH of aldehydes and ketones to alcohols (TOFs of up
to 3 X 10° h™") (Scheme 13), showing rates comparable to or
even higher than those with the related Ru complex.
Importantly, Os complex 22 was competitive with the most
active CNN pincer Ru system for the TH of aldehydes.'>

Carmona and co-workers reported the synthesis of the
mononuclear osmium arene complexes 23—30 containing L-a-
aminocarboxylate ligands, which underwent chloride abstrac-
tion by AgBF, in methanol to afford the related cationic trimers
31-36 (Figure 1).">'* Trimerization most probably occurred
through the chiral-at-metal mononuclear species [(1°-p-
cymene)Os(Aa)(MeOH)]* and took place with chiral self-
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Scheme 10

O OH
complexes 19/20
JL A

R? iPrOH, NaO/Pr, 82 °C R" °R?

ketone conv (%) time (min) TOF (h")
(0]

Bu)J\ 93 30 8.0x10%

R1

(@]
4
Mo, 98 30 17x10

(o}
iPr

Bu
99 30 2.7 x 104
0

Mo~ o6 2 3.2x 105

Reaction conditions: ketone (0.1 M), complexes 19/20
(1/3 )(Os = 0.05 mol%) and NaO/Pr (2 mol%) in 2-
propanol at 82 °C.

Scheme 11
[OsCly(PPh3)s]
o] (S,R )-Josiphos/(+)-tBu-Ampy OH
J\Me jPrOH, NaOJPr, 60 °C R™ "Me
R yield (%) time (min) ee (%) TOF (h™)

2-CICgH, 99 30 94 1.2 x 104
2-MeOCgH, 98 60 95 9.1x103
2-MeCgH, 99 60 9% 8.6 x 10°

Reaction conditions: ketone (0.1 M), [OsCl,(PPhg)3)/(S,R )-
Josiphos/(+)-tBu-Ampy (Os 0.05 mol%) and
NaO/Pr (2 mol%) in 2-propanol at 60 °C.

(4)-tBu-Ampy: M
_ i,

R
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recognition, ie., only the diastereomers with equal config-
urations at the metal (RogRogRos and SoySoeSos) were
detected. Both the monomers and trimers were active catalysts
for TH of acetophenone with 2-propanol in the presence of
HCOONa as the base, affording in most cases conversions of
around 90% within few hours with up to 72% ee (Scheme 14).
The reaction rate was strongly dependent on the number of
aminic protons present in the aminocarboxylate ligand,
increasing in the sequence NR, < NRH < NH,. The catalytic
activity of the prolinate trimer 34 with other ketones was also
examined, and this complex was found to give up to 82%
stereoselectivity (Table 2).

The results obtained were explained by assuming that
Noyori's mechanism applies to their systems displaying NH
protons (Scheme 15). The cationic 2-propanol—osmium
complex affords the catalytically active hydride species, which
transfers a hydride from Os—H and a proton from N—H to the
substrate C=0 function, affording 1-phenylethanol via a six-
membered cycle. Reaction of the coordinatively unsaturated 16-
electron complex with 2-propanol gives the Os—H complex,
which closes the cycle. Figure 2 depicts an exhaustive
description of the proposed six-membered metallacycles
involving the N—H and Os—H moieties with the ketone,
consistent with the observed enantioselectivities.

2.2. Osmium Complexes with Tridentate Ligands

Metal complexes containing polydentate ligands are expected to
afford robust catalysts that display high productivity resulting
from retardation of deactivating side reactions. Since the pincer
Ru complexes [RuCI(CNN)(PP)] containing a metal—carbon
bond showed outstanding activity and productivity in TH and
HY of carbonyl compounds,'® we prepared the pincer CNN Os
complexes 39—43'® by ortho metalation of (6-phenylpyridin-2-
yl)methanamine-based ligands 38a—c (Scheme 16). These
complexes were remarkably active catalysts for TH of ketones,
affording TOFs of up to 1.3 X 10° h™' (Scheme 17), which
were slightly higher than those showed by the Ru analogues.
Importantly, the unsaturated ketone hex-5-en-2-one could also
be chemoselectively reduced to hex-5-en-2-ol. Chiral derivatives
41-43 (0.005 mol %) allowed the ATH of methyl aryl ketones,
providing the related alcohols with up to 97% ee (Scheme 17).
The reduction of 3-methoxyphenyl methyl ketone with 97%
stereoselectivity at a 0.002 mol % loading of 43 indicates that
these osmium complexes are outstanding catalysts for the
preparation of chiral alcohols, which are usually obtained with
1-0.1 mol % loadings of Ru catalysts.

We also used the ligands (S)-38c and (S)-44a—f (Figure 3)
in combination with [OsCl,(PPh;);] and (R)-1-{(S,)-2-[bis(4-
methoxy-3,5-dimethylphenyl)phosphino]ferrocenyl}-
ethyldicyclohexylphosphine ((R,S)-Josiphos*) to produce a
variety of in situ-generated pincer Os complexes that efficiently
catalyzed the TH of acetophenone.'” The best-performing
ligand was (S)-44f, which afforded (R)-1-phenylethanol with
87% ee (96% conversion) and TOF = 1.5 X 10° h™'. On this
basis, complexes 45 and 46 were prepared from (R,S)-Josiphos

DOI: 10.1021/ar5003818
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Scheme 12
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[OsCly(PPhy)s]  + Fe — 2>/ \— g_p/@
Ph,P—Z= toluene, 50 °C — /J Ph,
N
dppf H, ClI
22
Scheme 13 Scheme 14
[e] OH (¢] OH
complex 22 L complexes 23-31,33-36
R™ “R2 RY "R2 .
iPrOH, NaO/Pr, reflux 2-propanol, 83 °C
R? R2 conv time  TOF
(%) (min)  (h™ complex confat N time (h) conv (%) ee (%)
Ph H 98 5 3.0x10° 23 1 87 8(R)
4-MeOCgH, H 98 5 1.8 x 10° 24 1.4 98 28 (R)
e o s n s wo
25U, 1.5x10
Me,C=CH(CH,),CH(Me)CH, H 982 120 26x10° 2 S > 92 46 (R)
PhCH=CH H 907 120 89x10* 7 S ! 8 86 (R)
Ph Me 98 10 1.9 x10° 2 97 60 (R)
4-MeOCgH, Me 87° 5 1.0 x 10 28 R 2 97 48 (S)
2 a 3
Ph t-Bu 91 60 4.7 x 10 29 24 41 0
Ph Ph 98 60 7.8 x 10
CH,=CHCH,CH, Me 982 5 43x10% 30 S 24 36 6(R)
o 31 25 84 10 (R)
/@k 962 10 4px10 33 s 1.25 35 50 (R)
34 S 1 70 72 (R)
Reaction conditions: carbonyl compound (0.1 M), Os-complex (0.005 6 99 70 (R)
mol%) with NaO/Pr (2.0 mol %) in 2-propanol at reflux temperature. 35 R 1.75 70 52 (S)
a, b,
Os-complex (0.05 mol%). °Os-complex (0.1 mol%) 36 s 24 18 4(R)

23,24,29: R?=R®
25-28,30: R2# R®

23,31 (Ala): R' = Me, R2=H,
24,32 (Phe): R' =Bn, R2=H,
25 (MePhe): R'=Bn, R2=H, R3=Me
26,33 (Aze): R'-R2=-(CH,),-, R®=H
27,34 (Pro): R'-R?=-(CH,)s-, R®=H
28,35 (Pip): R'-R2=-(CH,),-, R®=H

29 (Me,Phe): R' = Bn, R2= Me, R3=Me
30,36 (MePro): R'-R? = -(CH,)3-, R®= Me

R3=H
R3=H

Figure 1. Structures of osmium—aminocarboxylate complexes 23—36.

and (R,S)-Josiphos™, respectively, in combination with (S)-44f
(Scheme 18). Complex 46, which displayed better performance
than 45 in the TH of acetophenone, was also assessed for TH
of several alkyl (hetero)aryl ketones and gave up to 99% ee and
TOF = 10°—10° h™! (Scheme 19).

We next decided to examine the coordination chemistry and
catalytic potential of Os complexes obtained by replacing these
CNN ligands with the related ones based on the more rigid
structure of the benzo[h]quinoline framework. Thus, we
prepared the thermally stable pincer Os complex 47 by

367

Reaction conditions: all reactions were carried out at 83 °C;
complex (0.04 mmol) in 6.6 mL of 2-propanol; molar ratio
complex/HCOONa/acetophenone 3/6/200; molar ratio
complex’HCOONa/acetophenone for trinuclear complexes =
3/4/200.

Table 2. ATH Catalyzed by the Trimer [{(5°p-
Cymene)Os(Pro)};][BE,]; (34)

ketone time (h) conv (%) ee (%) conf
O
/O)\Me 15 62 60 R
Me
(o}
ﬁMe 15 86 44 R
Cl
(o]
1.5 31 82 R
8 80 76 R
[0}
d 2 8 42 R
Me

Reaction conditions: complex (0.04 mmol), 2-propanol (6.6 mL),
molar ratio complex/HCOONa/ketone = 3/4/200, 83 °C.

treatment of [OsCl,(PPh,);] with dppb followed by further
reaction with 2-aminomethylbenzo[h]quinoline (Scheme 20).'8
Complex 47 was a highly efficient catalyst for the TH of several
ketones. With 0.005 mol % 47, TOFs of up to 1.8 x 10° h™

DOI: 10.1021/ar5003818
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Scheme 15
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n = 1, prolinate (27, 34)
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O/F? " ' 7B-MeCgH,i-Pr

R R!

R! = Me, R2 = Bn, N-methylphenylalaninate (25)
R'- R2 = (CH,),, piperidine-2-carboxylate (28, 35)

Figure 2. Proposed six-membered metallacycles.

were achieved (Scheme 21), showing that the osmium complex
has much the same catalytic activity as the analogous Ru
complex under these catalytic conditions.'® With 47, complete
reduction of acetophenone was achieved at a remarkably low
catalyst loading (0.001 mol %) in 30 min. Since metal hydride
and alkoxide complexes were supposed to be key species
involved in catalytlc TH and HY processes occurring in basic
alcohol media,"”*° complex 47 was reacted with NaOiPr to
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Scheme 16
= PPhy
38a \ /CI_//S_PPhS
A NH,
re A [0SCL,(PPhg)s]
N 39
NH, ; Et;N R
38a-c
38a:R'=Me, R2=H 38a-c
1 ol M
38b: R'=H, R2=tBu PP
1 2= I ~P’>
38c: R'= H, R“=Me \ —Os—p
/
c’/
~—NH;
R?
40-43
M
40: P P=dppb, R"=Me, R2=H
M
41: P P=dppb,R"=H, R?=tBu
M
42: P P =(S,R)-Josiphos, R"= Me, R2=H
M
43:P P =(S,R)-Josiphos, R'= H, R?= Me
Scheme 17
JOJ\ complexes 39-43, i PrOH (:)H
R™R?  NaO/Pr, 60-82 °C, 5-120 min RYOR?
complex R! R2 temp conv time TOF ee
(°C) (%) (min) (h") (%)
39 Me  Ph 82 96 10 1.8x10°
40 Me Ph 82 98 5 1.3x 108
40 Me  2-CICgH, 82 99 5  9.0x10°
40 ~(CHp)4~ 82 95 10 6.0x10°
40 Me  CH,CH,CH=CH, 82 96 10 4.0x10°
41 Me Ph 60 94 120 1.2x10° 74
42 Me Ph 60 95 30 1.7x10° 83
43 Me  Ph 60 97 30 1.7x105 93
43 Me  2-MelCgH, 60 92 60 4.0x10° 91
43 Me  2-CICgH, 60 96 30 1.3x105 90
43 Me  2-MeOCgH, 60 95 30 1.9x10°% 97
43 Me  3-MeOCgH, 60 94 10 2.0x105 97
43 Me  3-MeOCgH,4 70 94 120 4.0x105 97
Reaction onditions: ketone (0.1 M), complex (0.005 mol%), NaO/Pr

(2 mol%) in iPrOH.

X
Me l =
N™ "R 44a: R = 4-MeOCgHy; 44b: R = 4-F;CCqHy;
NH, 44c: R = 3,5-Me,CgHg; 44d: R = 3,5-(F5C),CgHs
44a-f 44e: R = 1-naphthyl; 44f: R = 2-naphthyl

Figure 3. Structures of ligands (S)-44a—f.

afford an equilibrium mixture of alkoxide complex 48 and
hydride complex 49 (Scheme 20)."® The latter complex, which
was easily isolable by evaporation of the alcohol and elimination
of acetone, was treated with bis(4-fluorophenyl)methanone to
afford alkoxide 50. Complexes 49 and 50 showed high activity
in TH but at lower rates than with 47, possibly because of their
moisture and oxygen sensitivity (Scheme 21). ATH of
acetophenone was also achieved using the in situ-formed chiral
pincer complexes 51 and 52 (obtained from [OsClL,(PPh;),], 2

aminomethylbenzo[ h]quinoline, and (S,R)-Josiphos or (S,R)-
Josiphos*, respectively), which afforded (S)-phenylethanol with
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Scheme 18
o
N PCy, Me: N,,,J
e L [OsCLPPIIL_ N, SO
N PA H- PAI’Z
Fe 2 EtsN, MePh c
NH, ¥2
Fe
aaf (R,S)-Josiphos or 0
(R,S)-Josiphos* 45: Ar = Ph
(R, S)-JOSiphOSZ Ar = Ph 46: Ar = 4—MeO—3,5—MeZCGH2
(R,S)-Josiphos*: Ar = 4-MeO-3,5-Me,CgH,
Scheme 19 Scheme 21
i complex 46, iPrOH OH JOJ\ complexes 47,49,50 OH
R™"R?Z  NaOiPr, 60-82 °C, 10-120 min R" OR2 R™"R?Z  jPrOH, NaO/Pr, 82 °C, 2-10 min R’)\Rz
R? R? conv (%) time (min) TOF (h) ee (%) complex R’ R? conv time TOF
(%)  (min) (h7)
Me Ph 97 30 32x10°5 91
Et Ph 93 30 1.4 x10° 99 47 Me Ph 96 5 1.3x10°
MeP  1-naphthyl 98 30 59x10* 96 472 Ph 94 30 4.3x10
Me 2-naphthyl 97 10 34x105 99 47 Me 2-MeOCgH, 99 2 1.8 x 108
Me  2-MeCgH, 93 60 59x 104 94 47 Me CH,CH,CH=CH, 97 10  3.0x10°
Me?  3-CICgH, 97 5 48x10° 99 47 -CHy,(CHy)3CHy- 98 5 7.0x 105
Me  3-F3CCgHy4 99 20 1.8 x10° 94 49 Me Ph 97 5 6.1x10°
Me  3-MeOCgH 97 30 2.0x10° 99 50 Me Ph 99 5  81x10°
a,C - 5
mebd 22 (iﬂeCO)ECsHHs Z; ;g :(1) X 184 g; Reaction conditions: ketone (0.1 M), complex (0.005 mol%), NaO/Pr
© S 3 )2Cefts ax (2 mol%) in iPrOH at 82 °C. 2Complex (0.001 mol%).

Me 2-pyridyl 99 30 12 x105 91
Med  3-pyridyl 99 30 76x10* 90
MePd  4-pyridyl 99 10 83x10% 97 Scheme 22
Reaction conditions: ketone (0.1 M), complex (0.005 mol%), NaOi Pr o) complexes 51,52, iPrOH OH
(2 mol%) in /PrOH, 60 °C. 2Reaction carried out at 82 °C. Ph)J\Me NaOiPr, 60 °C, 10 min PR Me

bSubstrate/complex/NaO/Pr = 10000/1/200.
NaOiPr =50000/1/1000. %In situ reaction.

®Substrate/complex/

0% and 90% ee, respectively at a high rate (TOF = 2.1 X 10°

h™!)'® (Scheme 22).

It is worth pointing out that Os complexes based on (6-
phenylpyridin-2-yl)- and (benzo[h]quinolin-2-yl)methanamine
ligands show much the same behavior as the analogous Ru
complexes, for which mechanistic studies were very recently
carried out by us.*' According to these investigations, Os—
chloride complex 53 reacts with NaiOPr to afford isopropoxide
complex 54, which rapidly equilibrates with hydride complex
55 (Scheme 23). Reaction with the substrate in the presence of
2-propanol leads to reduction to the alcohol product and the

Complex 51: 96% conv, 80% ee.
Complex 52: 96% conv, 90% ee.

51: [OsCly(PPh3)3], (S,R )-Josiphos and 2-aminomethylbenzo[h]qui-
noline; [Os]/PP/ligand = 1:1.5:2

52: [OsCly(PPh3)3], (S,R )-Josiphos* and 2-aminomethylbenzo[h]qui-
noline; [Os]/PP/ligand =1:1.5:2

formation of an Os—amide alcohol adduct; reaction of the latter
with 2-propanol affords the alcohol product and the 2-propanol
amide adduct, which in turn regenerates the hydride and closes
the cycle. The presence of the NH, function is crucial for
enhancing the rate of the reaction, allowing hydrogen bonding
with the alcohol medium and facilitating the overall proton

Scheme 20

[OsCIZ(PPh3)3]

(¢
o |

N “dppb, EGN b, Et;N 4/

NH, pp 3 Cl/

N / th
—NH2

F F
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h2 ) + NaOl Pr
- NaCI
0]

N a8
%;:49=5:1
OO
N W] Phe
NH,
49
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Scheme 23
_ [MeCly(PPhy)s] NaOiPr
—_— —_—
N dppb, EtsN -NaCl
NH,
Me,C=0
Hz
Me” < H
Ho Me,CHOH R,CHOH eMé
MeMé H M = Ru or Os
Scheme 24
/Pr2 HiPr, H jpr,
HN(C,H4Pi Pry), (L P BuoK /=P +H, l\é_,EH
[(NEt)0sCle] N [heH [Ch=9
Ha, EtNiPr, & H » H -Hy &
IPI’2 iPry iPry
56 57 58
lPMe3
/Pr2
E Js—PMea
/Prz
59

transfer. Although the alkoxide and hydride are the only species
detected in solution, the amide alcohol adduct plays a crucial
role in catalysis.

The synthesis, structure, and properties of the PNP pincer
Os complexes $56—59 were reported by Gusev and co-workers
(Scheme 24).>> TH experiments with catalyst 58 conducted at

room temperature in 2-propanol, ethanol, or methanol

370

indicated that in methanol the reaction was slow, but a
significant acceleration was observed in the presence of tBuOK
in both 2-propanol and ethanol (Scheme 25).

The same group also described the related PXP (X = N, O)
pincer Os complexes 60—63 (Figure 4).>> Complex 61 proved
to be an excellent TH catalyst in 2-propanol without base, while
the chloride complex 60 was similarly active under basic

DOI: 10.1021/ar5003818
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Scheme 25
)CJ)\ complex 58 j’i
Ph rt Ph
[cat] loading, mol%  TOF2P solvent
[Os] 0.016% 1900 PrOH
[Os] 0.16% 420 EtOH
[Os] 0.4% 95 MeOH
[Os] 0.01% 5700 iPrOH, 0.05 mol% tBuOK
[Os] 0.04% 1800 EtOH, 0.4 mol% tBuOK
)?\ complex 58 oH

Cy rt Cy
[cat] loading, mol%  TOFaP solvent
[Os] 0.013% 4600  iPrOH
[Os] 0.07% 430 EtOH
[Os] 0.33% 130 MeOH
[Os] 0.0016% 19000 iPrOH, 0.05 mol% tBuOK

32700 EtOH, 0.5 mol% t BuOK

[Os] 0.0016%

aTOF (h™") at 50% conv. ®50% conv was reached within 1-2 h

i Pr2

EN Js co

i Pr2

i Pr2

E JSCO EOJSCOE JSCO

i Pr2 iPry i Pr2
60 61 62 63

Figure 4. Structures of Os—PXP (X = N, O) pincer complexes 60—63.

conditions (Scheme 26). Both catalysts worked well when used
with large substrate-to-catalyst ratios (10*—10°), affording high
TOFs at room temperature.

Scheme 26
i complexes 60,61 OH
R™ °R2 solvent, rt R™ “R?

complex R R2 ROH base® time (h)® TOF®

60 Ph Me iPr 1.0 1.0 14x10%
61 Ph Me Pr 0.5 1.3x 104
61 Ph Me iPr 1.0 2.0 1.6 x 104
60 Ph Me Et 0.3 25 1.0x 102
61 Ph Me Et 1.8 3.0 x 102
619 Ph Me Et 2.0 2.6 x 102
61 Ph Me Et 1.0 0.8 4.7 x 102
61 -(CHy)s iPr 1.7 1.9x 102
61 -(CHyp)s- iPr 1.0 1.3 6.3 x 102
61 -(CH2)s- Et 0.8 5.5 x 102
61 -(CHp)s- Et 0.1 0.8 9.6 x 102

at BUOK (mol%). °Time to reach 50% conversion at rt. °Turnover
frequencies at 50% conversion. 9Cyclohexylamine was added (ratio 1:1).

Gamasa and co-workers very recently reported the synthesis
and catalytic application of osmium(II)—pybox complexes 64—
67 bearing phosphine and phosphite ligands (Schemes 27 and
28).>* In the ATH of acetophenone, Os complexes with (S,S)-
iPr-pybox were more active than those with (R,R)-Ph-pybox, in
the opposite way to the analogous Ru complexes.” After
optimization of the reaction conditions, the (S,S)-iPr-pybox
complexes 64a—d were examined in the reduction of a number
of aryl alkyl ketones. Complexes trans-64c and trans-64d were
highly efficient catalysts, affording nearly quantitative con-
version with 90—94% ee (Scheme 29). It should be noted that
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Scheme 27
| X
L O = O,
N
I
MePh, reflux g/N\OlsgNJ
iPr oM iPr
| X L
P 64a-d
NGy
N~—g—N—/
P af Pr B
o o ZN_O
L r Ne \\)
MePh, reflux Pr L/(gl “Pr
65e-g

a:L=P(OMe)3, b: L = P(OEt)3, c: L = P(Oi-Pr)3, d: L =
P(OPh);, e: L=PPhg, f:L= PiPr3, g:L= PCy;

Scheme 28

g ety
microwave

o | B o 66a

N

TNy

N~ g=N

PR c| Ph

= MePh o
mlcrowave N\OSC/IN
PH v é Ph
67b-d

a: L =P(OMe)s, b: L =PPhs, c: L= PiPry, d:L= PCy;

these results showed for the first time that Os complexes based
on aprotic nitrogen ligands can efficiently catalyze the ATH of
ketones.

Os complexes 69a—c were prepared by the reaction of
[Os(H)(Br)(CO)(PPh;);] with 1-{[2- (arylazo)phenyl
iminomethyl}-2-phenols 68a—c (Scheme 30).>° Complex 69a
was examined in TH of representative aliphatic and aromatic
ketones and afforded moderate to high yields of the
corresponding alcohols; c0nverse17y the related Ru complex
showed no activity (Scheme 31).>

3. HYDROGENATION OF ALDEHYDES AND KETONES
WITH MOLECULAR HYDROGEN

Catalytic HY of the polar C=0 bond with hydrogen catalyzed
by ruthenium complexes has been extensively investigated in
the past decade and represents a core reaction for the synthesis
of alcohols.” By contrast, Os catalysts have been sparingly
employed in HY because they are considered to have low
activity. In 2008 we reported the first example of asymmetric
hydrogenation (AHY) of ketones catalyzed by Os complexes,
which displayed exceptionally high activity similar to that of the
Ru analogues. This work led to a renewed interest in osmium-
catalyzed processes involving the cleavage of H-H and C—H
bonds.

3.1. Osmium Complexes with Monodentate Ligands

The cationic complex 71 and its neutral precursor 70 (Scheme
32) were efficient catalysts for the hydrogenation of
benzaldehyde and cyclohexanone, with complex 70 showing a

DOI: 10.1021/ar5003818
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Scheme 29
o) complexes 64a-d OH
—_—

R SRZ  /PrOH,82°C,1h RT* R2
catalyst R’ R? conv (%) ee (%)(conf)
64a Ph Me 98 94 (R)
64d Ph Me 98 92 (R)
64b Ph Et 98 92 (R)
64c Ph Et 99 92 (R)
64d Ph Et 98 94 (R)
64a 2-MeOCgH, Me 99 74(S)
64b 2-MeOCgH, Me 99 74(S)
69a 2-BrCeH, Me 98 57 (S)
64b 2-BrCqH, Me 99 55 (S)
64a 3-MeOCegH, Me 97 79 (R)
64c 3-MeOCgH, Me 97 79 (R)
64d 3-MeOCgH; Me 97 80 (R)
64a 3-BrCqH, Me 99 92 (R)
64b 3-BrCqH, Me 99 91 (R)
64a 4-MeOCgH, Me 98 93 (R)
64c 4-MeOCgH, Me 98 93 (R)
64a 4-BrCgH, Me 97 72 (R)
64b 4-BrCgH, Me 97 73 (R)
64a 4-BrCgH, Et 97 97 (R)
64b 4-BrCeH, Et 9 9% (R)
64c 4-BrCeH, Et 9 94 (R)
64a 2-naphthyl Me 99 54 (S)
64c 2-naphthyl Me 99 55(S)

Reaction conditions: ketone (5 mmol ), 2-propanol (75 mL),
complex (0.6 mol%), KOtBu (ketone/catalyst’KOtBu =
500:3:60). at 82 °C for 1 h.

Scheme 30
Br
OC_ I PPh,
R by
¥
[OSHBr(CO)PPhy)s] N L “0
N_ “loluene, reflux N/ @
68a-c a:R=H,b:R=CH; c:R=Cl 69a-c
Scheme 31
o complex 69a OH
R’J\R2 KOH, iPrOH R “R?
R RZ  time(h) yield (%)
Ph Ph 1 80
Ph Me 1 75
-CH,(CHy)3CH,- 1.5 50
4-MeCgH, Me 1.5 50

Reaction conditions:  ketone (2.8 mmol),
complex (0.0013 mmol) and KOH (0.0625
mmol) were heated to reflux in /PrOH (10 mL).

Scheme 32
Ph, —|+
CH4CN, NaBF, OC<_ | ~NCCHs|BF,
[OSHCI(CO)(PPhy);] —————— °»
reflux, 2h H 'l NCCH,
70 Ph,
71

catalytic activity higher than those of 71 and their analogous Ru
complexes (Scheme 33).%8 Complexes 70 and 71 were also
assessed in the hydrogenation of quinoline to 1,2,3,4-
tetrahydroquinoline and cyclohexene to cyclohexane. The

372

Scheme 33
)ol\ complexes 70,71, Hy, (4 bar) OH
R" OR2 RT/kRZ
2-methoxyethane, 100 °C
complex? R! R2  TONP
70 Ph H 74
7 Ph H 42
70 «CHps 76
7 «(CHps 28

aComplex = 0.1 mol%
5Turnover number in 1 h.

results showed that 71 was a more efficient catalyst for the
hydrogenation of C=C and C=N bonds than for C=0
bonds in selected substrates. This enhanced selectivity was
rationalized in terms of a greater ability of this charged osmium
complex to coordinate the C=C and C=N functional groups
of the substrates to the appropriate extent to promote the
subsequent hydrogenation.

Kinetic and mechanistic studies of the HY of cgclohexanone
were carried out using cationic complex 71.” All of the
experimental data were consistent with a mechanism involving
oxidative addition of hydrogen as the rate-determining step of
the catalytic cycle (Scheme 34).

Scheme 34. Proposed Catalytic Cycle for
[OsH(CO)(NCMe),(PPh;),]BF,-Catalyzed Hydrogenation
of Cyclohexanone

Hu,, \PPh‘l

Phg P/l NCMe
CM

Ncmq\ o:%, S
nPPh—l
>

OH H:,

o=\ ‘)/ Phgp” ] |

\\PPh—‘

He co +
Phsp/ l \S H/,,_ S_‘\\PPhs
u° PhsP” | S

\\% O§%
co + // K
d nPPhZJ o +
PhaP”” | °~s O LoPPh]
PhsP” | S
\% %” T8
Ha $

3.2. Osmium Complexes with Bidentate Ligands

The five-coordinate complex 73 was prepared by reacting
KOtBu with 72, which was obtained from [Os(H)(Cl)(PPh;),]
and 2,3-diamino-2,3-dimethylbutane (Scheme 35).*° Hydro-
genation of acetophenone with 73 reached 98% conversion in
20 min under S atm H, at 20 °C without base. By contrast, the
hydrido chloro complex 72 required the addition of KOtBu to
catalyze ketone HY.

We described the synthesis of osmium complexes trans-75
and trans-76, similar to complexes developed by Noyori with
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Scheme 35§
H H,
HoN NH, Ph3P/,'o| N KO#Bu
- . S
[OSHCI(PPhg)s] PhaP” 1 "N
Cl H,
72
H H T Ho
PhsP, ¥ N PhsP., | N
P30 CH,(CN), P 0s:
PhgP N ~  PhgP NN
Ha o Hz
73 c
ey
N 74

ruthenium,® by the reaction of [OsCl,(PPh,);] with dppf
followed by diamines (Scheme 36).>' Moreover, the chiral

Scheme 36

C
Ph, Hy

|
@‘P\J N

a
Hp Hp "
\N

Fe -
CH,Cly, reflux <" i N
2
|

[OsCly(PPh3)s]
+

dppf
PP 1h Ph,

75(n=1),76 (n=2)

Cl
Xyl Ho

1

(P\ s/N R
p— \N 2
Xyly | Hy

HQRHQ

(R,R)-dach

1. diphosphine
toluene, reflux, 4 h

N\a; 2. 1,2-diamine, reflux

RO P
. P
P\BS<C|>)S/
F/ \C Cl
P = P(m tolyl)3
Ph Ph

HZMHZ

(R,R)-dpen

MeO PXyl,

MeO. l PXyl,

77

0
co™

78 Xyl = 3,5-Me,CeHs

79 80

81 82

complexes trans-79—82 were obtained by the reaction of
[Os,CL{P(m-tolyl);};] with bulky diphosphine (77, 78) and
1,2-diamine ligands (Scheme 36). Compounds 75 and 76
displayed exceptionally high catalytic activity in the hydro-
genation of aldehydes and methyl aryl, dialkyl, and diaryl
ketones with remarkably high substrate/catalyst (S/C) ratios
(10000—200000) and TOFs (up to 3.0 X 10° h™') (Scheme
37). With the chiral compounds 79, 81, and 82, alkyl aryl,
cyclic, and bulky tert-butyl ketones were hydrogenated with up
to 99% ee, high S/C ratios (10000—100000) and TOF (4.1 X
10* h™) (Scheme 38). This indicates that these osmium—
diamine complexes are valid complements to the Noyori Ru
catalysts, which show poor activity for the HY of tert-butyl
ketones.
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Scheme 37
j\ complexes 75,76, H,, EtOH OH
R™ "R NaOEt, 60-70 °C, 0.17-2 h R "R2

complex R! R2 S/C temp conv time TOF
(°C) (%) (min) (hT)

75 Me Ph 1.0x10* 70 96 10 1.7x10°

75 Me Ph 2.0x10° 70 90 2h 2.3x10°

76 Me Ph 50x10* 70 >99 30 3.0x10°

75 Me n-CgHy; 5.0x10* 60 99 60 8.0x10*

75 ~(CHy)s- 50x10* 60 97 60 9.0x10*

75 Ph Ph 1.0x10* 60 >99 30 3.0x10%

752 H Ph 1.0x10* 60 99 10 9.0x10*

752 H n-CsHyy 1.0x10* 60 >99 10 5.7x10%

Reaction conditions: H, (5 atm), ketone or aldehyde (0.5 M), NaOEt
(1 mol%), EtOH at 60-70 °C. @NaOEt = 0.5 mol%.

Scheme 38
j\ complexes 79,81,82 )O\H

R™™R? | EtOH, NaOEt,60°C,0.5-24h  R7R?

complex R! R? conv time TOF ee
%) () (") (%)

79 Me  Ph 96 0.5 20x10* 90(S)
792 Me  Ph 90 15 1.0x10* 90(S)
81 Me~  Ph >99 05 25x10% 97(S)
82 Me  Ph 99 0.5 4.1x10* 90(S)
81 Me 3-BrCgH, >99 1 1.0x 104 94(S)
81 Me  3,5-(MeO),CeH; >99 0.5 20x10* 99(S)
81 CF; Ph >99 1 1.2x10% 87 (R)
81 Et Ph >99 05 1.9x10* 99(S)
81 iPr Ph 99 3 50x10% 99(S)
81 tBu Ph 85 24  1.0x10°® 90(S)
81 Me  tBu 92 15 12x10° 71(R)

Reaction conditions: H, (5 atm), ketones (0.5 M), substrate/complex
= 10000, NaOEt (1 mol%), EtOH at 60 °C. @Substrate/complex =
100000, NaOEt (2 mol%) at 50 °C.

We found that in addition to TH, the [OsCL,(diphosphine)-
(Ampy)] complexes 19/20 and 22 (Schemes 9 and 12,
respectively) were highly active in HY of ketones at low H,
pressure.” Thus, with 19/20 (0.05 mol %), acetophenone was
promptly hydrogenated in ethanol within 10 min (TOF = 1.5 X
10* h™) (Scheme 39). Remarkably, the reduction also occurred
completely at almost the same rate with lower osmium loadings
(0.01 and 0.005 mol %). This system also efficiently catalyzed
the hydrogenation of bulky substrates, including sterically
demanding substrates such as menthone and tert-butyl ketones
(Scheme 39).

We also showed that complex trans-22 (Scheme 12) was
catalytically active in the HY of aldehydes and ketones in a
methanol/ethanol mixture and in the presence of KOtBu,
showing TOFs of up to 1.0 X 10* h™' (Scheme 40).°
Comparison of the results for Os catalyst 22 and the related Ru
catalyst'" suggested that osmium is a valid complement to
ruthenium for both HY and TH reactions, taking into account
the fact that osmium is more robust, allowing reactions to be
run at higher temperature.

3.3. Osmium Complexes with Tridentate Ligands

In 2008, we found that the pincer TH catalysts 40, 42, and 43
(Scheme 16) were also extremely active for the HY of ketones
in methanol when a very low amount of base (0.05 mol %
KOtBu) was used.'® Thus, a number of ketones were
quantitatively converted into the related alcohols within 1-2
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Scheme 39
o} complexes 19/20 OH
R1J\R2 H, EtOH, NaOtBu, 70°c ~ R" R?
complex (mol%)?  ketone conv (%) time (h) TOF (h'")
0.05 o) >99 10min  1.5x10°
0.01 /U\ >99 1 1.4x10%
0.005 Ph >99 4 1.3x 10*
0
0.01 PO 1 1.4x10*
0o
0.01 >99 3 1.1x10%
tBu)J\
o]
0.01 97 2 1.1 x 10%
tBu)J\Ph
0o
0.01 ij/ 99 3 7.0x10*
0o
iPr
0.01 /é/ >99 2 1.3x 10

Reaction conditions: ketone (0.5 M), KOtBu (2 mol%), ethanol, H,
(5 atm) at 70 °C. @Mixture 19/20 = 1:3

Scheme 40
)Oj\ complex 22, Hy, KOtBu j’\H
R "R2? methanol/ethanol, 90 °C R" "R?
R? R? conv (%) time (min) TOF (h'")
Ph H 97 10 1.0x 10
4-MeOCeH, H 97 30 47x103
PhCH, H 91 8h 1.0x 103
PhCH=CH  H 90 30 46x10°
Ph Me 98 10 9.0x 108
4-MeOCgH,  Me 95 30 3.7x10%
Ph 4-CICgH, 97 30 46x103
(0]
@ 99 15 6.8 x10°
2L
,@i 90 2h 37x10°

Reaction conditions: carbonyl compound (0.5 M), KOtBu (2 mol %)
in methanol/ethanol (3/1, v/v) with the Os-complex

h in the presence of 0.005 mol % catalyst (TOFs of up to 5.2 X
10* h™') (Scheme 41). Efficient AHY of methyl aryl ketones
was also possible with the chiral derivatives 42 and 43 (0.005—
0.002 mol %), which afforded enantioselectivities of up to 98%
ee (Scheme 41). Complexes 42 and 43 were the first examples
of Os catalysts for AHY of ketones and still remain the most
active and productive systems.

We also prepared osmium complex 84 containing a chiral
benzo[h]quinoline-based pincer ligand by treatment of
[OsCl,(PPh,),] with (S,R)-Josiphos followed by ortho metal-
ation of 83a (Scheme 42).*> Moreover, according to our
previous studies of Ru complexes showing that (S,R)-Josiphos
correctly matched with chiral CNN ligands having the R
conﬁguration,33 we prepared complex 85 as a single stereo-
isomer by the reaction of [OsCl,(PPh;);] with (S,R)-Josiphos*
and (R)-83b (Scheme 42).>* The Os complexes 47 (Scheme
20) 84 and 85 were found to be active in the hydrogenation of
C=O0 bonds with H, at low pressure (Scheme 43). Os
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Scheme 41
0 complexes 40,42 and 43 OH
N\
Ri™ Rz H, MeOH, KO®Bu,60°C,1-2h  R{™ "Ry
complex R’ R2 conv time TOF ee
%) () () (%)
40 Me Ph 99 1 2.5x 104
40 Me 3-MeOCeH, 99 1 2.6 x 104
40 -CHy(CHy)3CH,- 99 05 3.3x10*
40 Me n-CsHyq 99 1 2.9x 10
42 Me Ph 98 05 52x10* 80
43 Me Ph 99 2 12x10% 86
43 Me 2-MeOCgH, 99 2 22x10% 93
43 Me 3-MeOCeH, 99 2 2.0x10% 98
43 Me 3-CICgH, 99 1 2.8x10% 98
432 Me 3-CICgH, 98 2 3.0x10% 98

Reaction conditions: H, (5 atm), ketones (0.5 M), complex (0.005 mol%),
KOfBu (0.05 mol%), MeOH. 20.002 mol% Os.

complex 47 catalyzed the quantitative ketone HY at 70 °C (S
atm H,) with a low amount of base (KOtBu/Os = $), affording
a TOF up to 3.2 X 10* h™". The chiral complexes 84 and 85
showed to hydrogenate acetophenone at 70 °C with 86 and
92% ee, respectively, and with good rates (TOF up to 2.0 X 10*
h™!) in a MeOH/EtOH mixture and with a KOtBu/Os ratio of
200 (Scheme 43). Interestingly, a similar performance was
reached with the in situ prepared system [OsCl,(PPhs),]/
(S,R)-Josiphos™*/83b, affording (S)-1-phenylethanol with 90%
ee. With this in situ generated catalyst several ketones were
successfully reduced (up to 99% ee) (Scheme 43). The
comparison of the catalytic activity of the Os complexes with
the Ru analogous in ketone HY shows that osmium generally
requires a higher temperature and a lower base amount to
work, while much the same enantioselectivity is achieved by
using the identical set of chiral ligands.

The proposed mechanism for the catalytic hydrogenation
with pincer Os complexes in basic alcohol media is depicted in
Scheme 23. According to the studies on the analogous pincer
Ru complexes, Os—chloride complex 53 reacts with alkali
alkoxide, leading to Os—alkoxide complex 54, which is
converted into hydride complex 55 via H, cleavage.”’ The
reaction with the ketone substrate leads to the alcohol product
with formation of an Os—amide alcohol adduct, which reacts
with H, to afford the Os—hydride complex, closing the cycle.
While in the catalytic TH the hydride is generated from the
Os—isopropoxide complex, in the HY the metal hydride is
formed by heterolytic H, splitting. As in the TH, in the HY the
NH, group plays a key role in enhancing the rate of the
reaction, allowing hydrogen bonding with the alcohol medium
and facilitating the overall proton transfer. In addition, the
nature of the alcohol also plays a crucial role, with methanol
and ethanol showing better performance than 2-propanol.

4. HYDROGENATION OF IMINES

Complex 71 and its precursor 70 (Scheme 32) were used for
the HY of quinoline to 1,2,3,4-tetrahydroquinoline (Scheme
44).*** The cationic complex 71 was a more efficient catalyst
than 70 (Scheme 44) and also proved to be an efficient and
regioselective catalyst for the hydrogenation of the nitrogen-
containing rings of quinoline, isoquinoline, 5,6- and 7,8-
benzoquinoline, and acridine (Table 3).>* The high activity and
stability of the Os complex allowed the authors to carry out
kinetic and mechanistic studies of the imine HY, which
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Reaction conditions: 2Ketone (0.5 M) in MeOH, under H, (5 atm),
substrate/Os/KOtBu = 10000:1:5 at 70 °C. PKetones (0.5 M) in
MeOH/EtOH (7:3), under H, (5 atm), at 70 °C, substrate/

complex/KOtBu = 10000:1:200. °Ketones (0.5 M) in MeOH/EtOH
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Scheme 42
ClhHy—
\ V4
PAr, %, | N—Z R
PCy, [0SCL(PPho)] o5 A,
+ - ArP” | SN,
mFe Et,N, mesitylene Mh}*
Fe
83a,b (S,R)-Josiphos or %
a:R=H,b:R=Me (S,R)-Josiphos* 84,85
(S,R)-Josiphos: Ar = Ph 84: Ar=Ph,R=H
(S,R)-Josiphos*: Ar = 4-MeO-3,5-Me,CgH,» 85: Ar = 4-MeO-3,5-Me,CgH,, R = Me
Scheme 43 Table 3. Hydrogenation of Nitrogen-Containing Rings by
Complex 71
j\ complexes 47,84,85 OH P
R™PR? ) solvent, KOfBu, 70 °C,05-3h ~ R” R? substrate product TON®
S
complex R? R2 conv time TOF ee O\/j ©\/j 23
—
(%) () (" (%) N N
472 Me Ph 99 30 32x10*
A
472 Et Ph 99 30 27x10% O:)\‘ @OIH 20
472 Me n-CgHy7 99 30 28x10* Z
472 -CH,(CH,)3CH,- 99 30 2.8x10%
472 -CH(Me)(CH,)3CHo- 99 3h 54x10* O O 2
84b Me Ph 99 30 2.0x10% 869 XN
85° Me Ph 97 60 1.4x10% 92 P
insitu®  Me Ph 99 30 24x10% 90¢ N N
in situ®  Me 3-MeOCgH, 99 30 22x104 919
insitu®  Me 2-naphthyl 99 30 1.6x10% 94¢ O = O “
in situ¢  Et Ph 99 60 1.3x10% 999 O NZ O N
H
H

(7:3), under H, (5 atm), at 70 °C, [OsCly(PPhg3)3)/(S,R)-Josiphos*/83b
= 1:1.5:2. 9Alcohols with S configuration were obtained.

Scheme 44
m complexes 70,71 ©\/j
N H, (4 bar), xylene, 120 °C N
H
complex? TNP
70 2
71 42

2Complex = 0.5 mol%
Turnover numberin 1 h

indicated that the addition of the second molecule of hydrogen
was the rate-determining step.

The four Os(Il)—arene complexes 86—89 were synthesized
by the reaction of [Os(5°-p-cymene)X,], (X = Cl, I) and the
chiral ligand (S)- or (R)-1-phenyl-N-(pyridin-2-ylmethylene)-
ethanamine (Scheme 45).*® These complexes were obtained as
mixtures of two diastereomers differing in the configuration at
the metal (R, or Sp,) and were isolated as single isomers. The
catalytic activities of 87 and 89 for the reduction of 6,7-
dimethoxy-1-methyl-3,4-dihydroisoquinoline were evaluated,
and these two complexes afforded reasonable conversions
(20—76%) but low ee (22—23%) (Scheme 46).

5. HYDROGENTION OF ESTERS

Catalytic HY of esters is an attractive green method for the
synthesis of alchohols.*® The hydrido carbonyl Os complex 90
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W,
A/
W,

Reaction conditions: Os = 1.7 X 10~ M, substrate = 0.17 M, H, = 4
atm, xylene, 125 °C. “TON = turnover number (1 h).

Scheme 45

[Os(n®-p-cymene)X,], (X = CI, I)

+
SN
@vNﬁ/Q
(S)-or(R)

Me

1. MeOH, t, 2h

2. NH4PFg, 4 °C, overnight

- T > ™

AS. H JS""!CI Me
,N€/ . i aMe ’N/ : H
\_7 \_7

86 (Sos:Sc) 87 (Ros:Ro)

- T > T

Js--....,d H Js,‘ Me

’N/ i Me ,N// Z H
88 (SOS!SC) 89 (ROSch)
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Scheme 46
complexes 88,89

MeO. MeO.
@ S OQ"
MeO HCOOH/Et;N MeO Y

complex  temp (°C) time (h) conv (%) ee (%)
88 45 22 40 22
88 60 18 76 22
89 28 23 20 23

Reaction conditions: complex (0.1 mol%), HCOOH/Et3N (5.2)

containing a tridentate PNN ligand was treated with KOtBu to
afford the unusual dimer 91 (Figure $). 3 The catalytic

H P/Pr2
Pr, f PPy, 'KN ‘
(p,,,, | oo SN
n
PR oc”” ‘ | H
N N ! |
ST T
! G >
90 (M = Os) o1 (V= 05)
92 (M = Ru) 93 (V- Ru)

Figure S. Structures of mononuclear complexes 90 and 92 and the
corresponding dimers 91 and 93.

activities of 90 and 91 under H, (50 bar) were first tested in
the HY of methyl benzoate. The Os dimer 91 was an efficient
catalyst, but the reaction was slower than with the
corresponding Ru complex 93 (Figure S). Moreover, 90 and
the corresponding Ru complex 92 (Figure S) displayed similar
activities in the presence of KOtBu. Complex 91 was further
investigated in the HY of a series of esters (Scheme 47) and

Scheme 47
(@] complex 91
L Rre P R"SOH + RPOH
R SO H,, THF, base, 100 °C
R? R2 time (h) conv (%)
Ph Et 1.6 99
Ph Bu 1.5 93
2-BrCgHs iPr 17 0
1-CsHys Me 2 100
Me Et 3 100
«(CHp)s- 1.4 99

MeCH(OH) Me 9 72
MeOC(O) Me 23 0

Reaction conditions: substrate (20 mmol), molar ratio
substrate/metal = 2000, H, (50 bar), THF (7 mL) at 100 °C.

alkenoates (Scheme 48). This complex was equally active for
the HY of ethyl, isobutyl, and methyl benzoate and e-
caprolactone but failed with isopropyl 2-bromobenzoate and
dimethyl oxalate. The activity and selectivity were also tested
with substrates containing C=C bonds. The results showed
significant differences between the Os and Ru catalysts. Os
dimer 91 successfully catalyzed the reduction of methyl 3-
nonenoate to 3-nonenol, whereas the related Ru dimer 93
proved to be inactive in this reaction. Methyl oleate was
hydrogenated using 91 with retention of the C=C bond to
give (Z)-octadec-9-enol, while 93 afforded a mixture of
octadecanol and (E)- and (Z)-octadec-9-enol. The authors
indicated that both the Noyori-type outer-sphere and classical
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Scheme 48

o
- CGH13/\)J\O/

n
SIM=2000  n-CgH o~

3

THF, 16 h 100%?2
\/\)OJ\ > CsH
n-
n-CsHyy o~ S/M=2000 5 11\/\3/\0,4
THF, 6 h 100%
7 91
-CgH WJLO/ SN—o000 "‘CsHﬂ/:(\'ﬁ\OH
n-CgHy7 7 S/M=2000 99%
THF,4h °
0
n-CgH \M
8117 o o)
91
n- CSHW\_/\M)J\ TN
607N sm=p000  MCeT T OH
MePh, 6.5 h °
- Cs”ﬂw
91
_n —
S/M=2000 nCgHy” 17 OH
extra-virgin olive oil® MePh, 6.5 h
91 -
n CBH”\/\M?\OH
S/M=3000 90%°
MePh, 19 h °

Hydrogenation of alkenoates at 100 °C and H, (50 bar), S/M =
molar ratio of alkenoate groups to metal. 2Conversion. °A mixture of
triglycerides of oleic (ca. 85%), linoleic (ca. 2-3%), and palmitic
acids as the main components. “Total yield of isolated alcohol
mixture,containing approximately 85% of oleyl alcohol.

inner-sphere hydrogenation mechanisms were possible with
complexes 91 and 93 (Scheme 49). The superior activity of 91
versus [RuH,(CO)(PNHPiPr)]** for the hydrogenation of
methyl benzoate suggested an important role of the hemilability
of the NNHPiPr-coordinated catalysts.>”

6. DEHYDROGENATION OF ALCOHOLS TO KETONES

In 2011, we reported that Os complexes can also be used in the
DHY of alcohols to ketones.>® Complex 94 was prepared as a
trans/cis/cis = 2:6:1 mixture by the reaction of [OsCl,(PPh,);]
with dppb and (+)-trans-1,2-diaminocyclohexane (trans-dach),
while complex 95 was obtained as a single trans isomer by
treatment of [OsCl,(PPh;);] with dppf and trans-dach
(Scheme 50). The diamino derivatives 94, 95, and 75 (Scheme
36), Ampy complex 22 (Scheme 12), and the pincer Os
complexes 40 (Scheme 16) and 47 (Scheme 20) were assessed
in the acceptorless dehydrogenation of 1,2,3,4-tetrahydro-1-
naphthol (a-tetralol). Complexes 22, 75, 94, and 95 efficiently
catalyzed the dehydrogenation of a-tetralol to afford almost
complete conversion (93—98%), whereas the pincer complexes
40 and 47 displayed significantly lower activity (Scheme 51).
The best activity was obtained with complex 75, which gave
98% conversion in 6 h. This complex was also an efficient
catalyst for the dehydrogenation of a number of alcohols (Table
4) and sterols (Scheme 52).

More recently, we found that Os—Ampy complex 22
(Scheme 12) shows good efficiency in alcohol DHY,"! affording
98% conversion of sterol 96a in 1 h, whereas the analogous
diamine derivative 95 requires 20 h. 3

7. CONCLUSIONS

The work described in this Account demonstrates that Os
complexes have recently shown remarkably high catalytic
activity in the hydrogenation (HY) and transfer hydrogenation
(TH) of ketones, aldehydes, esters, and imines, allowing the
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Scheme 49. Inner- and Outer-Sphere Mechanisms for Ester Hydrogenation Catalyzed by Complex 91 or 93

M = Os (91), Ru (93)

H
iPry
P,

] CO
. i
N | o N | o

)\ H’sz >\ HjH R\>—0Me
R” ~OMe y g OMe y

ipry H
H, P | cO

inner-sphere mechanism

MeOH + I o
RCH,OH iPry ipr, M R)LH
(P/,,," WO P | .wco
e \ > e \
N N \ N
_ H \—@ o
RCH,OH H " )]\OMe
outer-sphere mechanism
P Hi P
j) I\LCO H, |\Lco )O\H
/ \ ) / \
N N N N
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Scheme 50
Cl
Ph
Cl 2
8 " <o, . Py CI\JS ‘‘‘‘ \\Pj
H, H, OiN\os""\“P ] 2! \AS"“\\\ . H2N/ ~p
mesitylene N CI/‘ p NH Phz
dppb| reflux Ha Ph, Phy 2
| NH,
¢ . .
[0SCI,(PPhs)s] rans o , o
94 (trans/cis/cis = 2:6:1)
o T
dppf " FTTxe
H H
| HN NH I R
toluene N/ Ph,
reflux
H, C
95
Scheme 51 Table 4. Dehydrogenation of Alcohols with Complex 75
OH o} [ i =i
complexes 22,40,47,75, 94,95 alcohol conv (%) time (h) TOF (h™!)
1,2,3,4-tetrahydronaphthalen-1-ol 98 6 80
KOtBu, tBUOH, 130 °C ’ ’
2,3-dihydro-1H-inden-1-ol 98 6 S0
- — 9H-fluoren-9-ol 88" 20 20
complex  time (h)  conversion (%) 1-phenylethanol 96 40 20
22 20 87 1-(4-methoxyphenyl)ethanol 68 - 20
:g z: 44 3-methylcyclohex-2-enol 82 20 30
75 5 32 3,5,5-trimethylcyclohex-2-enol 97 20 70
04 29 93 cyclohex-2-enol 91” 2 220
95 24 9 heptan-2-ol 91° 0 15
heptan-3-ol 40 30 -
Reaction conditions: complex (0.4 .ep oo
diphenylmethanol 41 30 -

mol%), KOtBu (2 mol%), tBuOH,130 °C.

synthesis of chiral and nonchiral alcohols and amines in high
yields and very short reaction times. Moreover, the high
productivity and thermal stability and simple syntheses of Os
complexes may offset their higher cost compared with their Ru
analogues. Importantly, Os complexes are able to catalyze both
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Reaction conditions: complex (0.4 mol %) and KOtBu (2 mol %) in
tBuOH at 130 °C. “Substrate/complex/KOtBu = 125:1:S. YIsomeriza-
tion to cyclohexanone. “Substrate/complex/KOtBu = 50:1:5.

TH and HY reactions as well as dehydrogenation of alcohols
with efficiencies comparable and in some cases superior to
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Scheme 52

complex 75

_ >

HO O

96a-d 97a-d

a: R = CH(Me)(CH,)s/Pr, b: R = CH(Me)CH=CHCH(Et)/Pr,
c:R==0, d: R=COMe

alcohol  conv (%) time (h) TOF (h)
96a 98 20 15

96b 98 20 8

96¢ 86 20 6

96d 95 20 25

Reaction conditions: complex (0.8 mol%),
KOtBu (4 mol%) in tBuOH/toluene (2:1, v/v)
at 145 °C.

those reported for the analogous ruthenium systems. These
results give a glimpse of the potential of Os for the design of
new highly productive and robust catalysts for the synthesis of
chiral and nonchiral alcohols and amines as well as carbonyl
compounds from alcohols. Thus, we hope that this report will
promote increased interest in the chemistry of osmium
catalysts, opening novel opportunities for new catalytic
processes as well as the improvement of existing ones.
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