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Abstract This chapter first provides a brief background of how hydrogenation
mechanisms have evolved over the years leading to the blossom of catalytic systems
with metal-ligand cooperativity. The main body of the chapter focuses specifically
on complexes supported by ligands of the type HN(CH,CH,PR,),. The discussion
of hydrogenation systems is organized based on the central metals including Ru, Fe,
Os, Rh, Co, Ir, Ni, Pd, Mo, W, Mn, and Re (in that particular order). Substrates
involved in these hydrogenation reactions include olefins, aldehydes, ketones, esters,
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amides, epoxides, nitriles, imines, N-heterocycles, CO, (to formate or methanol),
silyl formates, CO (to ethylene glycol or methanol), and cyclic carbonates. When
appropriate, the presence or the lack of metal-ligand cooperativity in these catalytic
systems is highlighted.

Keywords CO, reduction - Hydride - Hydrogenation - Metal-ligand cooperativity -
Pincer complexes

1 Introduction

The development of well-defined transition metal-based catalysts for hydrogenation
reactions has been an active research area for almost half a century [1-4]. Early
efforts were focused on catalytic hydrogenation of C=C (or C = C) bonds. The
generalized and simplified reaction mechanism involves oxidative addition of H,
and coordination of the C=C bond to the metal (Scheme 1, Cycle A). These two
steps can occur in either order, as exemplified by Wilkinson’s RhCI(PPhs); catalyst
for hydrogenating olefins (H, first) [5] and Halpern’s [(CHIRAPHOS)Rh(sol-
vent),]* catalyst for hydrogenating a-aminoacrylic acid derivatives (C=C bond
first) [6]. In any case, subsequent C=C insertion into the metal-hydrogen bond
followed by reductive elimination of the hydrogenation product completes the
catalytic cycle. Hydrogenation reactions can also be catalyzed by a monohydride
such as RuHCI(PPhs3);, whose mechanism (Scheme 1, Cycle B) usually features
hydrogenolysis of a metal alkyl intermediate generated from C=C insertion [7].
Catalytic hydrogenation of C=0 bonds in aldehydes and ketones, especially
those without a neighboring heteroatom to assist carbonyl coordination, was

(A) dihydride mechanism (B) monohydride mechanism
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Scheme 1 Generalized mechanisms for catalytic hydrogenation of C=C bonds



Hydrogenation Reactions Catalyzed by PNP-Type Complexes Featuring a. .. 265

(A) unfavorable hydride transfer (B) favorable hydride transfer

H
e " ‘., _
|7 0= Ll o= H & ~X0
" o — or [ ot \
/M\ S /M\/H\f\ |\.3-\“‘| H) \
| | /M\O\\H " | L H
| YE— /'\|/|\E/

inner sphere outer sphere

Scheme 2 Hydride transfer pathways
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Fig.1 Representative hydrogenation (pre)catalysts (acidic and hydridic hydrogens are highlighted)

developed much later. Noyori attributed the difficulty to the preferred coordination
mode adopted by the carbonyl group [8]. Unlike olefinic substrates, simple alde-
hydes and ketones often coordinate to metals via the oxygen lone pair instead of the
n system [9], which places the carbonyl carbon far away from the hydride to be
delivered (Scheme 2, Pathway A). To overcome this issue, Noyori proposed to
design catalysts with an acidic hydrogen strategically situated in the ligand scaffold
so that it can protonate or form a hydrogen bond with the carbonyl oxygen, forcing
an 1)>-coordination mode for the C=0 bond (Scheme 2, Pathway B). Alternatively,
in an outer-sphere mechanism, the hydrogen-bonded substrate is brought to the close
proximity of the hydride ligand for the desired hydride transfer.

The concept of metal-ligand cooperativity described above has significantly
advanced the field of homogeneous hydrogenation. In particular, the E-H---O
interaction illustrated in Pathway B (Scheme 2) potentially activates the carbonyl
group and deemphasizes the role that the metal needs to play. It is therefore not a
coincidence that the past decade has witnessed a rapid development of hydrogena-
tion catalysts targeting more challenging substrates such as esters [10, 11] and
amides [12, 13] and/or focusing on first-row transition metals including iron
[14, 15] and cobalt [16]. Some of these hydrogenation (pre)catalysts as well as the
earlier ones developed by Shvo [17] and Noyori [18, 19] are highlighted in Fig. 1.

The vast majority of metal-ligand bifunctional catalysts used for hydrogenation
reactions contain at least one NH or NH, donor, which can be preinstalled prior to
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complexation or formed under hydrogenation conditions (e.g., hydrogenation of
ligand C=N bonds) [20]. Although occasionally it is possible to synthesize the H-
M-N-H-type complex first [21], most catalytic systems generate this active species
in situ from various precatalysts (Scheme 3). Effective catalyst activation strategies
include (1) removal of HX (X = CI, Br, etc.) by a strong base followed by H,
activation [11], (2) hydrogenolysis of a metal alkyl species [16], and (3) unmasking
the hydride from the corresponding borohydride complex with heating or in the
presence of a BH; scavenger [22].

It had been hypothesized that hydrogenation of C=0 bonds catalyzed by H-M—
N-H-type complexes would proceed via a concerted H/H ™ transfer to the substrate
followed by heterolytic cleavage of H, by the resulting amido species (Scheme 4)
[23]. The lost catalytic activity in replacing NH with an NMe donor group is usually
an indication of metal-ligand bifunctional catalysis [24]. However, DFT calculations
[25] and kinetic studies [26] suggest that the mechanism is more nuanced than
initially thought. For example, the delivery of H'/H  to the substrate can be
asynchronous, and the alcohol product can serve as a proton shuttle for H, activa-
tion. Furthermore, the metal-bound NH functionality may merely play the role of
stabilizing the transition states (through hydrogen bonding interactions) rather than
participating in H* transfer [27]. There are also a number of hydrogenation systems
in which alkylation of the NH functionality still results in an active catalyst
[28]. Nevertheless, the success of employing H-M—N-H-type complexes as hydro-
genation catalysts is evident and likely to provide the momentum to develop new
catalysts featuring this particular structural motif.
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This chapter focuses specifically on complexes supported by ligands of the type
HN(CH,CH,PR,), (*PN"P for short), which are arguably among the most exten-
sively studied hydrogenation catalysts in recent years [29]. Our discussion starts
with how these ligands are made and how they are used to prepare the PNP-type
complexes. The subsequent overview of hydrogenation catalysis is organized based
on the metals, starting from the more popular group 8 elements, transitioning to those
in groups 9 and 10, and concluding with mid-transition metals.

2 Ligand Synthesis and Coordination Modes

The more frequently used RpNHp ligands (R = Pr, Cy, Ad or 1-adamantyl, ‘Bu) are
commercially available in the neat form or as a THF solution, whereas ""PN"'P is
typically sold as a hydrochloride salt. If needed, they can be synthesized from [H,N
(CH,CH,Cl),]Cl in one or few steps, depending on the properties of the phosphorus
substituents (Scheme 5). Synthesis of ""PN"'P or other aryl-substituted ligands is
readily accomplished by refluxing [H,N(CH,CH,Cl),]Cl with the corresponding
secondary phosphine in the presence of KO'Bu [30-32]. Introducing alkyl groups as
the phosphorus substituents requires nitrogen protection with a trimethylsilyl group
prior to the addition of a lithium dialkylphosphide for the nucleophilic substitution
reaction [33-36]. Hydrolysis of the resulting Me;SiN(CH,CH,PR5), restores the
NH moiety, which is occasionally performed in the presence of "BuyNF [37] or a
2 M solution of H,SO, [35] to promote the N-Si bond cleavage. For purification
purpose, the crude products are sometimes protonated by a dilute aqueous HCI
solution to yield the hydrochloride salts as precipitates [30, 32, 34], and the free
RPNHP ligands are released following the treatment with NaOH or KOH.

Chiral ®*PN™P ligands are also known in the literature (Scheme 6). Chirality has
been introduced through the use of a phosphide derived from (25,55)-2,5-dimethyl-
1-phenylphospholane [38] or an enantiomerically pure secondary phosphine-borane
H;B*PH(R)Me (R = ‘Bu, Cy) [39]. In the latter case, lithiation of H;BsPH(R)Me and
the subsequent nucleophilic substitution reaction are stereospecific, resulting in
stereo-retention at the phosphorus center. In contrast, the in situ generated Li

~ H
H, Cl AN
ArPH, KOBu | ArpP PAr
CI/\/N\/\CI 24> 2 2
THF, reflux (Ar = Ph, 4-MeCgH,, 3,5- )

Me;SiCl, EtzN Me,CgHs, 3,5-(CF3)2CeHg
DMSO, reflux

SiMe ; SiMe H
CIm"NC etk RPN PR, (R = Me, Et, PPr, Cy, Ad, Bu)

Scheme 5 Synthesis of achiral "PN"P ligands
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Scheme 6 Synthesis of chiral "PN"P ligands

[H;BPPhMe] is configurationally unstable. Synthesis of the corresponding chiral
RPNMP  ligand thus relies on the wuse of (Sp)-(I1-hydroxyethyl)
methylphenylphosphine-borane as a masked secondary phosphine-borane and
Me;SiN(CH,CH,I), as a more reactive electrophile to minimize the chance for
racemization [39]. The borane-protected "PN'P ligands can be handled in air, and
the removal of BH; by HBF,*OE, is often carried out right before complexation.

The ®PNP ligands or their deprotonated form [N(CH,CH,PR,),]™ (abbreviated
here as "PNP) have been employed to make complexes of virtually every metal in
groups 4-11 [40]. The coordination chemistry of these ligands is rich, exhibiting a
variety of modes including x'-N [41], k>-P,N [42], k*-P,P [43], k°-P,N,P, and y»-P,P
[44]. As far as hydrogenation catalysts are concerned, the >-P.N,P coordination
mode is most relevant, because it not only provides an entry to the H-M-N-H
species but also stabilizes the metal complexes. As tridentate ligands, "PN"'P or
RPNP can adopt a meridional or facial configuration, depending on the phosphorus
substituents, metals, and ancillary ligands. To illustrate this point, Fig. 2 summarizes
the solid-state structures of (RPNYP)FeX, [45-47] and (RPNYP)CoX, [48-53]
known to date. The solution structures of (*"PN*'P)FeCl, probed by Mossbauer
and magnetic circular dichroism spectroscopy also suggest that these PNP-type
ligands are flexible in binding with metals [45].
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Fig. 2 Solid-state structures of (‘\PN"P)MX, studied by X-ray crystallography

3  Group 8 Metal Systems
3.1 Ruthenium Catalysts
3.1.1 Synthesis of (Pre)catalysts

Synthetic routes to hydrogenation (pre)catalysts involving ruthenium-based
PNP-type complexes are summarized in Scheme 7. Complex (P"PN"P)RuHCI
(CO) was first developed by Takasago International Corporation with a trademark
name of Ru-MACHO [32, 54]. It was originally isolated as a mixture of syn and anti
(referring to the relative configuration of NH and RuH) isomers from the reaction of
PhpNHP with RuHCI(CO)(PPh;); performed in refluxing toluene, although minor
modifications to the procedures could lead to the anti isomer only [55, 56]. The
presence of two isomers is deemed to be unimportant for the hydrogenation reactions
because catalyst activation by a base (Scheme 3) removes the NH hydrogen. The
synthetic approach has been successfully extended to other *PN"'P ligands [55-57]
including the one bearing chiral phospholane rings [58]. Substitution of the chloride
in Ru-MACHO, iPrRuHCl, and “YRuHCl for BH,  and H™ has been accom-
plished through the addition of NaBH, [32, 56, 59] and NaBEt;H [56, 60], respec-
tively. The latter reaction with the sterically crowded ®*RuHCI, however, produces
a five-coordinate ruthenium hydride, likely due to a facile H, elimination from the
initial product ®"RuH, [56]. The phenyl analog *RuH, synthesized from the
NaBEt;H method has a low purity because of rapid decomposition [56]. It can
alternatively be synthesized from Ru-MACHO and KO'Bu (or KN(SiMes),) under
H,, though contaminated with ~5% of Ru-MACHO [21].

Other ruthenium precursors have been used to prepare PNP-type hydrogenation
(pre)catalysts. The reaction of Ru(COD)(2-methylallyl), with BupNHP ynder 5 bar
of H, produces a mixture of ®*RuH,(H,) and “®"RuH(H,) (Scheme 7, Method B)
[61]. Pure ®"RuH(H,) can be obtained by stirring the mixture under argon, and its
reaction with a primary alcohol also affords ®*RuH as a result of alcohol dehydro-
genation and decarbonylation [62]. Using (p-cymene)RuCl,(NHC) (NHC = 1,3-
dimethylimidazol-2-ylidene) as the ruthenium source provides an opportunity to



270 D. A. Ekanayake and H. Guan
PR,
(A) :\J + RuHCI(CO)(PPhs)s
N'—\/PR2
toluene fl
or diglyme reflux
HaB__ !
R, H Ry R (Bu), !
) .CO
H\P | .CO NaBH, €P,, | .CO  NaBEtH Q\JP _R|u o €P 2] .co
A\ N | \pR EtOH-toluene s | SPR, THF ortoluene “NZ-l > / \P(‘Bu)
—\/ 2 65 0C H\/ 2 _E/ N—~_
H
Ru-MACHO-BH: R = Ph Ru-MACH0: R=Ph PPRuH,: R=Ph  “RuH
PrRUHBH,: R = Pr PrRuHCI: R = Pr PrRuH,: R = Pr
CYRuHBH,: R = Cy CYRUHCI: R = Cy CYRuH,: R = Cy
AdRUHCI: R = Ad
BURUHCI: R = Bu
R*RUHCI: PR, = -§-R
(B)
H P(Bu)
H— H— H
N 4 (Bu), | M (Bu), | M (Bu)
N—P(BU2  Hp (5 bar) €P H €Pl"F\’| “H  RCH,0H ‘u_.»CO
- -Ru .
+ pentane / | P(Bu) -~ p(tBy), toluene o \P(’Bu)
l.. .3~ ssec 2 NP Tagag NN
~Ru:
| S ‘B"Rqu(Hz) BuRyUH(H,) BuRyH
\
R, O N
\
EtOH, 40-100 °C H\JP ,YFJU.«\L“D
\
‘ SNZ ' ZI PR,
c
4 PR PhRUCI,(NHC): R = Ph
(©) i\J + - A'RUCI,(NHC): R = 3,5-(CF3),CeHs
N—_ PRz LNV/ Ru-.q CYRuCIz(NHC)' R=Cy
\
N, ¢ Ph —|
> 2] Lk—) cr
MeCN, reflux 6
(R=Ph) N—/-\l/ PP,
H NCMe
PhRUCI(NHC)*

Scheme 7 Synthetic routes to ruthenium-based hydrogenation (pre)catalysts

incorporate an N-heterocyclic carbene into the catalyst structure. As illustrated in
Scheme 7 (Method C), its reaction with a RpNHP ligand can lead to a neutral or
cationic pincer complex depending on the solvent used [63].

3.1.2 Hydrogenation of Esters, Ketones, and Their Derivatives

Both Ru-MACHO and Ru-MACHO-BH are commercially available, and among
the complexes shown in Scheme 7, they are the most extensively studied ones for
catalytic hydrogenation reactions. In 2012, Takasago International Corporation
reported that Ru-MA CHO mixed with NaOMe was effective for hydrogenation of
esters to alcohols (Eq. 1) [54]. The catalytic system is amenable to benzyloxy,
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piperidinyl, or I-menthoxy group at the a-position but problematic with methoxy or
dimethylamino group at the p-position (e.g., MeOCH,CH,CO,Me and
Me,NCH,CH,CO,Me). Most remarkably, hydrogenation of methyl (R)-lactate can
be performed at room temperature on a multiton scale with minimal erosion to the
optical purity (Eq. 2).

Ru-MACHO (0.1 mol%)

(0]
NaOMe (10 mol%)
M+ H, 5 > g~ OH (1)
OR (50 bar) MeQOH, 100 °C, 16 h
Ru-MACHO (0.05 mol%)
OMe + Hy NaOMe (1.2 mol%) /'VOH
MeOH, 26-28 °C, 12 h o)
o} (40-42 bar) 99.2% ee 2)
99.6% ee
2200 kg

In a subsequent report [21], Ikariya demonstrated that Ru-MACHO was efficient
in catalyzing hydrogenation of a-difluorinated esters with turnover numbers (TONs)
as high as 20,000 (Eq. 3). Functional groups tolerated in this transformation include
C=C bonds (terminal or internal), a-pyridyl, and a-thienyl rings. In addition to
Ru-MACHO, PhRqu and trans—(PhPNHP)RuCIZ(CO) are also capable of catalyz-
ing the hydrogenation reactions, although the dichloride complex displays a lower
reactivity. For certain substrates (R’ = H, F, Cl, CF;), the hydrogenation process can
be stopped at the hemiacetal stage, and in general the selectivity for R’CF,CH
(OH)OR” is improved by lowering the H, pressure, temperature, and/or the amount
of NaOMe. a-Monofluorinated esters can also be hydrogenated under the catalytic
conditions; however, the fluorinated primary alcohol products partially undergo
cyclization to form epoxides. In a closely related study [64], Lazzari and Cassani
showed similar results with R{CO,Me (R = C;F; or CsF;;), which led to the
isolation of highly fluorinated primary alcohols (Eq. 4).

o) Ru-MACHO (0.005-0.1 mol% OH
R' NaOMe (6-25 mol%) R'%\
" OH "
%OR t Ho ) OH, 5-40°C, 624 h ><\ + OR
F F  (5.1-30.4 bar) F F
3)
. o Ru-MACHO (0.005-0.1 mol%)
3 % NaOMe (25-50 mol%) _ F,4C
n "OMe + Ha o OH 4
AN (10-30 par) MEOH, 5-80°C, 23 \W/\ 4)
(n=2,4)

Another application of the ruthenium-catalyzed ester hydrogenation reactions is
in the synthesis of the fragrance hydroxyambran (or 2-cyclododecylpropan-1-ol)
[65]. As shown in Scheme 8, hydrogenation of the isomeric mixture of esters with
10% Pd/C provides ethyl 2-cyclododecylpropanoate by saturating all C=C bonds.
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Z
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89 :9:2 A
| [Ru], H, Pd/C, H, !

Scheme 8 Synthesis of hydroxyambran via hydrogenation reactions

The second step for ester hydrogenation can be catalyzed at 180°C in toluene by
Ru-MACHO (0.2 mol%) in conjunction with NaOMe (2 mol%) or at 150°C in
diglyme by Ru-MACHO-BH (1 mol%) alone, both under 50 bar H,. The homoge-
neous ester hydrogenation can be performed first, although hydrogenation of the
resulting mixture of alcohols with 10% Pd/C is plagued by deoxygenation.

In collaboration with Procter & Gamble Company, we studied the hydrogenation
of fatty acid methyl esters (FAMEs) under neat conditions [66]. Starting from
FAMEs derived from coconut oil, fatty alcohols can be obtained in high yields
when the hydrogenation reaction is catalyzed at 135°C by Ru-MACHO
(0.07-1.1 mol%, nN,ome/Mry ~9, 35.5-52.7 bar H,;) or Ru-MACHO-BH
(0.13-1.0 mol%, 35.5-69.9 bar H,). The catalytic reaction with Ru-MACHO and
NaOMe has also been conducted on the kilogram scale with a TON of 1860. Direct
hydrogenation of coconut oil to fatty alcohols is feasible under base-free conditions,
which involve Ru-MACHO-BH (2.6-2.8 wt%) operating at 135°C under 52.7 bar
H,. Hydrogenation of FAMEs containing C=C bonds is more challenging, likely
due to the presence of peroxide impurities. Dumeignil and Gauvin recently devel-
oped a purification procedure involving 18 h of treatment of FAMEs with basic
alumina followed by drying with 3 A molecular sieves for 48 h [67]. The prepurified
FAMEs can undergo smooth hydrogenation to fatty alcohols catalyzed by
Ru-MACHO-BH or ""RuHBH, (Eq. 5). Depressurizing the system and then
reheating the reaction mixture to 130°C under N, offers a one-pot, two-step synthe-
sis of wax esters. It should be noted that, compared to Ru-MACHO-BH, the
isopropyl derivative "*"RuHBH, shows slightly higher catalytic activity in both
hydrogenation and dehydrogenation steps and substantially higher overall selectivity
for wax esters.
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Ru-MACHO or
Ru-MACHO-BH (0.54 mol%)
NaOEt (5.4 mol%) OH

THF, 100°C,20h HO™

0]

)J}(oa + H,

EtO (60 bar)

o) PrRUHCI or P*RuH,
(0.54 mol%)

o)
NaOEt (5.4 mol%) OH
THF, 100°C,20h Eto)K/

Scheme 9 Complete and partial hydrogenation of diethyl oxalate

Ru-MACHO-BH Ru-MACHO-BH
o or P'RUHBH, or PrRUHBH, o
0.05-0.2 mol%) (0.05-0.2 mol%)
+H ( N - s N
R')J\OR" (20 éar) neat, 110°C, 1-2h R~ OH \"550c 120 R')J\O R
(5)

In 2016, Ogata and Kayaki developed a series of NHC-ligated ruthenium
PNP-type catalysts for ester hydrogenation that operate under milder conditions
[63]. In particular, complexes PhRuCL(NHC) and A"RuCl,(NHC) outperform
Ru-MACHO in hydrogenating methyl benzoate at 80°C under 10 bar H,. Further
optimization of the catalytic conditions showed that in the presence of KO'Bu or
NaOMe, l)hRuClz(NHC) was active at 50°C even under a balloon pressure of Hj,
converting various esters to the corresponding alcohols (Eq. 6).

PhRUCI,(NHC) (2 mol%)
base (20 mol%) N (6)
THF 50°C,5n  °  OH

)

s

(balloon)

Dialkyl oxalates belong to a special class of esters for which hydrogenation of the
first carbonyl group significantly impacts the reactivity of the remaining carbonyl
group. A 2013 report by Beller demonstrated that hydrogenation of diethyl oxalate
with Ru-MACHO or Ru-MACHO-BH in the presence of NaOEt yielded ethylene
glycol exclusively (Scheme 9) [68]. Interestingly, replacing the catalyst with
P'RUHCI or P*RuH, under otherwise the same conditions afforded ethyl glycolate
only. Further investigation of Ru-MACHO-BH under base-free conditions
suggested that the hydrogenation process could stop at the glycolate stage under a
lower temperature (60°C) and after a shorter reaction time (1 h). These results imply
that the second hydrogenation step is more difficult. As another example of
Ru-MACHO-BH differentiating the reactivity of two ester functionalities,
MeOCOCH,CO,'Bu was subjected to similar hydrogenation conditions (0.54 mol
% [Ru], 5.4 mol% NaOEt, 60 bar H,, 100°C, in THF, 3 h), resulting in a partial
hydrogenation product with the sterically more hindered carbonyl group left
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Scheme 10 Hydrogenation Ru-MACHO (1 mol%)
of a-keto esters NaHCOj3 (10 mol%) OH
H, (10 bar) OMe
MeOH, 25°C,12h R’
0 (o)
R )H(OMe
o Ru-MACHO (1 mol%)
NaOBu (10 mol%) OH

H, (50 bar) )\/OH
MeOH, 80°C,12h R

unreacted (i.e., HOCH,CH,CO,'Bu as the product) [68]. A closely related substrate
is the oxamate illustrated in Eq. 7. The hydrogenation reaction was carried out under
more demanding conditions, which unsurprisingly led to complete hydrogenation to
ethylene glycol [69].

o) Ru-MACHO or

OEt Ru-MACHO-BH (2 mol%)
Iy % 7
ON)S( + H, _ KOBu(10mol%) Ho/\/OH (7)

5 >
o (60 bar) toluene, 160 °C, 10 h

Given the higher electrophilicity of the carbonyl carbons, ketones should be more
readily hydrogenated than esters. Thus, for molecules containing both ketone and
ester functionalities, it is possible to fine-tune the reaction conditions so that one or
both carbonyl groups are hydrogenated. This was demonstrated by Tang and Xiao in
their study of Ru-MACHO-catalyzed hydrogenation of a-keto esters [70]. Using
NaHCOs; as the base additive paired with relatively low H, pressure (10 bar) and
temperature (25°C) leads to a-hydroxy esters almost exclusively (Scheme 10). In
contrast, using a stronger base NaO'Bu and raising the H, pressure to 50 bar and
temperature to 80°C result in 1,2-diols with high selectivity (86—-100%). Selective
hydrogenation of y-keto esters, in principle, could generate y-hydroxy esters in an
analogous way, although the base additive required for catalyst activation also
promotes intramolecular transesterification. Very recently, Paixdo and Nielsen
reported such conversion with TONs of up to 7,400 by employing Ru-MACHO
as the precatalyst and NaOEt as the base (Eq. 8) [71]. Under similar conditions, the
related ruthenium complexes including Ru-MACHO-BH, ""RuH,, and the com-
mercially available "*"RuHCI also catalyze the hydrogenation of ethyl levulinate to
y-valerolactone, albeit less effectively.

Ru-MACHO
0 (0.01-0.05 mol%) [ OH
OFt +H, _NaOEt(5mol%) _ /K/\I(OEt H\RO/EO
(20 bar) EtOH (15-60 V°/o)
) 60 °C, 24-48 h o)

(8)
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OH
H
0 Ru-MACHO-BH ©
+ H, (1 mol%) - BN
0 - 2
(50 bar) THF, 80°C, 16 h OH
NBn2
CHO Ru-MACHO-BH OH
BN " (1 mol%) BN
Ny + Ha > BNy
THF, 80 °C, 16 h
O (50 bar) o
BnO BnO

Scheme 11 Hydrogenation of a-chiral hemiacetals and aldehydes

Incorporating a chiral "PN"P ligand into the catalyst structure should allow
ketones to be hydrogenated enantioselectively. In a recent report, Junge and Beller
tested the catalytic activities of R*RuHCI (syn/anti mixture or pure anti isomer) in
hydrogenation of acetophenone and cyclohexyl methyl ketone (Eq. 9) [58]. While
the conversion is quantitative, the enantioselectivity is low, suggesting room for
improvement in future ligand screening.

R*RuUHCI (1 mol%)
+ H2 KO®Bu (5 mol%) _ R'=Ph, 6% ee
R Me (30 par) EIOH, 30°C, 4 h R' ) Me R'=Cy, 47% ee

H : )
R*PNHP = CP/\/N\/\)PD

Since hemiacetals and aldehydes are intermediates during ester hydrogenation,
they can be readily reduced to alcohols under the hydrogenation conditions opti-
mized for esters. Obviously, many other transition metal complexes can also cata-
lyze this process. Employing Ru-MA CHO-BH as the hydrogenation precatalyst has
some advantage due to the fact that a base additive is not needed, which is ideal for
base-sensitive substrates. In exploring precursors to the new antibiotic nemonoxacin,
Clarke used this specific ruthenium complex to catalyze the hydrogenation of a
hemiacetal and an aldehyde made from asymmetric hydroformylation reactions
[72]. Under the conditions outlined in Scheme 11, the alcohol products are obtained
with retention of stereochemistry. It is interesting to note that the ester functionality
is intact during the hydrogenation process.

In addition to esters, ketones, hemiacetals, and aldehydes, amides have also been
explored as substrates for the ruthenium-catalyzed hydrogenation reactions,
although the conditions are much harsher. In 2018, Tu reported the hydrogenation
of lactams to amino alcohols catalyzed by Ru-MACHO-BH (Eq. 10) [73]. The high

o)
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temperature of 150°C is critical to the success of the hydrogenation process.
According to the catalyst activation mechanism (Scheme 3), a base additive is
normally not needed for Ru-MACHO-BH to be catalytically active. In fact,
Ru-MACHO-BH does show some catalytic activity for hydrogenating N-phenyl-
2-pyrrolidone. However, the addition of K5;PO, significantly enhances the catalytic
efficiency (96% vs. 64% yield). The NHC-ligated complex ""RuCl,(NHC) displays
slightly lower activity (82% yield), whereas the methylated PNP pincer complexes
(PP"PNM°P)RuUHCI(CO) and (F"PNM°P)RuH(BH,)(CO) (*"PNMP = MeN
(CH,CH,PPh,),) are completely inactive, suggesting the importance of the NH
moiety. Under similar conditions, hydrogenation of unprotected lactams (e.g., cap-
rolactam and azocan-2-one) and oxazolidinones (e.g., 3-phenyloxazolidin-2-one) is
also possible, providing the corresponding amino alcohols in high yields.

o _ HO

| Z 3 '

dN/C’\R' W\/wn\ /GR
)

N
In Ru-MACHO-BH (1 mol% H (n _ 1-4)
K3PO, (10 mol%)
Or + e > or
o (50.7 bar) ~ THF, 150°C, 24 h H

(PG =Ts, Boc; n=1-3)
(10)

In

3.1.3 Hydrogenation of Other Bonds

Substrates that can be hydrogenated with the aforementioned ruthenium catalysts go
beyond those containing carbonyl groups. Very recently, Gunanathan showed that
Ru-MACHO along with KO'Bu was effective and selective for the hydrogenation
of epoxides to secondary alcohols (Eq. 11) [74]. This transformation proceeds via
direct hydrogen transfer from the presumed active species ""RuH, rather than by a
two-step process involving epoxide-to-ketone isomerization followed by ketone
hydrogenation. Functional groups compatible with the catalytic conditions are
very similar to those observed in ester hydrogenation, except that herein terminal
C=C bonds are also hydrogenated. Hydrogenation of chiral epoxide R-glycidol,
however, gives a complex mixture, perhaps due to the interference by KO'Bu.
Another limitation of the catalytic system is that internal epoxides resist
hydrogenation.

Ru-MACHO (1-5 mol%) OH

0 KOBu (2-10 mol%)
+ H2 > (11)
R (50 bar) toluene, 75 °C, 24 h R.)\
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The strategy of using the ruthenium-based PNP pincer complexes for hydroge-
nation reactions has been extended to nitrile reduction. Two reports on this topic
appeared in 2015, but featured different "PN''P ligands. Both Ru-MACHO and
Ru-MACHO-BH were shown by Beller to catalyze the hydrogenation of nitriles to
primary amines, although the former required KO'Bu to activate the catalyst
[75]. One of the challenges for nitrile hydrogenation is selectivity, as the intermedi-
ates can be trapped by the initially produced primary amines, which lead to second-
ary amines, secondary imines, and/or tertiary amines as by-products. Under the
conditions summarized in Eq. 12, a variety of aliphatic and aromatic nitriles are
converted to primary amines with high selectivity. Lowering the temperature or
catalyst loading or hydrogenating long-chain nitriles such as dodecanenitrile, how-
ever, erodes selectivity for the primary amines. The catalytic system exhibits high
functional group tolerance including the preservation of ester functionalities. Sub-
strates that fail to react include furan-2-carbonitrile, 2-methyl-3-butenenitrile, and
6-bromohexanenitrile. Prechtl focused on the study of ruthenium complexes
supported by the more bulky ligand ®"PN"P. Hydrogenation of benzonitrile and
p-tolunitrile catalyzed by ®"RuH,(H,)/®"RuH(H,) or ®"RuH was optimized to
favor the secondary imines (Eq. 13), although hydrogenation of p-bromobenzonitrile
suffered from moderate yield and low selectivity, and hydrogenation of heptyl
cyanide catalyzed by ®"RuH,(H,)/®"RuH(H),) afforded predominantly octylamine
[76]. Under similar catalytic conditions, externally added amines can trap the
primary imine intermediates, leading to efficient hydrogenative coupling of nitriles
to secondary imines (Eq. 14). Finally, switching the solvent from toluene to ‘PrOH
and raising the temperature from 50°C to 90°C render ®"RuH more selective for the
formation of primary amines (Eq. 15). However, varying amounts of
R'CH,N=CMe, (0-29%) were also observed due to dehydrogenation of the solvent
'PrOH to acetone.

Ru-MACHO-BH

- (1 mol%) 2N 12
R—=N+ M 550 7000c an R~ "NH; (12)
(30 bar)

1BuRUH,(H,)/BURuH(H,)
(1 mol%), 100 °C, 10-48 h
or BURuH (0.5 mol%) (13)

50 °C, 20-48 h &
> Ar/\N/\Ar

Ar—=N + H, toluene
(4 bar)
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BuRUH,(H,)/BURuH(H,)
(1 mol%), 100 °C, 20-72 h
or BURUH (0.5 mol%) (14)

(o] -
RI—=N + R'NH, + H, 20 . 20480~ -

(4 bar) toluene

BuRuH (1 mol%)
AN
PrOH, 90 °C, 20-24 . R~ NHy (15)

RI_:N + H2
(4 bar)

For the reactions shown in Egs. 13 and 14, a small amount of secondary amines
was often detected, suggesting that it is possible to develop ruthenium-catalyzed
hydrogenation of imines. In 2017, Tang reported such process with an objective to
develop a diastereoselective route to convert chiral a-ketimino esters to chiral aryl
glycine derivatives [77]. As illustrated in Eq. 16, at 25-40°C, Ru-MACHO in
combination with NaOEt is effective for the C=N bond hydrogenation, which
provides N-tert-butylsulfinyl-protected a-amino esters with high
diastereoselectivity.

fBu t'Bu
S\\ Ru-MACHO (2 mol%)
| @) NaOEt (20 mol%) (16)
OR' ° |
Ar)\’( (50 b )toluene 25-40°C, 24 h )\f(OR
0o
(R' = Me, Et, 'Pr) > 86°/o de

3.14 Hydrogenation Reactions Related to CO, or CO Reduction

Homogeneous hydrogenation of CO, or CO to liquid fuels such as methanol has
been subject to extensive studies in recent years, which, to some degree, is propelled
by the development of PNP-type hydrogenation catalysts. Conversion of CO, to
methanol is formally a six-electron reduction process, and each hydrogenation event
reduces formal oxidation state of the carbon by two. Based on this analysis,
reduction of CO to methanol is formally a four-electron reduction process. Conver-
sion of CO, or CO to oxalate or ethylene glycol requires odd number of electrons to
be transferred (Fig. 3), which usually involves a radical intermediate or a process
separate from hydrogenation. For a more systematic discussion, hydrogenation
reactions described in this section are organized based on how formal oxidation
state of the carbon changes: (A) +4 to +2, (B) +2 to —2, (C) +2 to +3 to —1, and
(D) +4 to 2.

Hydrogenation of CO, to formic acid in organic solvents is an endergonic process
(AG%05 = +32.8 kJ mol™"). The thermodynamics can be improved by performing
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formal oxidation 4 +3 +2 0 -1 -2
state of carbon
CO, 0 or ©° HCHO o~ " MeoH
HCO; R'O)S( HCOZ
SR
O)J\o H SiR'3

NR's

>:o >:o

H OR'

Fig. 3 Compounds relevant to CO, or CO reduction

the reaction in water (AG%og = —4.0 kJ mol™') and/or adding a base to convert
formic acid to a formate salt [78]. Direct hydrogenation of bicarbonate to formate is
also thermodynamically favorable. For PNP-type catalytic systems, Beller reported
in 2014 that transfer hydrogenation of HCO3;™ (or CO,) to HCO, ™~ with MeOH was
efficiently catalyzed by Ru-MACHO or P*RuHClI in an alkaline solution [79]. Tt
was noted that hydrogen pressure was built up during the reaction, consistent with
catalytic methanol dehydrogenation. To confirm that the in situ generated H, was
responsible for bicarbonate reduction, Ru-MACHO was tested as a hydrogenation
catalyst for NaHCO;, which, under the conditions outlined in Eq. 17, afforded
HCO,Na in 71% yield. A more recent report by Treigerman showed that this
hydrogenation process could be conducted at 70°C in ‘PrOH-H,O mix solvent and
the catalyst could be reused at least three times with an overnight rest of the catalyst
between two consecutive runs [80]. Czaun, Prakash, and Olah carried out a more
detailed study of Ru-MACHO- and Ru-MA CHO-BH-catalyzed hydrogenation of
bicarbonate (Eq. 18) as well as hydrogenation of CO, assisted by a hydroxide
(Eq. 19) or a carbonate (Eq. 20) [81]. The reverse reaction, dehydrogenation of
formate, was also catalyzed by Ru-MACHO or Ru-MACHO-BH. To demonstrate
the reversible hydrogen storage in formate salts, Ru-MACHO-BH was employed to
catalyze CO, hydrogenation (75 bar, py»: pcoz = 3: 1) in the presence of NaOH
followed by dehydrogenation under an atmospheric pressure, a process that was
repeated at 70°C for six times without a significant loss of the catalytic activity.
Interestingly, the NH moiety is not needed here; (""PNM*P)RuHCI(CO) catalyzes
the hydrogenation and the dehydrogenation reactions with a comparable or better
efficiency than Ru-MACHO and Ru-MACHO-BH.

Ru-MACHO (0.05 mol%)
NaHCOs + Ho 51 100G, 20 . HCO2Na (17)
(10 bar) ' : TON = 1420
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Ru-MACHO Hy (50.7 bar) 0

¢}

% KO™Bu (0.12 mol%

+ H, + GO, —(0.01 mol%) ( 0) H)LN/\ + weoH + [

THF, 120 °C, 40 h 160°C, 1 h
(85.5 bar each) bo

63% yield  36% yield

Scheme 12 One-pot, two-step hydrogenation of CO, to methanol

Ru-MACHO or
MHCO H Ru-MACHO-BH (0.08 mol%) HCOM (18)
3+ Hp - 20 0 oh 2
(40 bar)THF H,0, 70-80 °C, 0.5-2 h (M =Na, K)

TON: 938-1175

Ru-MACHO-BH (0.08 mol%)

MOH + H, + CO, S
(30 bar eact) THFHe0, 75:76°C, 055 h

> HCO,M
(M = Li, Na, K) (19)
TON: 1000-1160

oGOt H. + GO, RU-MACHO-BH (0.08mol%)
2vPs* Mo + VU "TiE i 0, 79-85 °C, 63-83 min 2
(38 bar) (12 bar) 2’ ’ (M = Na, K) (20)
TON: 1750-2164

Hydrogenation of CO, along with a primary or secondary amine to generate a
formamide is also a formally two-electron reduction process (+4 to +2 for the change
in formal oxidation state of the carbon). In 2015, Ding reported that in the presence
of KO'Bu (0.1 mol%), Ru-MACHO, **"RuHCI, ““RuHCl, **RuHCl, *"RuHCl,
and the methylated complex (""PNP)RuHCI(CO) were all effective in catalyzing
N-formylation of morpholine under H, and CO, (35.5 bar each, 0.1 mol% [Ru],
120°C, in THF) [82]. Using Me,NH as the amine (also as a base) and lowering the
catalyst loading of Ru-MACHO to 0.000093 mol% produced DMF with TONs of
up to 599,000. The catalyst showed remarkably high stability under the catalytic
conditions. With a catalyst loading of 0.002 mol%, Ru-MACHO was reused
11 times without the concern for a brief exposure to air between runs. Further
hydrogenation of formamides to methanol (formal oxidation state change from +2
to —2) is possible but needs to be performed under a higher temperature and in the
presence of KO'Bu. As illustrated in Scheme 12, N-formylation of morpholine
followed by hydrogenation of the resulting formamide in the same reactor produces
methanol in 36% yield along with the unreacted formamide.

Another example of changing formal oxidation state of the carbon from +2 to —2
involves catalytic hydrogenation of silyl formates to methanol. A recent report by
Hong showed that silyl formates were first prepared from silanes and CO, catalyzed
by Rh,(OAc)4-K,CO;5 or RuCl3*H,O [83]. The subsequent hydrogenation reactions
can be catalyzed by Ru-MACHO combined with KO'Bu but more efficiently by
Ru-MACHO-BH, which does not require a base. Under the optimized conditions
(Eq. 21), various silyl formates (R’3Si = trialkyl, aryldialkyl, and alkyldiaryl groups)
are converted to methanol and the corresponding silanols. Hydrogenation of silyl
formates bearing an electron-donating aryl group (e.g., R'3Si = Me,( p-MeOCgH,)Si
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or Me,(p-MeCgH,)Si) under 10 bar H, is complicated by the formation of
R/3SiOMe and R’3SiOSiR’; as the by-products. The selectivity for methanol and
silanols can, however, be improved by raising the H, pressure to 80 bar or by adding
0.1 equiv. of methanol. For the latter strategy, methanol attacks silyl formates to
yield silanols and methyl formate, which is in turn readily hydrogenated to 2 equiv.
of methanol under the catalytic conditions.

Ru-MACHO-BH

0 6 mold
L Ha(1080 bar) 215 mol%) __
H OSiR'; THF, 150 °C, 12 h

CH,OH + R';SIOH (21)

When K;PO, is used as the catalyst, secondary amines can react with CO (30 bar)
at 140°C to give formamides. This reaction coupled with formamide hydrogenation
provides an indirect route of hydrogenation of CO to methanol. The challenge lies in
the fact that the carbonylation step is favored by an alcoholic solvent, whereas the
hydrogenation step is favored by a relatively nonpolar solvent such as toluene. To
solve this problem, Prakash designed a one-pot, two-step process in which carbon-
ylation of piperidine or diethylenetriamine (DETA) was carried out in ethanol first
[84]. A ruthenium catalyst (Ru-MACHO or Ru-MACHO-BH), toluene, and H,
were then added to the reactor, and following hydrogenation, methanol was pro-
duced in 75-80% yield. Direct hydrogenation of CO to methanol was made possible
by using DETA as the amine and toluene-EtOH (1:1) as the mix solvent (Eq. 22).
The reaction was performed in a closed system, providing methanol in 59% yield
(or a TON of 539 based on the amount of Ru-MACHO-BH used) along with
formamides in 15% yield.

Ru-MACHO-BH (50 umol)
KsPO, (1 mmol)

CO + H, HN NH‘ CH;0H
(10 bar) (70 bar) ' 2" ~">N"">~""2 TON = 539 (22)
H (5bmL)
toluene-EtOH, 145 °C, 168 h
(5 mL each)

Similarly, palladium-catalyzed oxidative carbonylation of piperidine provides an
oxamide that can be hydrogenated to ethylene glycol, representing an indirect
method of hydrogenating CO to ethylene glycol. The overall process involves
changes of formal oxidation state of the carbon from +2 to +3 and then to —1. To
this end, Li and Beller reported in 2016 that oxidative carbonylation of piperidine
was best catalyzed by Pd(acac),-P(o-tol); using compressed air as the source of
oxidant [85]. Hydrogenation of the resulting oxamide is affected by Ru-MACHO or
Ru-MACHO-BH (0.1-1 mol% loading, in toluene) at 160°C under 60 bar H, using
KO'Bu (2-10 mol%) as the additive. Combining these two steps in one reactor is
difficult, and the exchange of solvents and a filtration through silica gel are required
after the formation of the oxamide (Scheme 13).
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Pd(acac), (0.01 mol%)
P(o-Tol)s (0.4 mol%)
K5COj3 (10 mol%)

"Bu,NI (2 mol% 0
O + CO + air Ualll (2 mol’) >©N
N~ (25bareach) ~ THRRT.64h N
H

0]

98% yield
Ru-MACHO-BH (1 mol%) | (1) evaporation
KOBu (2 mol%) gg fe_llctiditr]g t(zIL_llg;'ne )
H, (60 bar) iltration (silica ge
/\/OH < 2
HO ) toluene, 160 °C, 12 h
96% vyield

- piperidine

Scheme 13 Piperidine-mediated conversion of CO to ethylene glycol

For the hydrogenation of CO, to methanol (with a change of the carbon formal
oxidation state from +4 to —2), one strategy is to use cyclic carbonates as surrogates
for CO,, which can bypass formic acid (incompatible with metal hydrides) or
formate salts (thermodynamic sinks). This was successfully demonstrated in 2012
by Ding who studied ruthenium-catalyzed hydrogenation of ethylene carbonate
[55]. Among the precatalysts screened, Ru-MACHO performs significantly better
than the analogous complexes bearing alkyl groups as the phosphorus substituents
(i.e., P"RuHCI, “RuHCI, **RuHCI, and ®*RuHCI) with TONs as high as 87,000.
In this case, the NH moiety is crucial for the catalysis because the methylated
complex (P"PNM°P)RuHCI(CO) fails to hydrogenate ethylene carbonate. Under
the optimized conditions (Eq. 23), various cyclic carbonates are converted to diols
and methanol in almost quantitative yields. The hydrogenation strategy was further
applied to poly(propylene carbonate) with an M,, of 1,000,698, giving 1,2-propylene
glycol and methanol in high yield (Eq. 24). Hydrogenation of (R)-propylene car-
bonate under similar conditions generates racemic 1,2-propylene glycol, presumably
due to the reversibility of the hydrogenation process.

0
Ru-MACHO (0.05-0.1 mol%)
oo \ 4 H, KOBu@OsOAmole . M P
" A 20h * 7‘\*
RMFP (50.7 bar) THF, 140°C, 2-20h - AW

(23)
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Ru-MACHO-BH

(0.34-0.1 mol%)

K3PO4 (5 m0|°/o) _
Me,NH (1.52 equiv) HCO»

CO, + + + HCONMe, + MeOH + H,O

2
(25 bal‘) (50 bar) 95 OCTEI‘] 55 oC MegNHz
18h 18-36h
catalytic cycles: cat. [Ru] -
H, Me,NH  HCO,
CO, — HCO,H —<—— .
-Hp -Me,NH  Me,NH,
-2Me,NH |[2Me,NH Me,NH (DMFA)
t. [R H:0 cat. [Ru]
cat. [Ru -
. HCONMe,——— +
MezNHz MezNH

(DMC)

Scheme 14 Ruthenium-catalyzed hydrogenation of CO; in the presence of Me,NH

Ru-MACHO (0.1 mol%)

KOBu (0.1 mol%)
Ha + MeOH
Yo Oﬁ/k (50.7 bar) THF, 140°C, 241 )\/OH (24)

99% yield 99% yield

The seminal work by Sanford in 2015 demonstrated that direct catalytic hydro-
genation of CO, to methanol could be accomplished via tandem catalysis of Me,NH
promoted by Ru-MACHO-BH (Scheme 14) [86]. The proposed mechanism
involves equilibrium between CO, and dimethylammonium dimethylcarbamate
(DMC), which can be hydrogenated to formic acid (trapped as dimethylammonium
formate or DMFA) and DMF, respectively. The most challenging step is the
hydrogenation of DMF to methanol, a process requiring temperatures as high as
155°C. Under such conditions, the ruthenium catalyst also starts to decompose. To
maximize the yield for methanol, a temperature ramp strategy was developed so that
a sufficient amount of DMF and DMFA could be accumulated at 95°C. The
subsequent hydrogenation carried out at 155°C provides methanol with TONs of
up to 550 and DMF-DMFA with combined TONs of up to 1870.

In addition to Me,NH, polyamines can also be employed to assist CO, hydroge-
nation. Olah and Prakash reported in 2016 that pentaethylenehexamine (PEHA)
combined with a catalytic amount of Ru-MACHO or Ru-MACHO-BH promoted
the hydrogenation of CO, to methanol in an etherate solvent (e.g., THF, 1,4-dioxane,
diglyme, or triglyme) [87]. After extensive optimization of the reaction, it was
determined that with this new catalytic system, the temperature ramp strategy and
the addition of K3;PO4 were unnecessary. At 155°C under 75 bar H,/CO, (3: 1 or 9:
1), methanol was obtained with TONSs of up to 1,200 and the catalyst was reused five
times with 75% of the initial activity retained. CO, can also be captured from
simulated air (400 ppm of CO, in 80% N, and 20% O,) by an aqueous solution of
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co,
R5N + H,O ¥—>captured CO,

Ru-MACHO-BH (catalyst)
I e

2-MeTHF (solvent)
catalyst 55 °C. 5 h

@000 |
2-MeTHF § <——

catalys
145°C,72 h | 2.MeTHF
—_—

VMeOH

catalyst
2-MeTHF

HCO~ HCOs~ HCO'Z_ MeOH
HNR?"’ H,0 HNR5F H0 HNR's" H,0
3 R',NCO;~ HCONR’,
H
e | §
RaN= /N RaN= N,
(DABCO) (PEHA)

Scheme 15 CO, capture and the subsequent hydrogenation reaction in a biphasic mixture

PEHA and then subjected to hydrogenation conditions (155°C, 50 bar H,,
Ru-MACHO-BH as the catalyst, 55 h), which provides methanol in 79% yield.

Additional improvements to the catalytic system include hydrogenation of the
captured CO, (from pure CO, or simulated air) using various polyamines in a
biphasic mixture of water and 2-methyltetrahydrofuran (2-MeTHF). This allows
an easy separation of the catalyst (in 2-MeTHF layer) from the hydrogenation
products (in water layer). Depending on the temperature applied, the hydrogenation
product can be a formate salt [88] or predominantly methanol [89] (Scheme 15).
Both processes have shown excellent recyclability of the catalyst (4—5 runs).

The polyamines play important roles in determining the yield and selectivity of
the hydrogenation process. For hydrogenation of the captured CO, to formate
(in 1,4-dioxane, 50°C, 50 or 80 bar H,), 1,4-diazabicyclo[2.2.2]octane (DABCO),
1,1,3,3-tetramethylguanidine (TMG), and 1,8-diazabicycloundec-7-ene (DBU)
outperform PEHA and branched polyethyleneimines (BPEIL, M,, = 800) in terms
of the formate yield [88]. For hydrogenation of the captured CO, to methanol
(in 2-MeTHF, 145°C, 70 bar H,), PEHA gives a higher methanol yield than BPEI
(M,, = 800 or 25,000), linear polyethyleneimines (LPEI, M,, = 2,500 or 100,000),
and poly(allylamine) (PAA, M, = 10,000). The latter three polyamines also produce
more formate and formamide as the by-products [89]. In a related study, Kayaki also
used BPEI (M,, = 600) and LPEI (M,, = 2,500, 5,000, 25,000, or 250,000) to assist
CO, hydrogenation, although the reactions were carried out in THF only [90]. At
100°C under 100 bar H, and 100 bar CO,, ruthenium complexes including
Ru-MACHO, Ru-MACHO-BH, YRuHCl, and P"RuCl,(NHC) were shown to
be similarly effective in converting CO, and the polymers to N-formylated PEI with
67-90% CHO content. Further hydrogenation of the N-formylated PEI to methanol
or direct hydrogenation of CO, to methanol assisted by BPEI or LPEI is best
catalyzed by Ru-MACHO-BH at 140-160°C under 80 bar H,/CO, (3:1 or 7:1).
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Scheme 16 Involvement of the cationic bis(carbonyl) hydride species during the catalytic hydro-
genation reaction

The nature of the phosphorus substituents also plays critical roles in determining
the catalytic efficiency. Although Ru-MACHO, **"RuHCI, and “"RuHCI (in the
presence of K;PO,) all prove to be active precatalysts for the hydrogenation of
formamides to methanol [91, 92], for polyamine-assisted CO, hydrogenation,
Ru-MACHO (or Ru-MACHO-BH) appears to be the best choice for maximizing
methanol yield [89, 92]. A recent mechanistic study by Prakash offered very
insightful information about why the phenyl groups are beneficial for the hydroge-
nation reaction [92]. Evidently, during CO, to methanol conversion, a small amount
of CO (~0.2%) is generated, which poisons those ruthenium catalysts bearing alkyl
substituents. In fact, during PEHA-assisted CO, hydrogenation, the resting state of
the catalyst was identified as a cationic bis(carbonyl) hydride complex (Scheme 16).
For the phenyl derivative, the CO is more labile due to weaker donation from the
phosphorus atoms, allowing [(""PNFPh)Ru(CO),H]" to reenter the catalytic cycle
by forming the active species ""RuH,. Such process is less favorable for the alkyl
derivatives.

3.2 Iron Catalysts
3.2.1 Synthesis of (Pre)catalysts
The recent surge in developing base metal catalysis has prompted many research

groups to design iron-based hydrogenation catalysts. A logical extension of the work
shown in the previous section would be replacing ruthenium with iron, although the
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Scheme 17 Synthetic routes to iron-based hydrogenation (pre)catalysts

CNAr
PP

chemistry of the ruthenium PNP-type complexes cannot be simply extrapolated to
the iron systems. This is already reflected by how the iron-based (pre)catalysts are
made (Scheme 17). First of all, iron analogs of the ruthenium precursors RuHCI(CO)
(PPh3); and Ru(COD)(2-methylallyl), do not exist. While the catalysis community
enjoys the use of Ru-MACHO and Ru-MACHO-BH, both of which are
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commercially available, Fe-MACHO remains elusive, and Fe-MACHO-BH has a
very limited lifetime in solution [93]. Nevertheless, in 2013, Beller first reported the
synthesis of "FeHBH,, which involved the treatment of trans-(""PNYP)
FeBr,(CO) (made from P'PNYP and FeBr,(THF), under 1 bar CO) with excess
NaBH, in EtOH (Scheme 17, Method A) [94]. Reducing the amount of NaBH, to
1 equiv. led to the isolation of **FeHBr [95], which was alternatively prepared in
THF from trans-(P"PNYP)EeBr,(CO) using NaBEt;H as the hydride source
[94]. Depending on the reaction time and work-up procedures, both F*FeHBH,
and """FeHBr can be isolated as a mixture of syn and anti isomers or as a pure anti
isomer, although it is expected to have no impact on the catalytic performance. This
synthetic strategy has been extended to other ligand systems including “PN"P
[93, 96], “YPN"P [97, 98], the phospholane-based PNP ligand [58], and the P-
stereogenic PNP ligands [39]. It is worth pointing out that (§,9)-
("BuMePCH,CH,),NH adopts the facial coordination mode upon formation of the
dibromide complex, whose reaction with NaBEt;H must be carried out in CH,Cl,
instead of THF to avoid degradation. The three P-chiral precatalysts, M**"FeHBr,
MeCyReHBr, and M*P"FeHBr, decompose quickly in solution; therefore, they
should be prepared right before use [39]. The more commonly used iron precatalyst
iPrFeHBH4 can also be synthesized from the dichloride complex trans-(iPrPNHP)
FeCl,(CO) and NaBH, (10 equiv) in MeCN-EtOH, although applying this protocol
to trans-(“'PNYP)FeCl,(CO) fails to generate ““FeHBH, cleanly [99].

The five-coordinate complex **FeH can be obtained from dehydrohalogenation
of ™ FeHBr [100] or "FeHCl (made from trans-(""PN"P)FeCl,(CO) and
"BuyNBH,) [101] with KO'Bu (Scheme 17, Method B). The cyclohexyl analog
CYFeH is also available using this method [101]. Preparing the isocyanide deriva-
tives P'FeH(CNAr™®?) and ""FeH(CNAr°™®) follows similar procedures
(Method C) [102]. The key challenge here is in the synthesis of trans-(F'PNYP)
FeCl,(CNR). To avoid the undesired cationic bis(isocyanide) complexes,
isocyanides must be diluted and added slowly to (iPrPNHP)FeC12.

3.2.2 Hydrogenation of Esters, Ketones, and Their Derivatives

In 2014, the Beller group [24] and our group [95] independently reported that
PrreHBH, was effective in catalyzing the hydrogenation of esters including lac-
tones to alcohols (Eq. 25). Functional groups tolerated under the catalytic conditions
include CF;, MeO, pyridyl, furyl, benzothiazolyl, and isolated C=C bonds. In
contrast, nitrile groups and conjugate C=C bonds are hydrogenated along with the
carbonyl groups, and phenol-type functionality shuts down the catalysis completely.
For further applications (Fig. 4), ""FeHBH,4 has been utilized to catalyze the
hydrogenation of a dodecapeptide, which is a precursor to the drug molecule
Alisporivir [24], and an industrial sample CE-1270, which is derived from coconut
oil and used in surfactant production [95]. As with the ruthenium system,
PrFeHBH, has also been tested for direct catalytic hydrogenation of coconut oil
(2.0 wt% catalyst loading, 135°C, 52.7 bar H,), although the fatty alcohol yield is



288 D. A. Ekanayake and H. Guan
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O o CE-1270
~N o O
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o J)\ o \M%kOMe
o (n=8,10, 12 and 14)
0 o) o) a mixture of methyl laurate (C12, 73%),
H O’B methyl myristate (C14, 26%), and
N N u C10 and C16 methyl esters (~1%)
H o o J
10 mol% PrFeHBH, 1-1.2 mol% PrFeHBH,
50 bar H, 52.7 bar H,
THF, 120°C, 20 h neat, 135 °C, 1-3 h

Fig. 4 A dodecapeptide and an industrial sample CE-1270 used in iron-catalyzed hydrogenation
reactions

low (12%) due to the low thermal stability of the catalyst as well as its sensitivity
toward impurities [66].

% PrEeHBH, (1-3 mol%)

)J\ + Hp
R' OR" THF or toluene
(10-50 bar) 190_120 oC, 3-24 h

'~ OH (25)

The complex F"FeHBH, is a precatalyst; under heating, it releases BH; to
generate the active species trans—(iPrPNHP)FeHz(CO) [22, 24]. This process can be
facilitated by the addition of Et3N to trap BHj3, resulting in a more efficient catalytic
system [22]. However, using other bases such as KO'Bu and Na,COj; can reduce the
alcohol yield [24]. In the presence of KO'Bu (or NaOMe) and under H., PrEeHBr is
also converted to trans-(T"PNYP)FeH,(CO), thus catalyzing ester hydrogenation,
although it can be complicated by base-promoted transesterification with the alcohol
products [95].

To understand the substituent effects, Beller replaced the isopropyl groups in
PrEeHBH, with ethyl or cyclohexyl groups and studied the catalytic performance of
these new borohydride complexes [96]. Consistent with the steric argument, at a
relatively low temperature of 60°C, *FeHBH, performs better than " FeHBH,,
which is in turn more reactive than ““FeHBH, for the hydrogenation of methyl
benzoate. Notably, Me,NCH,CH,CO,Me, which is not a viable substrate for the
Ru-MACHO system, can be smoothly hydrogenated to Me,N(CH,);OH at 100°C
under 30 bar H, using E'FeHBH, as the precatalyst (1 mol%). It should be empha-
sized here that temperature and H, pressure play profound roles in controlling the
activation, stability, and reactivity of the borohydride complexes and ultimately their
catalytic efficiency. A closely related study by Langer showed a decreasing reactiv-
ity order of ""FeHBH, > CYFeHBH, > *'FeHBH, when the hydrogenation of
methyl benzoate was conducted as 100°C under 10 bar H, (Eq. 26) [93].
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Scheme 18 Catalytic PrEeHBH, (0.5 mol%)

hydrogenation of alkyl , KOMe (7 mol%)

levulinates (R'=EY) H, (10 bar) (0]
MeOH, 60 °C, 3 h o

0]

<10% conversion
)WOR'
(0]

EtFeHBH, (1 mol%) OH

. H, (30 bar) _ OH
(R'=Me) “1iF 100°C, 181 A~

>99% conversion

HaB_
R,
H Jp,,,.F\ .Co
e

cat.‘\NégPRz

o \

e ™ om (26)
Ph”” “OMe THF, 6 h

P2 = 30 bar, 60 °C  EtFeHBH, > P'FeHBH, > CyFeHBH,
Pz = 10 bar, 100 °C  PrFeHBH, > cyFeHBH, > EtFeHBH,

Catalytic hydrogenation of levulinates, which contain two different types of
carbonyl groups, has been explored with the iron PNP-type complexes. Very
recently, Paixdo and Nielsen showed that at 60°C under 10 bar H,, PrEeHBH,
combined with KOMe catalyzed the hydrogenation of ethyl levulinate to y-
valerolactone with <10% conversion in 3 h (Scheme 18) [71]. This level of activity
is lower than the analogous ruthenium complexes including "*RuHCI and
Ru-MACHO-BH. With a catalytic amount of **FeHBr (0.05 mol%) and a stoi-
chiometric amount of KOH, levulinic acid is also hydrogenated at 100°C under
50.7 bar H,, giving y-valerolactone with a TON of 540 in 5 h [103]. Under base-free
conditions with **FeHBH, (Scheme 18), methyl levulinate can be fully converted to
a diol in high yield [96].

Simple ketones are much more reactive; therefore, their hydrogenation to alco-
hols can be carried out under milder reaction conditions. For example, hydrogena-
tion of 4-methoxyacetophenone catalyzed by 1 mol% **"FeHBH, or ""FeH alone or
by PrEeHBr with 10 mol% KO'Bu takes place at room temperature under 6.5 bar
H,, which affords the alcohol product quantitatively in 8 h [104]. Hydrogenation of
acetophenone catalyzed by F"FeH (0.2 mol%) is operative at room temperature
under 1 bar H, [105].

The chiral precatalysts illustrated in Scheme 17 have been designed specifically
for asymmetric hydrogenation of ketones. With the exception of (5.,5)-M**"FeHBr,
which, after activation by KO'Bu, fails to catalyze the hydrogenation of
acetophenone [39], all other precatalysts promote ketone hydrogenation at
20-40°C under 5.5-50 bar H,. While the conversions are high, ee’s (ee = enantio-
meric excess) for the alcohol products are typically low or moderate (0-64%). The
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more selective iron-based catalysts for ketone (and imine) hydrogenation are those
developed by Morris with chirality built between nitrogen and phosphorus donors.
These unsymmetrical P-N"-P’-type ligand systems are beyond the scope of this
review. Interested readers are directed to several recent papers for more details [106—
109].

For other carbonyl-based substrates, three research groups have independently
investigated iron-catalyzed hydrogenation of amides, which generates amines and
alcohols via C—N bond cleavage. In 2016, Langer demonstrated that ®FeHBH,4 was
effective for the hydrogenation of Ph\CONHR” (R” = Ar, Me), CF3CONHPAh,
PhCONMe,, and y-lactams bearing an N-aryl group (Eq. 27) [93]. Under similar
conditions, é-lactams such as N-phenyl-2-piperidone and N-bis(trifluoromethyl)-
phenyl-2-piperidone failed to be hydrogenated. About the same time, Sanford
reported that the addition of a weak base such as K;PO4 and Et;N could enhance
the catalytic activity of CYFeHBH, in amide hydrogenation [97]. Compared to
CYFeHBH,, T"FeHBH, and *'FeHBH, are less efficient. Under the optimized
conditions (Eq. 27), CH;CONHPh, CH3;CONPh,, Ph\CONHPh, and ArCONPh,
(Ar = Ph or a more electron-withdrawing aryl group) are converted to the
corresponding amines and alcohols in high yields. In contrast, hydrogenation of
PhCONMe, and CF;CONHBn is low yielding, and hydrogenation of
4-MeOC¢H4CONPh, and 4-Me,NC¢H,CONPh, is negligible. In a 2017 report,
Bernskoetter employed a low catalyst loading of P*FeH (0.07 mol%) and performed
the reaction at 100°C under 30.4 bar H, (in THF), which resulted in TONSs of 50-160
in 4 h for the hydrogenation of R*CONHPh (R’ = Me, Ph, CFj3) [110]. The addition
of LiOTf and HCONHPh as additives was shown to enhance the catalytic activity of
PrFeH. Under the modified catalytic conditions (Eq. 27), PhCONHMe remains to be
unreactive.

0 H
R" [Fe]
R')J\ll\l/ + Hy HR./\()H + R"/N\R"'
RII
EtFeHBH, (2-10 mol%) CYFeHBH, (0.33-4 mol%) PrEeH (0.07 mol%)
50 bar H2 70-100 °C K3PO4 (1.66-20 mol%) LiOTf (20 equiv)
THE 24 h 20-50 bar H,, 110-130 °C HCONHPh (20 equiv)
THF, 3 h 60.8 bar H,, 120 °C, THF, 16 h
Langer (2016) Sanford (2016) Bernskoetter (2017)

(27)

3.2.3 Hydrogenation of Other Bonds

The iron-based PNP-type complexes are capable of catalyzing the hydrogenation of
polar bonds other than the C=0 bonds described above. As demonstrated by Beller
in 2014, hydrogenation of aromatic and aliphatic nitriles can be catalyzed by
PrEeHBH, at 70—130°C under 30 bar H, (Eq. 28) [111]. The catalytic system
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shows excellent selectivity for primary amines, which can be conveniently isolated
as hydrochloride salts following acidification by HCI. A wide variety of functional
groups such as MeO, halogens, NH,, pyridyl, indolyl, and thienyl are amenable to
the catalytic conditions. In contrast, NO, and phenol-type groups shut down the
reaction. Most remarkably, hydrogenation of 4-MeOCOC¢H,CN at 130°C is selec-
tive for the nitrile functionality despite having a reducible ester group. Hydrogena-
tion of cinnamonitrile followed by acidification produces trans-
[PhCH=CHCH,NH;]C1 with the C=C bond almost intact, further highlighting the
high chemoselectivity (>25: 1). Here, the presence of the NH moiety is critical to the
success of the hydrogenation process. A control experiment using (*"PN™°P)FeH
(CO)(BH,) as the catalyst did not yield any hydrogenation product. In a follow-up
study, Beller showed that Cy FeHBH, was similarly effective, whereas EtFeHBH4
became inactive when the catalyst loading was reduced from 1 mol% to 0.5 mol%
[98]. According to that study, temperature is very critical for the outcome of the
hydrogenation. Hydrogenation of PhCN performed below 70°C leads mainly to the
secondary imine PhCH=NCH,Ph.

PrFeHBH, or ®YFeHBH, 1 M HCI
L (0.5-1 mol%) PN (inMeOH)  ~_+ B
R—=N+Ht S5 701300, 3n P He R™ "NH; Cl
(30 bar)
(28)

N-heterocycles have been studied as potential organic hydrogen storage materials
through reversible acceptorless dehydrogenation and hydrogenation reactions, both
of which require a catalyst. In 2014, Jones reported that **FeHBr, when activated
by KO'Bu, was effective for the hydrogenation of quinoline derivatives to 1,2,3,4-
tetrahydroquinaldines (Eq. 29) [100]. Related N-heterocycles including
2-methylindole and 2,6-lutidine are also hydrogenated under similar conditions.
As expected, P"FeHBH, also serves a precatalyst (without a base additive) for
this process, although it is less active, resulting in 89% of quinoline being hydroge-
nated even at a higher temperature of 110°C. According to DFT calculations by
Surawatanawong, the first hydrogenation event converts quinoline to
1,4-dihydroquinoline, ~which undergoes base-assisted isomerization to
3,4-dihydroquinoline [112]. Further hydrogenation of the C=N bond furnishes the
1,2,3,4-tetrahydroquinaldine product.

PrFeHBr (3 mol%)

. C(\ - KOBu (10 mol%) . (j\ . (29)
1 | L 5 > ll_ L -1
THF, 80 °C, 24 h
SN (5.4-10.1 bany 1T 80°C AN

H

Typically, olefins are not considered viable substrates for hydrogenation systems
that operate via metal-ligand cooperation. However, when the C=C bonds are
significantly polarized, they can accept H™ and H* from H-M-N-H-type complexes
in a similar way as carbonyl groups. In a recent study, Jones demonstrated this
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concept in studying iron-catalyzed hydrogenation of styrene and its derivatives
[113]. At room temperature under an atmospheric H, pressure, styrene is converted
to ethylbenzene quantitatively in 24 h when **"FeHBr (5 mol%) mixed with KO'Bu
(15 mol%) or ®*FeH (5 mol%) is employed as the catalyst. The borohydride
complex F"FeHBH, is significantly less active due to the need to remove BHj,
which is usually favored at elevated temperatures. Under the optimized conditions
(Eq. 30), substituted styrenes, especially those containing electron-withdrawing
groups, undergo C=C bond hydrogenation smoothly. Because the reaction condi-
tions are very mild, other reducible functional groups such as ester, pyridyl, and CN
are tolerated, although hydrogenation of 4-cyanostyrene is sluggish due to catalyst
inhibition by substrate coordination. Hydrogenation of trans-PhCH=CHCOCH;
eventually gives the fully saturated product PhCH,CH,CH(OH)CHj;. At the early
stage of the reaction, C=0 hydrogenation is faster than C=C hydrogenation.
Consistent with a mechanism featuring metal-ligand cooperativity, weakly polarized
C=C bonds such as those in 1-hexene and ferz-butylethylene resist hydrogenation,
and the methylated complex (P"PNMeP)FeH(CO)(BH,) shows no catalytic activity
even at 100°C.

/l + h, rFeH (5 mol%) )R\
R (1 bar) CeDe, 23-60°C R
0.3-240 h (30)
R'=H; R" = Ar
R'=R"=Ph

R'=Me; R" = CO,Me

3.2.4 Hydrogenation Reactions Related to CO, or CO Reduction

Combining iron catalysis with CO, reduction addresses many sustainability-related
challenges [114]. Like the ruthenium-based systems described earlier, iron-based
PNP-type complexes have also been explored in variety of transformations that are
associated with CO, reduction. Once again, the discussion here is organized based
on how formal oxidation state of the carbon changes during hydrogenation (Fig. 3).

For an example involving a change of +4 to +2 in carbon oxidation state, Hazari
and Schneider showed in 2014 that hydrogenation of CO, (1:1 mixture with a total
pressure of 70 bar) could be catalyzed by CYFeH at 80°C in the presence of
300 equiv. DBU, which yielded formate with a TON of 186 in 12 h [101]. Adding
150 equiv. LiBF, to the reaction mixture improves the TON to 289 in 4 h. Detailed
mechanistic studies by Hazari and Bernskoetter suggest that the Lewis acid disrupts
the intramolecular hydrogen bonding interaction between the NH moiety and the
formato group and facilitates the release of HCO, ™~ from iron [115]. Further screen-
ing of Lewis acids reveals that the hydrogenation reaction is best carried out in the
presence of LiOTf with an optimal DBU to LiOTf ratio of 7.5 to 1. Under such
conditions, hydrogenation of CO, catalyzed by **FeH and ©FeH gives formate
with TONs of 6,030 and 8,910, respectively (Scheme 19). The borohydride complex
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Scheme 19 Hydrogenation [Fe] (0.3 umol)
of CO, to formate catalyzed 79600 equiv DBU
by various iron-based PNP H, + CO, DBU/LIOTf =7.5 HCO,

THF,80°C,24h

pincer complexes

(35 bar each) DBUH "
[Fe] TON
PrEeH 6030
CyFeH 8910
PrFeHBH, 1500

(PrPNMeP)FeH(CO)BH, 42350
(CYPNMeP)FeH(CO)BH, 46110
PrEeH(CNArVe2) 613
PrEeH(CNAFOMe) 333
(PrPNMeP)FeH(CNANBH, 5300
(P'PNMeP)FeH(CNBU)BH, 1300
(PPNMeP)FeH(CNAd)BH, 710

(Ar = 2,6-dimethylphenyl)

PrFeHBH, displays a lower catalytic activity. Similar to the ruthenium-based
catalytic systems, iron-catalyzed hydrogenation of CO, to the formate stage does
not require the presence of the NH moiety. As a matter of fact, (*"PN™°P)FeH
(CO)BH, and (“YPNM°P)FeH(CO)BH, are significantly more active with an about
30-fold increase in formate yield. For additional modification to the catalyst struc-
ture, Hazari and Bernskoetter incorporated different isocyanide ligands into the PNP
pincer system. The five-coordinate complexes **FeH(CNAr™*?) and *"FeH
(CNArOMe) prove to be less active than the CO analog PreeH [102]. The second-
generation isocyanide-based catalysts supported by the methylated PNP ligand
PrPNMep show some improvement over F*FeH(CNAr"¢?) and P*FeH(CNAr°™e);
however, they are still less effective than the corresponding CO derivatives [116].

Another formally two-electron reduction process with CO, is N-formylation of
amines, as mentioned in the ruthenium systems (Scheme 12). For iron-based cata-
lysts, Bernskoetter compared the activity of F*FeH, its adduct with HCONHPh,
(P'PNMP)FeH(CO)BH,, and trans-(*"PNM°P)FeH,(CO) for the N-formylation of
morpholine [117]. Under the conditions outlined in Eq. 31, the reaction catalyzed by
PrFeH generates the formamide with a TON of 1930. The catalytic performance is
slightly better than the HCONHPh adduct but worse than the methylated PNP
complexes, again illustrating that the NH moiety is not needed for CO, reduction
to the formate stage.
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(31)

The iron-catalyzed amide hydrogenation has already been described in the
previous section (see Eq. 27). Hydrogenation of formamides to methanol is singled
out and discussed here due to its relevance to CO, reduction (which changes the
carbon oxidation state from +2 to —2). Under Sanford’s conditions (0.33 mol%
CyFeHBH4, 1.66 mol% K;PO,, 20 bar H,, 110°C, 3 h), N-formylmorpholine,
HCONHAr, and HCONPh, are hydrogenated to methanol with TONs of up to
300 [97]. Hydrogenation of HCONHMe and HCONHj, is problematic, providing
methanol with only 1-12% yield. Bernskoetter’s system (0.018 or 0.07 mol%
PrReH, 30.4 bar Hy,, 100°C, 4 h) hydrogenates N-formylmorpholine, HCONHAr,
and HCONPh, to methanol with TONS typically falling in the range of 1,190-4,430
[110]. Hydrogenation of HCONMePh under the same conditions is low yielding
(TON = 60) but can be improved by adding 20 equiv. of HCONHPh (TON = 1,300).
The overall hydrogenation process consumes 2 equiv. of H, (for a formally four-
electron reduction process), first converting formamides to hemiaminals and then to
methanol. This requires decomposition of hemiaminals to formaldehyde and amines,
a process that can be catalyzed by iron or the formamide substrates, depending on the
nitrogen substituents [118].

The process of CO to ethylene glycol via oxamide described in Scheme 13 has
also been studied with iron-based PNP pincer complexes (i.e., iPrFeHBH4,
CYFeHBH,, ®"FeHBH,, and trans-(""PN"'P)FeBr,(CO)), although the focus is on
the second step that hydrogenates the oxamide to ethylene glycol [85]. With 0.2 mol
% an iron catalyst and 1-1.5 mol% KO'Bu, after 6 h, only 18-53% of the oxamide is
hydrogenated. However, using 2 mol% **FeHBH, along with 5 mol% KOH and
extending the reaction time to 24 h leads to a full conversion of the oxamide with
77% of the hydrogenation products attributed to ethylene glycol (Eq. 32).
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PrEeH (0.071 mol%) 0
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DBU (0.014 mol%)
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Scheme 20 A two-step hydrogenation of CO, to methanol catalyzed by an iron complex

EtFeHBH, (2 mol%)

O % KOH (5 mol%) ~_-OH GN
HO * \H/\OH
D i

(60 bar) toluene, 160 °C, 24 h
- piperidine

(32)

Direct hydrogenation of CO, to methanol assisted by amines, which changes the
carbon oxidation state from +4 to —2, is more challenging with iron catalysts due to
their relatively low thermal stability. The ruthenium systems described earlier
operate most efficiently at 140—-160°C. A thermal stability study of *"FeHBH,
conducted by Jones showed that at 140°C this compound decomposed completely
in 4 h [100]. Nevertheless, some of the iron-based PNP pincer complexes have been
tested for this transformation. Olah and Prakash’s strategy of using PEHA to capture
CO, and PrEeHBr to hydrogenate the captured CO, (145°C, 70 bar H,, 72 h) failed
to produce any methanol. Instead, formate and formamide were detected with NMR
yields of 20% and 18%, respectively [89]. On the other hand, hydrogenation of the
captured CO, in a biphasic mixture (as illustrated in Scheme 15) was successful with
PrReHBr at 55°C under 50 bar H,, which, after 10 h, gave formate in 96% yield.
Like the Ru-MACHO-BH system, the iron catalyst can be reused at least four times
without losing the catalytic activity [88].

Given the results in Eq. 31 and the fact that “FeHBH, and *"FeH catalyze the
hydrogenation of formamides to methanol [97, 110], one might expect some cata-
lytic activity from these iron complexes for CO, hydrogenation to methanol assisted
by amines. A recent study by Bernskoetter suggests that these two steps are
incompatible, thus preventing them being carried out in a single reactor [119]. In
particular, CO, poisons the catalyst during formamide hydrogenation. Furthermore,
water (generated from CO, hydrogenation) deactivates the catalytically active spe-
cies. To solve these issues, N-formylation of morpholine was first catalyzed by
PrFeH in the presence of 3 A sieves (Scheme 20). The resulting mixture was filtered
to remove the sieves as well as ammonium carbamate salt of morpholine. A portion



296 D. A. Ekanayake and H. Guan

of the filtered mixture was then subjected to the second hydrogenation step catalyzed
by *"FeH. This two-step procedure provides methanol with a net TON of 590.

3.3 Osmium Catalysts

Osmium complexes have been rarely explored for hydrogenation reactions. DFT
calculations on trans-(iPrPNHP)MHz(CO) (M = Fe, Ru, Os) suggest that hydroge-
nation of MeCN is best catalyzed by iron and ruthenium and hydrogenation of
methyl benzoate is best catalyzed by ruthenium [120]. Such predications have not
been validated experimentally. The only known osmium system involving the
PNP-type ligand is the one developed by Gusev, who treated the ""PN"'P ligand
with OsHCI(CO)(PPh3); much like for the synthesis of PrRuHCI (Scheme 21)
[57]. The isolated product PrOsHCI was identified as an isomeric mixture, which
underwent dehydrochlorination with KO'Bu followed by dehydrogenation of ‘PrOH
to yield the dihydride complex F*OsH,. What is remarkable about these osmium
hydride complexes is that both P*OsHCI and **OsH, are air and moisture stable in
solution.

In terms of hydrogenation reactions, P*OsHCI and ***OsH,, have been evaluated
to catalyze the hydrogenation of hexyl octanoate, cis-3-hexenyl hexanoate, and
triglycerides [121]. As for the analogous ruthenium and iron complexes, **OsHCI
needs to be activated by a strong base such as NaO'Bu. The best conditions for
hydrogenating hexyl octanoate (in toluene) involve 0.1 mol% **OsH, (loaded in
air) at 220°C under 55.2 bar H, for 24 h, which results in 87% conversion of the ester
with high selectivity for the alcohol products. The mixture of **OsHCI and NaO'Bu
shows slightly lower activity. The hydrogenation reaction is operative under neat
conditions, and loading the catalysts under an inert atmosphere improves the yield
by 6-15%. Hydrogenation of cis-3-hexenyl hexanoate with the osmium catalysts
saturates the C=C bond first, during which process the catalysts also degrade,
showing no activity toward the ester functionality. To circumvent the issue, hydro-
genation of cis-3-hexenyl hexanoate and seed oil (a mixture of canola and soybean
oil) is first performed with Pd/C, a heterogeneous catalyst, to saturate the C=C bonds
(Scheme 22). After filtration to remove Pd/C, the resulting saturated esters are
subjected to hydrogenation catalyzed by *OsH,, which reduces the esters with a
60-90% conversion.

o e %7 o e
- i Bu PrOH_H
N P(Pr), diglyme KO o
N—+\/ m % _/_{;P(’Pr) Etgo 2.5 h K\Nf\/l\ (/Pr)2
l |
OsHCI(CO)(PPh3)s H H H
PrOsHCI PrOgH,

Scheme 21 Synthesis of osmium-based hydrogenation (pre)catalysts
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i PrOsH,
R' 0 Pd/C (0.1 or 0.3 mol%) OH
j\ H (552 bar) _ filtration _Hp (65.5 bar) HOQV o LA OH
R" 0 toluene, 100 °C toluene, 220 °C n=13,15
(0] 45h 24 h
R“')J\O
P VT N N

N e N

Scheme 22 A two-step process for the hydrogenation of seed oil

4 Group 9 Metal Systems
4.1 Rhodium Catalysts

As mentioned in Introduction, rhodium holds historical significance in hydrogena-
tion catalysis, particularly for the early efforts to hydrogenate C=C bonds. It is thus
somewhat surprising that there is very little development of the PNP-ligated rhodium
complexes as catalysts for the modern-day hydrogenation reactions. In 1984, Taqui
Khan reported the synthesis of (P"PNHP)RKCI from the reaction of [RhCI(COE),],
(COE = cyclooctene) with ""PN"P in benzene [122]. In a series of subsequent
reports, this specific PNP complex was shown to catalyze the hydrogenation of
cyclohexene [122], 1-heptene [123], and I-pentene [124] at 10-50°C under
0.4—1 bar H,. The proposed mechanism is analogous to the one for Wilkinson’s
RhCI(PPhj3); catalyst, which involves H, activation followed by olefin coordination
[125]. Based on the NMR analysis, oxidative addition of H, to (""PN"P)RhCl
produces thee dihydride complexes with the formula (""PN"'P)RhH,CI. The major
product (90%) is consistent with cis-(""PN"P)RhH,Cl with the P"PNYP ligand
adopting the meridional configuration [126]. A more recent study by Jagirdar
showed that (""PN"P)RhH,CI was unable to catalyze the hydrogenation of alde-
hydes, ketones, imines, and CO, at 50°C under 20 bar H, [127]. These results do not
rule out the possibility of using the rhodium-based PNP-type complexes for the
hydrogenation of polar bonds, because the hydrogenation reactions were attempted
under base-free conditions and the active species could be (""PN"P)RhHj;.
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4.2 Cobalt Catalysts
4.2.1 Synthesis of (Pre)catalysts

In contrast to the limited examples for the PNP-type complexes of rhodium, many
cobalt derivatives have been studied, including spectroscopic observation and crys-
tallographic characterization of (*"PN"'P)CoH,Cl and (*"PN"P)CoH; [128]. While
these Co(III) hydrides have yet to be employed for hydrogenation reactions, close to
a dozen cobalt complexes supported by the *PN"P ligands have been prepared
(Scheme 23) and evaluated as hydrogenation catalysts.

As illustrated in Scheme 23, the first class of cobalt PNP-type complexes feature
an alkyl or aryl donor, and the synthesis starts with (pyr),Co(CH,SiMes), (pyr = pyr-
idine) (Method A). Its ligand substitution reaction with CypNHp gives
€¥CoCH,TMS, which can be protonated on the nitrogen by Brookhart’s acid, [H
(OEtz)z]BArF4, to form a cationic complex [CyCOCHzTMS]+ [16]. Treatment of
[€YCoCH,TMS]* with 1-phenylethanol results in a Co(Ill) hydride [ CoHAr]",
which appears to dehydrogenate the alcohol and then activate the C—H bond of the
dehydrogenation product, acetophenone [129].

The reaction of a "PN"'P ligand with CoCl, or CoBr, provides another entry to
cobalt-based PNP-type complexes (Method B). Exposure of *CoCl, and **CoBr,
to CO produces F*CoCl,(CO) and **CoBr,(CO) [48, 49, 52], and reduction of

@2 Chysive
H Pov Co(CH,SIM toluene 6/ N e
(A) X\N—\/Pcyz (pyr)2Co(CH,Si es)zT> NZ~_PCyz
CYCOCH,TMS (A = 3,5-(CF3),CeHa)
[H(OEty),]BArF,
OH Et,0, RT
Cy
Q20 —‘BArF ©)\ H Pf CH,SiMes BArF4’
A
g/ 1 >pc toluene N / \PCY2
Y2
T 120°C, 180 ccocH,TMIST*
(vCoRam” o ) B (P X
1
H PRZ H‘N c| cl (F';r')ﬂ ~BU 6o (1bar) A cI €0
(B) THF or EtOH L:‘_.\O_ or</) oL CO(1han o ‘o\ /
‘\N_\/PRZ AT V\lﬁ\PRz ;\l_\/P(’Pr) THF, RT N—;/P(Pr)
R
+ CoX 2 ) H
o2 PrcoCly: R = Pr PrCoBr, PrCoCl,(CO): X = Cl
) CyCoCl,: R =Cy PrCoBr,(CO): X = Br
NaBH, (1 equiv) ” PhcoCl,: R = Ph
THF, RT
SO 4 (Pr), 730 - W PP
\\J _co]’ CO(1ba) H P-d 0O ™ co(53ban J\J o
NP(/PF)Z THF, RT \N’—\/P('PI’)Z Et,O, RT N—~~ P(Pr);
PrCoCl [PrCo(CO),]* + CoCI(PPh3);

Scheme 23 Synthetic routes to cobalt-based hydrogenation (pre)catalysts
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iPrCoClz with 1 equiv. of NaBH, generates a Co(I) species PrcoCl [48]. The latter
compound can react with CO to yield a cationic bis(carbonyl) complex [*"Co
(CO),]" [48], which can alternatively be prepared from the reaction of PrpNHp
with CoCI(PPhs3); under CO [130].

4.2.2 Applications for Catalytic Hydrogenation Reactions

The first hydrogenation system involving the cobalt-based PNP-type complexes
appeared in a 2012 report by Hanson [16]. In that study, 1:1 mixture of
CYCoCH,TMS and  [H(OEt,),|BArf,,  which essentially  generated
[©YCoCH,TMS]" in situ, was shown to catalyze the hydrogenation of terminal
and disubstituted (1,1- or 1,2-) olefins at 25°C under an atmospheric H, pressure
(Eq. 33). Without the acid, “?“CoCH,TMS alone is almost completely inactive.
Aldehydes, ketones, and aldimines are also viable substrates under same conditions
or a slightly higher temperature and/or H, pressure. At 25°C, hydrogenation of C=C
bonds is unaffected by the presence of an ester, carboxylic acid, amine, or alcohol
group in the olefin substrate and only slightly inhibited by water.

R" n
RN R~ R
/& CYCoCH,TMS (2 mol%) R"

' H(OEt,),]BArF, (2 mol%
R [H(OEt,)oIBAYF, ( )

Hy (1-4.1 bar)

o )J\R" THF, 25-60 °C, 24-72h . OH (33)
o RNR
A - R
R H RN

In a follow-up study, Hanson used the methylated PNP complex [(YPN™M¢P)
CoCH,SiMe;]BAr", to probe the role that NH moiety could play during the
hydrogenation reactions [129]. Evidently, the NH functionality is not needed for
olefin hydrogenation but absolutely required for ketone hydrogenation (performed at
25-60°C under 1 bar H,). The lack of metal-ligand cooperation in olefin hydroge-
nation has been supported by DFT calculations [131]. The proposed mechanism
involves C=C bond insertion into the Co—H bond of [(®YPN"P)CoH|BAr", or
[(“YPNMP)CoH]BAr", followed by hydrogenolysis of the cobalt alkyl species, in
which NH or NMe does not directly participate. The Co(IIl) hydride [*YCoHAr]*
also shows good activity for hydrogenating styrene under ambient conditions but
limited activity for hydrogenating acetophenone even at 60°C under 4.1 bar
H, [129].

Under more forcing conditions, carbonyl groups can be hydrogenated, not only
by [©CoCH,TMS]* but also by the methylated derivative [(“YPN™°P)
CoCstiMe3]BArF 4. Jones reported in 2017 that both cationic complexes were
effective catalysts for ester (or lactone) hydrogenation at 120°C under 55 bar H,
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(Eq. 34) [132]. As expected, hydrogenation of a,f-unsaturated esters with
[CYCOCHzTMS]+ results in both C=C and C=0 bonds being reduced, although
C=C bond hydrogenation appears to be faster. In contrast to olefin hydrogenation
described earlier, carboxylic acid interferes with ester hydrogenation. No hydroge-
nation product was observed when adipic acid monoethyl ester was employed as the
substrate. The uniqueness about this cobalt-based catalytic system is that methyl
esters usually give lower alcohol yields when compared to the corresponding ethyl
esters. Mechanistic investigation focusing on methyl benzoate revealed that
[€YCoCH,TMS]* lost its catalytic activity by forming [(“YPN"P)Co(x'-OCOPh)
(x*-OCOPh)|BAT",, presumably via methane elimination. Similar to the mechanism
proposed for olefin hydrogenation, [(YYPNYP)CoHIBArY, or [("PNMP)CoH]
BAr", is thought to be the active species, although according to DFT calculations,
some of intermediates during ester hydrogenation feature a significant distortion of
the PNP ligand from the meridional geometry [133].

Cy, ) +
R P’u, .“nCstlMes BArF*
¢ OoS !
NZ~_PCY2 (2 mol%) (34)
i y (R=H, Me) PR
R~ “OR' | 2 " THF, 120°C, 20 h R "OH
(55 bar)

Under similar conditions (100-140°C, 50 bar H,), the cobalt complexes listed in
Scheme 23, Method B, when activated by NaOMe, all display some level of catalytic
activity for the hydrogenation of methyl benzoate [48]. The best precatalyst is
PRCoCl,, which promotes the hydrogenation of various esters including lactones
(Eq. 35). Unlike the catalytic system shown in Eq. 34, here C=C bonds can be
tolerated. Substrates that lead to low alcohol yields include PhCO,'Bu (due to
sterics) and chloro- or bromo-substituted methyl benzoate (due to dehalogenation).
This particular catalytic system proves to operate via metal-ligand cooperation;
control experiments using the methylated complex (F"PNMP)CoCl, did not yield
any hydrogenation products.

PhCOC|2 (5 mol%)

(0]
NaOMe (20 mol%
R' OR" dioxane, 120 °C

(0ban g oraah

The cobalt-based PNP-type complexes can also be used to catalyze the hydroge-
nation of other multiple bonds including those in nitriles and N-heterocycles. In
2018, we reported that catalytic hydrogenation of PhCN could be affected by
PrCoCl, or F*'CoBr; in the presence of NaHBEt;, forming PhCH=NCH,Ph exclu-
sively as the hydrogenation product (Scheme 24) [134]. Adding 1 equiv. of CyNH,
to the reaction generated PhACH=NCy selectively, which represents a hydrogenative
coupling process. The selectivity of nitrile hydrogenation can be altered to favor
primary amines, as demonstrated by Beller in a more recent study [135]. Among the
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Scheme 24 Cobalt- PrCoCl, or PrCoBr,

catalyzed hydrogenation of (2 mol%)

nitriles leading to secondary NaHBEt; (6 mol%) N

imines or primary amines PhCN + H, > TN Ph

- -
(20ban THF 110G, 4h

PhCOCIZ (4 mol%)
RCN + H, NgHBEtS (16 moI%)}
(50 bar) dioxane, 80 °C, 6 h

R'CH,NH,

PNP-ligated cobalt dihalide complexes shown in Scheme 23, PhC0C12 is the most
active precatalyst, converting various aromatic and aliphatic nitriles to primary
amines (Scheme 24). Functional groups tolerated under the catalytic conditions
include F, Cl, NH,, OMe, pyridyl, and pyrrolidyl groups; however, carbonyl groups
in esters, ketones, and aldehydes are also hydrogenated along with the nitrile groups.
The nature of the catalytically active species is ill-defined here, although all exper-
iments suggest that the hydrogenation process is homogeneous. The lack of reactiv-
ity with the methylated complex (""PN™°P)CoCl, also supports a metal-ligand
cooperative mechanism.

As a further exploration of N-heterocycles as organic hydrogen storage materials,
Jones studied the ability of [*YCoCH,TMS]" to catalyze the hydrogenation of these
molecules [136]. Under the conditions shown in Eq. 36, the hydrogenation process
takes place very slowly, accepting 2 equiv. of Hj to saturate one nitrogen-containing
ring. In contrast to the iron-based catalytic system (Eq. 29), 2,6-lutidine is not a
viable substrate for the cobalt catalyst. Analogous to the olefin hydrogenation
catalyzed by [CyCOCHzTMS]+, the NH moiety is not needed here.

@@

(R'=H, Me, Ph) [CYCoCH,TMS]* (5 mol%)
AN H, (10.1 bar)
_N THF, 120 °C, 2d
00 m
/ ~

Catalytic hydrogenation of CO, has not been explored extensively with the
cobalt-based PNP-type complexes described above. The only known example is
Bernskoetter’s study of [P*Co(CO),]" as a potential catalyst [130]. Under the
conditions outlined in Eq. 37, hydrogenation of CO, gives the formate with 450 turn-
overs. Similar to the iron-based system (Scheme 19), the methylated complexes
[(*"PNM°P)Co(CO),]CI and [(“YPNM°P)Co(CO),]Cl are more superior catalysts
than [P*Co(CO),]* for CO, hydrogenation, increasing the TON by 64- or 53-fold

(36)
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[137]. Once again, for CO, hydrogenation of to the formate stage, the metal-ligand
bifunctional catalysts do not appear to have any advantage.

[Co] (0.3 umol)
78700 equiv DBU
DBU/LIOTf=7.4

Hy, + CO, > HCO,™
(34.5 bar each)MECN, 45°C, 16 h 4+
cl . .
! (Pry, O P co—‘ cl CO—I a- (37)
fp. | .co ey 9z |
Q’ _co_ i e\\J ""Co"“‘Co Me\J "..CO_,‘\\CO
NP INEeerr, NPy,
[PrCo(CO),1*
TON = 450 TON = 29000 TON = 24000

4.3 Iridium Catalysts
4.3.1 Synthesis of (Pre)catalysts

Iridium-based PNP-type complexes are also known in the literature. To develop a
hydrogenation catalyst, Taqui Khan treated [Ir(COE),Cl], with the hydrochloride
salt of P"PN™'P in refluxing benzene, which resulted in a compound with the formula
(""PNPP)IrCl, presumably *MIrCl as shown in Scheme 25 [122]. A more recent
synthesis by Jagirdar employed [Ir(COD)ClI], and the neutral ligand P"PN"'P, which
formed [(PhPNHP)Ir(COD)]Cl with the COD ligand still bound to iridium [127]. Sub-
sequent hydrogenation produced an air-stable Ir(IIT) dihydride " IrH,Cl, which was
further converted to *"IrH; via dehydrochlorination under H,. It is interesting to

H PN B2
o i\J+ benzene H\J e
SN~ -PPh2 reflux \N/ D)

H —\/PPhZ
+ [I(COE),Cl], PhIrCI
cl KO®Bu H H Ph, H
PPh Hy (10 bar) Ph, H ™ 2
H\ 2 THF _ 1,4-dioxane HJP"‘,vlr.mH Hj (10 bar) \N—'Alr/—H HJP",__IL_‘\\H
SN—_PPh,; RT ~ 70°C \\Né{)pphzTHE 50°C “p)y, + ‘\NfCPth
i P 2 I
+ [Ir(COD)CI], H Phy 4.4 H
PhIrH,CI -
. 3
; (Pr),Cl (iPr)pH
H\ P(Pr) 5 | H . H P.. l WH
< ; ProH Sl KOBu \\J I
N—P(P02 59 oc™ SN e, Prom, AT N Sp(er,
+ [If(COE),Cl], H H
PrirH,CI PrirH,

Scheme 25 Synthesis of iridium-based hydrogenation (pre)catalysts
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note that ""IrHj exists as a 1:1 isomeric mixture with the PNP ligand adopting either
meridional or facial coordination mode. In contrast, the isopropyl analog “**IrHj
displays the meridional mode only. This trihydride complex can be prepared from
dehydrochlorination of the dihydride F*IrH,Cl followed by dehydrogenation of
"PrOH [138]. PIrH,Cl is commercially available but can be made from *"PN"'P and
[Ir(COE),Cl], in ‘PrOH at 80°C. It is also worth to point out that in the solid form
PrirH,Cl is air stable and P IrH; is moderately air stable.

4.3.2 Applications for Catalytic Hydrogenation Reactions

The use of iridium-based PNP-type complexes for catalytic hydrogenations reac-
tions can be traced back to 1984, when Taqui Khan studied the hydrogenation of
cyclohexene catalyzed by *™IrCl [122]. This reaction operates over the temperature
range 20-50°C under 0.4—1 bar H, and proceeds via an initial H, activation to form
PRIrH,CI [125]. The catalytic system that really takes advantage of metal-ligand
cooperativity is the one developed by Abdur-Rashid in 2009 [139]. It was reported
that aldehyde and ketone hydrogenation could be catalyzed by **IrH,Cl activated
with KO'Bu or by **"IrHj under base-free conditions. The catalysts are remarkably
active at room temperature; the TONs for acetophenone hydrogenation are as high as
30,000 (Eq. 38). Hydrogenation of benzalacetone and f-ionone is chemoselective
for the C=0 bonds; however, hydrogenation of 2-cyclohexen-1-one produces a 1:1
mixture of allyl alcohol and the fully saturated alcohol. In a related study, Jagirdar
examined the catalytic activity of the phenyl derivatives (""IrHs and " IrH,CV/
KO'Bu) in hydrogenation reactions, which were carried out at 50°C in methanol
under 20 bar H, with a catalyst loading of 0.1 mol% [127]. In addition to aldehydes
and ketones, imines such as PA\CH=NPh and PhCH=NBn are hydrogenated, albeit
with moderate conversions (31-49% over 6 h). In contrast, methyl benzoate and
styrene are completely unreactive.

0 PrirH,CI (0.003-0.625 mol%

)
X OH
i LS SO
R (10.1 bar) e AL R™

Abdur-Rashid’s iridium complex "*IrH,Cl has also been utilized to catalyze the
hydrogenation of alkyl levulinates to y-valerolactone (Eq. 39) [71]. The reaction is
enhanced by added ethanol or methanol, and under the optimized conditions, y-
valerolactone was obtained with TONs of up to 9,300. Compared to Ru-MACHO,
PrIrH,Cl is more active, although the ruthenium catalyst can be reused three times
without noticeable catalyst decomposition.
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Scheme 26 Iridium- PrirH,(OCHO)
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Esters can be hydrogenated with the iridium-based PNP-type complexes,
although the reaction must be conducted at higher temperatures and under higher
H, pressures. In 2014, Beller showed that in the presence of NaOMe and at 130°C
under 50 bar H,, both *"IrH,Cl and *"IrH; were efficient for catalytic hydrogena-
tion of methyl benzoate [140]. Based on the proposed mechanism, *"IrH; is the
active species transferring H*/H ™ to the ester substrate, and therefore the base should
not be needed for iPrIrH3. However, the addition of NaOMe does improve the
conversion and yield, suggesting that the base plays multiple roles during the
reaction. The catalytic system (Eq. 40) can tolerate functional groups including
halogens, MeO, pyridyl, and furyl groups. Hydrogenation of p-NCC¢H,CO,Me
and PhCH=CHCO,Me leads to saturation of C=N, C=0, and C=C bonds.
Hydrogenation of phthalic anhydride, on the other hand, can stop at the lactone
stage to give phthalide in 71% yield.

PrirH,CI (1-5 mol%)

0
NaOMe (10 1%
PR aOMe (10 mol%e) . ~ (40)

+ H, >R
. " [ 130°C, 18 h
R OR (50 bar)touene, 30°C, 18

Another important type of carbonyl substrates for the iridium-catalyzed hydro-
genation reactions is CO,. In 2011, Hazari reported a very facile CO, insertion
process with iPrIrH3, resulting in an iridium formate complex iPrIer(OCHO) that
is air stable and features a hydrogen bond between the NH group and the formato
group (Eq. 41) [141]. P'IrH,(OCHO) was then employed to catalyze the hydroge-
nation of CO, in an aqueous solution of KOH (1 M), providing HCO,K with TONs
of up to 348,000 (Scheme 26). The trihydride *"IrHj; can also be used as the
catalyst, although precaution needs to be taken to exclude oxygen from the reactor.
Very recently, Jagirdar demonstrated that the phenyl derivative ™ IrH; (a 1:1
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isomeric mixture) reacted with CO, (1 bar at room temperature) to form an insertion
product analogous to iPrIer(OCHO) [127]. Hydrogenation of CO, in MOH
(M = Li, Na, K) with "IrH; or P"IrH,Cl produced HCO,M with much lower
TONSs of 65-144, although the hydrogenation reactions were tested under relatively
low temperatures and pressures. In studying N-formylation of morpholine, Ding also
examined the catalytic activity of P*IrH,Cl (activated by KOBu), which, under the
conditions shown in Scheme 26, generated the formamide with a TON of
720 [82]. An attempt to use ethylene carbonate as CO, surrogate had limited success
with iPrIrHZCl/KO’Bu as the catalyst (0.1 mol%); at 140°C under 50.7 bar H,,
ethylene glycol was obtained with only 10% yield [55]. The ruthenium system
shown in Eq. 23 is far more reactive.

H
) 0=
(";f)z'l" 1(Pr),0
H P. | \H THF, H P | H
e + CO, (1 bar et 41
NI 2 (1han "o /|\ )
N=—P(Pr), —~_"P(Pr),
H H
PrirH, PrlrH,(OCHO)

5 Group 10 Metal Systems

Group 10 metals bearing the PNP-type ligands have been rarely used as hydroge-
nation catalysts. The only known example of a nickel system is the one developed by
Hanson in 2012 [142]. As summarized in Scheme 27, the reaction of Ni(diglyme)Br,
with ©’PNP produces a cationic PNP pincer nickel bromide complex, which can be
converted to the hydride [CyNiH]+ using NaBH, followed by anion exchange with
NaBPh,. The neutral hydride “YNiH is available from [SYNiH]* through
deprotonation with KH.

Complex [“NiH]* proves to be an active catalyst for the hydrogenation of
styrene, a-methylstyrene, and fert-butylethylene at 80°C under 4.1 bar H, (Eq. 42)
[142]. Hydrogenation of 1-octene affords n-octane and internal octenes as a result of
the competing olefin isomerization process. Under similar conditions, aldehydes are
reduced to alcohols but in a non-catalytic manner. The neutral hydride C¥YNiH is also

Cy2
c
HJPCVZ HCy2 + (1)NaBH, H P —‘BPh4 P2 o
A PC THF Po o @ NaBPhy <Y Moo KH
N—— "2 i\ / \pcyz MeOH N—~"""2  Toluene N—\/PCYZ
+ N|(d|g|yme)Br2 [CYNiH]* 80°C CYNiH

Scheme 27 Synthesis of PNP-ligated nickel hydride complexes
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an active catalyst, although it is less reactive than [YNiH]*. The methylated
complex (“YPNMP)NiH]|BPh, shows similar activity to [“YNiH]*, suggesting that
here a metal-ligand cooperative mechanism is not involved.

R’ R

©/§ [SYNiH]* (10 mol%) ©)\

Hy (4.1 bar)

>(\ THF-d, 80 °C, 24-48 h >(\

SN NN (70%)
+ internal octenes (30%)

The analogous palladium and platinum hydrides have not been reported in the
literature. The most relevant study is a 1988 report by Taqui Khan, who used
[(*"PNPP)PACI]CI (made from Pd(COD)Cl, and the hydrochloride salt of ""PN"'P
in benzene) to catalyze hydrogenation of cyclohexene [143]. The reaction was
shown to operate at 10-40°C under 0.4—1 bar H, and proceed via a palladium
hydride intermediate.

6 Group 6 Metal Systems

Mid-transition metal complexes supported by the PNP-type ligands have been
studied. For group 6 metal systems, chromium complexes have never been utilized
to catalyze hydrogenation reactions, although R*PNYP)CrCl, [144] and (RPN''P)
CrCl; [145] have been known for many years. In contrast, PNP-ligated molybdenum
and tungsten complexes have been developed specifically for various hydrogenation
processes. They belong to two different types of complexes, each with a d® electron
configuration and isoelectronic to (RPNP)Fe(CO)H, which have already been
established as active hydrogenation catalysts.

6.1 Nitrosyl Complexes

To synthesize the desired nitrosyl complexes RPNP)M(NO)CO (M = Mo, W),
Berke used M(NO)(CO)4(AICly) as the metal precursors, which were shown to react
with the P"PN"P ligand to form (*"PN"P)M(NO)(CO)CI (Scheme 28) [146]. Upon
further treatment with NaN(SiMes),, the five-coordinate complexes P'MoNO and
PrWWNO were isolated as highly air-sensitive materials.

Activation of H, by P"MoNO and P*"WNO is feasible but slow at room temper-
ature, forming a mixture of two isomers because of the availability of two sides
(NO side vs. CO side) for H, to approach (Eq. 43). As expected for other H-M-N—
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. in\. NO .
H P(Pr2 (B (Prj2 NO
<) ; THF ML NaN(SiMej3), gy co
N—~P(Pr22 "g0°C 1/—\/}\P('Pr)z THF, RT ﬁl/M P(PY)2
+ M(NO)(CO)4(AICL) cl PIMONO. M = Mo
PIWNO: M = W

Scheme 28 Synthesis of Mo- and W-based hydrogenation catalysts bearing a nitrosyl ligand

Scheme 29 Molybdenum- PrMoNO or P'WNO
and tungsten-catalyzed A AN/Ar' + Hy (0.125-1 mol%) AN _Ar
hydrogenation of imines and r (60 bar) toluene, 140 °C, 0.25-1 h H

nitriles

PrMoNO or PrWNO
\ (5 mol%) N
R'CN + H, - SN R
(60 bar) THF, 140 °C, 6-16 h

H-type complexes, reduction of polar bonds is likely to occur with these hydrides.
Indeed, Berke demonstrated that **MoNO and P*"WNO were efficient catalysts for
the hydrogenation of aldimines bearing various aryl substituents (Scheme 29)
[146]. Substrates that are unreactive under the catalytic conditions include p-
NO,C¢H4CH=NPh, PhCH=N'Bu, and surprisingly PhCHO. Acetophenone can
be hydrogenated but with a low yield of 32%. Under slightly modified conditions,
both aliphatic and aromatic nitriles are hydrogenated with selectivity favoring the
secondary imines [147]. This implies that hydrogenation of the intermediate
R’CH=NH to R'"CH,NH, is less competitive than the reaction of R*CH=NH with
R'CH,NH, to yield R*CH=NCH,R'. In both catalytic processes, *"MoNO displays
high activity than ""WNO, which is also confirmed by DFT calculations [148].

- , oy H
(Pr), NO (Pr) (Pr)y

p. ,\,{ ‘‘‘‘‘ co _Hp(2ba) HP. |,,\NO H\P '!A,»CO

NZP(Pr); THF-dg, RT i\ Mspipn, S /I\P’P (43)

. | >P(Pr), (Pr),
N—~~

"”MoNO.M Mo &o NO
PrWNO: M = W

Attempts have also been made to use P"MoNO and P*WNO to catalyze CO,
hydrogenation [149]. The in situ generated hydrides (see Eq. 43) were shown to
undergo CO, insertion to generate molybdenum and tungsten formate complexes,
which could be converted back to P*"MoNO and **"WNO through the addition of
NaN(SiMes),. Unfortunately, catalytic hydrogenation of CO, (py> = 70 bar,
pco» = 10 bar, 140°C) in the presence of a base and with F"MoNO or F*"WNO
(5 mol%) failed to produce HCO, ™~ with a yield greater than 5%. This is likely due to
the poisoning of the catalysts by CO, to form carbamate species (Eq. 44), as
separately studied.
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(Pr), NO P
%/ M\F?P CO, (2 bar) P/M\ 4
Z _CP(Pr); THF-gg, RT  “NZJ SP(Pr) (44)
PrMoNO: M = Mo /E;/cl)
PrWNO: M = W ’

6.2 Bis(Carbonyl) Complexes

The bis(carbonyl) system illustrated in Fig. 5 has recently been explored, though
only focusing on molybdenum complexes. As shown in Scheme 30, treatment of
PENHP with Mo(CO)s and Mo(PPhs),(CO),(MeCN), leads to ligand substitution,
which generates iPrMo(CO)3 and P*'MoNCMe, respectively [150]. The latter reac-
tion needs to be carried out in THF. Switching the solvent to CH,Cl, can oxidize Mo
(0) to Mo(I), giving the chloride complex **MoCl. The analogous bromide complex
P"'MoBr is isolated as the minor product from the reaction of *"PN"P with Mo(;;*-
allyl)(PPh3),(CO)>(MeCN),Br (the major product is F"MoNCMe).

Both ®"™MoCl and **"MoNCMe, when activated by NaHBEts, catalyze the
hydrogenation of acetophenone, whereas F*Mo(CO); shows no activity
[150]. Under the optimized conditions for **MoCl (Scheme 31), acetophenones
substituted by F, MeO, MeS, and CF; groups are all successfully hydrogenated to
the corresponding alcohols in high yields. The reaction of (E)-PhCOCH=CHPh

Fig. 5 Molybdenum and R, NO R, CO —|7 R, H
tungsten complexes P.. co P, / co
isoelectronic to (RPNP)Fe zM\ . Moo . Fe."CO
(COH €N£\/PR2 €N£\>PR2 e’/ \PRQ
(M = Mo, W) (M = Mo, W)
f NCMe
H OC co AN = acetonitrile (E/ )2 .
N—Mo—CO Mo(CO Mo(PPhs),(CO),(AN J Mo
AN (CO)e (PPh3)p(COR(AN), b
S P(Pr)2 toluene, reflux | | THF, RT N—— 2
(P2 H PPz P
'P'Mo(CO)s K\J / MoNCMe
. N—~_ P(Pr)2 i Br
i Cl (Pr)2
HB2 T co H P | .CO
i\J;Mo-‘\ " Mo(PPh3)y(CO)2(AN)2 | [Mo(r3-allyl)(CO)a(AN),Br <\ Mol
N P(Pr)2 CH,Cl,, RT toluene, RT N~ P(Pr)2
co _ co
PrMoCl PrMoBr

Scheme 30 Synthesis of molybdenum-based precatalysts bearing at least two CO ligands
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o PrMoCl (5 mol%)
NaHBEts (5 mol%)
+
(o]
" (50 bar) toluene, 80 °C, 16h

PrMoCI (5 mol%)
/@/\ Hy NaHBEt; (5 mol%) /@/\
+
(o]
. (50 bar )toluene 130 °C, 24 h

O H PrMloCl (5 mol%) H
NaHBEt; (5 mol%)

N
N Ho > N
N N ~ + (o] (j/
R_(;/ (50 bar) foluene, 100°C, 24h P

Scheme 31 Hydrogenation reactions catalyzed by *"MoCl-NaHBEt;

R

results in both double bonds being reduced. Styrene derivatives are also viable
substrates, although a higher temperature of 130°C is required. Hydrogenation
reactions performed at 100°C allow the conversion of N-methylformanilides to N-
methylanilines with C=C bond and ester functionality intact [151]. Other functional
groups including PhCH,0, Me,N, CN, and NO, are also compatible with the
catalytic conditions; however, the product yields are low to moderate (6-52%).
Amides of the type R*CONPhR” (R’ = Me, CF;, Ph) are more challenging sub-
strates, which typically give 11-28% yields for the hydrogenation products. The
bromide complex F*MoBr shows similar activity to **MoCl but outperforms
P'MoNCMe. The *™Mo(CO); is completely inactive. A detailed mechanistic
study [151] focusing on "MoCl suggests that NaHBEt; reduces the Mo
(I) complex to several Mo(0) species including Na[(P"PN"P)Mo(CO),H] and Na
[(*"PNP)Mo(CO),]. These two complexes represent the H-M-N-H and M-N
molecules characteristic of metal-ligand bifunctional hydrogenation catalysts.

7 Group 7 Metal Systems

7.1 Manganese Catalysts

There has been an increasing interest in developing manganese-based hydrogenation
catalysts [152]. This is in part motivated by the fact that manganese is the third most
abundant transition metal (after iron and titanium) in the Earth’s crust. For PNP-type
complexes, manganese species isoelectronic to (*PNP)Fe(CO)H would be (*PNP)
Mn(CO),. To date, strategies of using inexpensive sources of manganese such as
MnCl, to make these Mn(I) complexes have not had much success. For example,
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H
'Pr), R CcO
H(P | p? oo
i\ ~"sp Mn;
_*/ (Pr), €/ Z PRy
or NaO'Bu, NaOEt, ""Mn(CO)z =Pr
'V'""' or KOBu EMn(CO): R=Et  om
N THF or C¢Dg, RT u
aHBEt CgDg, RT
THF, RT . . ) .
4 PR, Ry Tsr ,;2 \CO c; | B % ] H(FFU) co|
< PR, toluene \J ' H in Br <\J/Mn'\ B Y Mn_ Br
N—~PRe oo PR, Nﬁ{;PR N | Nco N P(Bu:
MnBr(CO)s c':o (';o PEt, co
PrMnBr:R=Pr [PrMn(CO)]* R=Pr [E*Mn(CO)J*  [®“Mn(CO),]*
CYMnBr: R=Cy [CYMn(CO);]*: R=Cy
EtMnBr: R=Et  [R'Mn(CO);3]*: PR, =_§_p
PhMnBr: R = Ph (8,5)-[MeCYMN(CO),]*:
PR, = PMeCy
(8,5)-[MeBUMN(CO),]*:
PR, = PMe/Bu

Scheme 32 Synthesis of manganese-based (pre)catalysts

(P'PNYP)MnCI, prepared from P'PNP and MnCl, does not bind CO [153]. Suc-
cessful routes to the carbonyl complexes have relied on the use of MnBr(CO)s as the
metal precursor. As illustrated in Scheme 32, the reaction of RpPNHP with MnBr
(CO)s5 can lead to four different structures, which depend on the nature of phospho-
rus substituents. With medium-sized alkyl groups (R = Pr, Cy, Et), a mixture of
neutral dicarbonyl and cationic tricarbonyl complexes (e.g., **MnBr and [*"Mn
(CO);]Y) is obtained [154]. The RPNYP ligands all adopt the meridional coordination
mode, except that in [*'Mn(CO)]*, the *PN"P ligand occupies three facial coor-
dination sites [37]. The dicarbonyl and tricarbonyl complexes are separable due to
solubility difference, although higher temperatures and longer reaction times usually
facilitate the conversions to the neutral products. The phospholane-based chiral
ligand, (S,S)-(CyMePCH,CH,),NH, and (S,S)-(BuMePCH,CH,),NH can generate
the cationic tricarbonyl complexes only [155, 156], whereas the more bulky ligand
BupNHP Jeads to further extrusion of CO to yield [B*Mn(CO),]* [154]. The
reaction of the phenyl-substituted ligand P"PN"P gives the neutral dicarbonyl
complex PhNInBr [157]. Synthesis of the five-coordinate complexes iPrMn(CO)z
and **Mn(CO), has been accomplished via dehydrobromination of PrVMnBr
[154, 158], ®*MnBr [37], and [EtMn(CO)3]+ [37] with a strong base. The hydride
Pr\MnH is available from the reaction of P*MnBr with NaHBEt; [153].

The seminal work by Beller in 2016 showed that in the presence of NaO'Bu,
PrVInBr were efficient in catalyzing the hydrogenation of nitriles, ketones, and
aldehydes (Scheme 33) [153]. The relative difficulty for hydrogenating these sub-
strates is reflected by the temperature and H, pressure employed. As expected,
aldehydes are the easiest ones to react. Various functional groups including halo-
gens, CF;, NH,, pyridyl, furyl, and isolated C=C bonds are tolerated under these
conditions. The nitrile hydrogenation shows excellent selectivity for primary
amines. Hydrogenation of PACH=CHCN produces the allylic and fully saturated
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Scheme 33 Manganese- PrMnBr (3 mol%)
catalyzed hydrogenation of . NaOBu (10 mol%)
nitriles, ketones, and R'CN + toluene, 120 °C, 24-60 h > R'CH,NH,
aldehydes (50 b ar)
PrMnBr (1 mol%) OH
)O]\ NaOBu (3 mol%)
R" (30 b2 or) toluene, 100°C, 24h = R LR’
PrMnBr (1 mol%)
NaOBu (3 mol%
R'&O+H2 aOBu (3 mol%) - n e OH
toluene, 60 °C, 24 h
(10 bar)
Scheme 34 Manganese- o [R"Mn(CO)3]* (1 mol%)
catalyzed asymmetric H KOBu (5 mol%)
hydrogenation of ketones R')J\R" NN amyl alcohol /% R"

(B0bar) "4 0c, 4h

(S,5)-[MeBuMn(CO),]*
0 (1 mol%) : OH

o H, _KH@mor%) g
A N e
R.{;)kMe (50 bar)toluene 80°C,16h R QA

amines. In contrast, hydrogenation of a,f-saturated aldehydes is highly selective for
the C=0 bonds, forming the allylic alcohols exclusively. Under the conditions for
ketone hydrogenation, other reducible functional groups such as ester, lactam, and
cyclopropyl ring are unaffected. The proposed mechanism involves an outer-sphere
hydrogen transfer from “*"MnH to the substrates followed by regeneration of the
hydride through the reaction of F*Mn(CO), with H,. Consistent with this mecha-
nism, P*MnH catalyzes the hydrogenation of benzonitrile under similar but base-
free conditions, although for some unknown reason, the addition of NaO'Bu
improves the catalytic efficiency. The cyclohexyl derivative CYMnBr is slightly
less reactive than **MnBr in nitrile hydrogenation. Using **MnBr and “MnBr
as the precatalysts is more advantageous due to their high stability in air.

Given the availability of chiral ®"PNYP ligands, it is possible to develop
manganese-based PNP-type catalysts for asymmetric hydrogenation of ketones.
Since high temperatures often erode enantioselectivity, the reaction conditions
need to be further optimized. Using phospholane-based complex [X*Mn(CO)3]* as
the precatalyst and ferf-amyl alcohol as the solvent, the Beller group was able to
perform ketone hydrogenation at 40°C (Scheme 34) [58, 155]. The remarkable
feature about this catalytic system is that aliphatic ketones are hydrogenated to
alcohols with ee’s in the 51-83% range, which is typically difficult to achieve
with other catalysts. However, bulky ketones including AdACOMe, ‘BuCOMEe, and
‘BuCO"Pr result in low alcohol yields, and ketones of the type PhCOR’ (R’ = Me
Et, "Pr, Cy) give low ee’s (11-19%). In a related study, Mezzetti explored P-
stereogenic PNP-type manganese complexes as asymmetric hydrogenation catalysts
[156]. Under the best conditions for (S.5)-[M“®**Mn(CO);]* (Scheme 34),
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acetophenone derivatives are hydrogenated to the corresponding alcohols with ee’s
up to 55%. Both experimental and computational studies support the involvement of
(RPNP)Mn(CO), and (*PN"P)Mn(CO),H in the catalytic cycle. It is interesting to
know that the iron precatalyst (S,8)-MeB'FeHBr (shown in Scheme 17) is about
30 times more active than (S,S)-[M*B"Mn(CO);]*. This is due to the formation of a
more stable alkoxide species with manganese, which is generated after hydrogen
transfer from (RPNHP)Mn(CO)zH to the ketone substrate.

Esters are comparatively more challenging substrates for hydrogenation. In a
2016 report, Beller showed that at 100°C under 30 bar H,, F"MnBr and ©’MnBr
(activated with KO'Bu) displayed very limited catalytic activity for the hydrogena-
tion of methyl benzoate [37]. Lan and Liu recently also reported that at 120°C under
45 bar H,, P*MnBr and *"MnBr (activated with KO'Bu) catalyzed the hydrogena-
tion of the ketone part of methyl 4-acetylbenzoate with only 3-9% of the ester
functionality being reduced [159]. However, Beller demonstrated that both E'VMnBr
and [**Mn(CO)s]* were effective hydrogenation catalysts for esters, converting
methyl benzoate to benzyl alcohol in 97% yield. Under the conditions outlined in
Eq. 45, various aromatic and aliphatic esters including lactones can be hydrogenated
to alcohols. The catalytic system shows excellent functional group compatibility,
similar to the iron system described earlier (Eq. 25).

o [EtMn(CO)3]* (2 mol%)

KO®Bu (10 mol%
)]\ R" * M dioxan;j (110Tg 2)4 h I/\OH (45)
0 (30 bar) ’ ’

R'

Like the ruthenium- and iron-based catalytic systems, the manganese PNP-type
complexes have been tested for the hydrogenation of amides and N-heterocycles.
Hydrogenation of PhACONHPh proved to be unsuccessful with *"MnBr (2 mol%,
110°C, 30 bar H,) [159] and [*"Mn(CO),]* (4 mol%, 130°C, 50 bar H,) [160] in
the presence of KO'Bu as the activator. Catalytic hydrogenation of quinoline was
shown to be feasible with the neutral dicarbonyl complexes, although the conver-
sions were low (Eq. 46) [159]. DFT calculations suggest that the lack of activity is in
part due to the low hydricity of the manganese hydride intermediate. To improve the
catalysts, one of the phosphorus donor groups was replaced by a pyridine or
imidazole ring, which not only increases the hydricity but also creates a less crowded
environment [159, 160].

[Mn] (2 mol%)
N KOBu (20 mol%)
ok THF 120°C, 16 h
N/ (80 bar) 3 ) N R'
H (46)

PrMnBr: 5% conversion
CYMnBr: 15% conversion
PhMnBr: 15% conversion

As suggested by DFT calculations [161], catalytic hydrogenation of CO, to the
formate stage should be possible with the manganese-based PNP-type complexes
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(e.g., P*'Mn(CO),), although such process has not been validated experimentally.
The closest work was done by Prakash, who used PrV[nBr and “MnBr to catalyze
the N-formylation of morpholine, benzylamine, and N-methylbenzylamine (Eq. 47)
[162]. Here, the isopropyl derivative **MnBr is more efficient than “’MnBr. Other
amines including amylamine and N,N'-dimethylethylenediamine can also be
converted to the formamides, but the yields are much lower (25-53%). The in situ
generated N-formylmorpholine and HCONHBn can be further hydrogenated
(at 150°C under 70-80 bar H,) to methanol with TONs of up to 36, again using
P'MnBr as the catalyst (0.5 mol% loading). Hydrogenation of pure N-
formylmorpholine under the same conditions gives a substantially higher TON
(128) for methanol. Unfortunately, direct hydrogenation of CO, to methanol assisted
by these amines including PEHA [89] has failed to produce any meaningful amount
of methanol. This is likely due to the poisoning of the catalyst by CO, during the
formamide hydrogenation, as described in the iron system (Scheme 20).

o)
0 H)LNﬁ
[ j iPrMnBr (2 mol%) K/O
M KOtBu (10 mol%)
H» (30 bar)

NH CO, (30 bar)

2 -

©/\ THF, 110 °C, 24-36 h ©/\
N~ N H
H |

Two indirect methods of making methanol have been developed with the
manganese-based PNP-type catalysts, one involving cyclic carbonates as CO, sur-
rogate and the other involving CO to methanol. In 2018, Leitner demonstrated the
first approach by using "MmnBr as the precatalyst and NaO'Bu as the activator or the
in situ generated P'Mn(CO), [158]. Under the best conditions for ethylene carbon-
ate (0.1 mol% F"Mn(CO),, 60 bar H,, 120°C), ethylene glycol and methanol were
obtained with TONs of 620 and 400, respectively. As shown in Eq. 48, this process
can be extended to other five- and six-membered cyclic carbonates.

o)
o )ko PMnBr (1-2 mol%) OH OH
NaOBu (1.1-2.2 mol%) 1 4
4 + H > R MR +MeOH
RI—L AP (sobay THF 120°C, 26 h AN
R2 N "R3 R
(n=0,1)

(48)

Very recently, Checinski and Beller designed a CO-to-methanol process that
utilized a nitrogen-containing promoter to capture CO in the form of formamide
[163]. The subsequent manganese-catalyzed formamide hydrogenation was
expected to produce methanol and regenerate the promoter. After an extensive



314 D. A. Ekanayake and H. Guan

computational screening and experimental validation, scatole and pyrrole were
identified as the best promoters that balance the difficulty of amine carbonylation
with that of hydrogenation to methanol. Under the optimized conditions shown in
Eq. 49, methanol is obtained with high TONs. Other manganese-based PNP-type
complexes have also been tested. Compared to iPrMnBr, CyMnBr, EtMnBr, and
[®*Mn(CO);]* are slightly less active, whereas *"MnBr and [®*Mn(CO),]* are
almost inactive. The methylated complex (E'PNM°P)Mn(CO),Br also displays lim-
ited reactivity, suggesting that in this case, the presence of the NH moiety is critical
to the success of the hydrogenation process.

PrMnBr (5 umol)
K3PO, (0.75 mmol)
promoter (4.32 mmol)

CO + H, cyclohexane (1.7 mL)
(10 bar) (40 bar) 150 °C, 18 h

(49)
promoter = \\ TONpeon =3170

N
H

> CH4OH

promoter = 14 N\S TONpeon = 2550
H

7.2  Rhenium Catalysts

Rhenium-based PNP-type complexes have been prepared following the procedures
established for the manganese system. The reaction of PrPNHP with ReBr(CO)s
produces [iPrRe(CO)3]+ in which the PNP ligand adopts the facial coordination
mode (Eq. 50) [164]. In contrast, the phospholane-based PNP ligand coordinates to
the Re(CO);* fragment in a meridional fashion [58].

H PR (Pr,co |* R, O |
\ HP. | . COB HP *COBr
iN PR2 to'“ﬂ»i\ /Re r or i\ 7 \
7 “100°C NL ~co —{/PRZ
ReBr(CO)s P(Pr), Co PR, =-3-p
[P'Re(CO);]* [F'Re(CO)3]*

(50)

Both [P*Re(CO);]* and [®*Re(CO);]* have been employed to catalyze the
hydrogenation of ketones. Under the optimized conditions for ["PrRe(CO)3,]+
(Scheme 35), most functional groups are tolerated with cyano, phenol, and boric
acid being the exceptions [164]. While isolated C=C bonds and internal C = C
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Scheme 35 Rhenium- o [PrRe(CO)3]* (0.5 mol%) OH
catalyzed hydrogenation of )]\ H KOBu (1 mol%)
ketones R " 2 toluene, 70°C,2-38h R’ Yii

(30-50 bar)

[F"Re(CO);1* (1 mol%)
)]\ +H, KOBu (5 mol%) %
R' Me (30 bar) 4 dioxane or Me
tert-amyl alcohol

100°C,4h R'= Ph, 6% ee
R'=Cy, 60% ee

bonds are intact during the hydrogenation, a,f-unsaturated ketones typically give
saturated alcohols as the major or sole products. Hydrogenation of
R'COCH,CH,CO,Me provides y-butyrolactones, although a higher loading of
[il’rRe(CO)3]+ (5 mol%) and KO'Bu (10 mol%) is needed. Using the chiral
precatalyst [®*Re(CO)3]* results in low ee for hydrogenating acetophenone and
moderate ee for hydrogenating cyclohexyl methyl ketone [58]. This level of
enantioselectivity is lower than that achieved with the manganese analog but com-
parable to the ruthenium- and iron-based catalytic systems.

8 Summary and Outlook

The use of the "PN"P ligands to design hydrogenation catalysts has been a fruitful
patch in the field of homogeneous catalysis. As shown in this chapter, transition
metal complexes supported by these ligands along with strong-field ligands such as
CO, NO, and isocyanides have been so extensively studied that most of the mid- and
late-transition metals have been involved. Some of the hydrogenation processes do
not require the NH moiety. Examples include hydrogenation of weakly polarized
C=C bonds and hydrogenation of CO, to formate. However, metal-ligand
cooperativity enabled by the NH functionality does have advantage for the more
challenging hydrogenation processes such as CO, hydrogenation to methanol and
amide hydrogenation.

We envision that interests in using "PN"'P ligated complexes for catalytic hydro-
genation reactions will continue to grow in the future. In particular, group 5 and
group 11 metals have not been explored to build PNP-type complexes specifically
for hydrogenation reactions. A recent computation study focusing on (*"PN"P)M
(NO),H (M = V, Nb, Ta; see Fig. 6) suggests that they are promising catalysts
[165]. Inspired by the structure of the active site of [Fe]-hydrogenase, Yang has
computationally designed PNP-type complexes of iron [166] and cobalt [167] that
contain acylmethylpyridinol as the ancillary ligand. These molecules present signif-
icant synthetic challenges but may provide a path for synthetic chemists to identify
more robust and active hydrogenation catalysts.
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(M =V, Nb, Ta)

Fig. 6 Computationally designed hydrogenation catalysts
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