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Transfer hydrogenation (TH) of ketones, catalyzed by transition-metal complexes, produces alcohols, which are important
building blocks in the pharmaceutical and fine chemical industries. For a long time, catalysts based on noble metals such as
ruthenjum, rhodium, and iridium have dominated the TH of ketones. However, due to limited availability, high price, and toxicity
of these noble metals, there has been a push for their replacement with abundant, nonprecious, and biocompatible metals. In this
respect, the reactions catalyzed by first-row transition metals, which are more abundant and benign, have attracted more and more
attention. Thus, in this review, we provide a comprehensive overview of the advances made in the last decade, in the application of
the first-row transition metals, manganese and nickel, in the hydrogenation of ketones. Special focus is given to ligand design and

reaction conditions in influencing the catalytic activity, yield, and the nature of the product.
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1. Introduction

Transfer hydrogenation (TH) is an important pathway for
the reduction of ketones to secondary alcohols, which are
versatile building blocks in the industry [1]. For example, in
the petroleum industry, TH is used in the conversion of
furfural (FUR) to furfuryl alcohol (FOL), a corrosion in-
hibitor in oil and gas pipelines, as well as a solvent to extract
sulfur compounds in petroleum refining [2]. In the food
industry, TH 1is employed in synthesizing gamma-
valerolactone (GVL), an organic compound that finds ap-
plication in biomass pretreatment to enhance biomass
conversion. Moreover, GVL is a food additive that is mainly
used as a solvent, antioxidant, flavor booster, and pre-
servative [3]. In the pharmaceutical industry, TH, being
enantiospecific, finds application in the synthesis of com-
pounds that contain stereocenters, which are very important
for bioactivity [4].

TH involves the transfer of a proton and a hydride from
a donor molecule to an unsaturated substrate [5]. H-donors
influence product formation yields as well as the conversion

ratio. A good H-donor must have a low oxidation potential
to allow for the formation of a hydride under mild condi-
tions and be loosely bonded to the catalytic center [6]. Before
choosing the H-donor, parameters such as the catalyst to be
used, operating conditions, the nature of the unsaturated
group, and equipment should be considered [6]. The
commonly used hydrogen sources are isopropanol, formic
acid, formate esters, and Hantzsch esters (1,4-dihydropyr-
idine dicarboxylates) [7, 8]. While donors like formats and
alcohols remain prevalent, biomass-derived diboron com-
pounds [9] and water [10] are attractive in TH since they
contribute to green chemistry principles.

Whereas ketone reduction can also be achieved by direct
hydrogenation, TH is preferred over direct hydrogenation
due to its enhanced safety, ability to operate under mild
reaction conditions, cost-effectiveness, and enantiose-
lectivity [11]. Due to the mild reaction conditions, TH is
highly tolerant to several functional groups, including
ethers, esters, halides, nitriles, amino-, and nitro-groups
[12]. Thus, the keto-group can be selectively reduced in
the presence of other functional groups to a chiral alcohol.
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The concept of TH was first demonstrated by Hans
Meerwein and Wolfgang Ponndorf, and independently by
Verley (MPV reduction) in 1925, when they used iso-
propanol as a donor and aluminum isopropoxide catalyst to
reduce ketones [13]. In the 1960s, advancement was made
with the introduction of transition metal (TM) catalysts, and
since then, precious metals like Ir [14], Ru [15], Rh [16], and
Pd [17] have reigned as catalysts in the asymmetric reduction
of ketones. However, due to the unavailability, toxicity, and
high cost of these metals, there has been a growing interest in
the search for alternative metals [18, 19]. Recently, the focus
has shifted to first-row TMs like Mn [20], Ni [21], Co [22],
and Fe [23] due to their abundance, cost-effectiveness, and
low affinity to hydride ions. Thus, this review summarizes
the advances made on TH of ketones from 2015 up to today,
focusing on Mn and Ni complexes, paying special consid-
eration to different ligand designs and reaction conditions.

L.1. Factors Affecting the TH of Ketones. The conversion
ratios and yield in TH of ketones are mainly influenced by
the nature of the catalyst [24], the nature of the base [25],
and the ketone to be reduced [26]. Since the number and
amount of additives in a reaction are limiting factors, the
amount of base is a concern [7, 27]. A large amount of base
activates the catalyst but affects the tolerance to functional
groups in ketone substrates [28]. The nature of the base used
plays a significant role in catalytic transfer hydrogenation
(CTH) [29]. Strong bases (KOH, NaOH, ‘BuOK) lead to
higher catalytic activities than mild bases (K,CO3, Na,CO3)
[30]. The effect of the nature of the base is best illustrated by
a study by Magubane et al. who reduced acetophenone
(2mmol) using Ni-based catalyst 1 (Figure 1) (0.02 mol
(1.0mol%)) and isopropanol (5mL) H-donor for 48h at
82°C with bases (0.4 M) KOH, NaOH, Na,CO;, and ‘BuOK
and obtained conversions of 95, 84, 55, and 97%,
respectively [31].

The nature of donor atoms in the ligand [32], denticity
[33], chirality, coordination geometry, and catalyst amount
[34] influences the conversion and enantioselectivity. TM
complexes find catalytic application in TH due to chirality
induction, tuneability, high stability, and selectivity [35].
Moreover, it has been established that the nature of ligands
on the metal complex affects both the percentage yield and
enantiomeric conversion [36]. The type of donor ligands
influences the catalytic activity based on the activation free
energy and oxidation state. This is well demonstrated by
Zhou et al., who utilized complexes 2a and 2b having Lewis
base functional ligands with O-H and N-H functional
groups (Figure 1) [37]. In the reduction of acetophenone
using 'PrOH and ‘BuOK, 2a outperformed 2b. This is be-
cause the Mn-O catalytic system undergoes deprotonation
and proceeds through an aromatization/dearomatization
mechanism, which requires high energy to activate, unlike
Mn-N, which follows a classical bifunctional hydrogen
transfer mechanism. The Mn-O intermediate is also un-
stable; hence, it undergoes irreversible decomposition, af-
fecting its activity. The number of donor atoms in a ligand
(denticity) also influences activity due to steric effects,
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Figure 1: NNN, NN, and NO ligands coordinated to Ni and Mn
metal centers.

electronic effects, stability, and coordination geometry
[28, 38].

Catalyst loading is another parameter that dictates the
conversion ratios [12]. Increasing catalyst loading has been
found to enhance the percentage conversion, but only up to
a certain point, after which it decreases [39]. This occurs due
to aggregation, reductive demetallation, or oligomerization
of the complex, which obstructs the active sites [40].
Moreover, the nature of substituents, bulkiness, and solu-
bility in the reaction medium, and the presence of other
functional groups in ketone substrates are also a concern
[41]. Electron-donating groups (EDGs) in ketones lower the
percentage vyields, while electron-withdrawing groups
(EWGs) stimulate the catalytic activity [42]. EDG leads to an
increase in electron density on the metal center by increasing
the electron-richness of the CO group, while EWG leads to
a reduction [25].

1.2. TH of Biomass-Derived Substrates. The world is re-
volving, achieving net-zero CO, emissions and reducing the
use of fossil fuels, which necessitates research on renewable
sources [43]. Biomass, which is mainly composed of lignin,
cellulose, and hemicellulose, has attracted attention due to
its low cost, availability, cleanliness, abundant storage, and
renewability. Biomass finds application in the production of
biofuels and the production of carbon-based chemicals and
materials (resins, fine chemicals, gasoline additives, medi-
cine raw material, polymer nylon, materials, etc.). Biomass
feedstock has a higher oxygen content than the value-added
products like liquid biofuels or fuel additives [44]. CTH has
been employed in the reduction of this oxygen-containing
functional group, producing high-value products like GVL,
FOL, DHMF, THFA, and 2-MF, among others [45].

Traditionally, TH of biomass has employed photo-
catalysts. These photocatalysts have disadvantages due to low
migration efficiencies of photogenerated carriers, a wide
band gap, and most require a precious metal co-catalyst,
which makes them expensive [44]. Due to the high boiling
points and easy decomposition in the vaporization process,
most biomass-derived substrates are hydrogenated in the
liquid phase [46]. The liquid hydrogen donors increase the
intimate contact between the catalyst and the biomass
substrate, hence increasing conversions. Most CTH of
biomass-derived substrates has been utilizing nanocatalysts,
which are prone to leaching and deposition at high tem-
perature in the liquid phase, leading to catalyst
deactivation [47].
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Yunchao used Mn NPs in the TH of various biomass-
derived substrates and obtained excellent conversions Ta-
ble 1 [48]. Using HMF as the standard substrate, it was
observed that conversions and yield increased with tem-
perature and time. After the reaction was complete, the
catalyst retained its crystal structure, showing no leaching,
making it recyclable up to five times without loss in selec-
tivity or activity. Low conversions of EL to GVL, even at
elevated temperature and prolonged time, are attributed to
the electron-donating ability of the alkyl group and the steric
hindrance (entry 7). These reactions followed a direct hy-
drogen transfer mechanism, with nanoparticle size and N-
doping influencing the catalyst activity. Manganese and
nickel catalysts have been widely used in CTH of biomass-
derived substrates [48-52].

1.3. Mechanistic Pathways for TH. CTH is a redox reaction
where the hydrogen in the form of hydride is transferred
from a donor (oxidized) to an acceptor (reduced) with the
help of a catalyst [53]. Understanding the CTH mecha-
nism helps in catalyst design, choice of donor and base, to
increase conversions. CTH occurs either by the proton-
electron transfer (PET) pathway or the hydrogen atom
transfer (HAT) pathway [6, 54]. The PET pathway involves
the dehydrogenation of a hydrogen donor on the catalyst
sites and activation of the unsaturated group via ab-
sorption on the Lewis acid (LA) of the catalyst. Transfer of
active hydrogen (hydride) follows this from the catalyst
site to the unsaturated group. The HAT pathway, on the
other hand, involves absorption and activation of both the
hydrogen donor and the unsaturated group on LA sites of
the catalyst, followed by the hydrogen transfer via the
Meerwein-Ponndorf-Verley (MPV) mechanism [55]. The
PET pathway occurs by either an outer-sphere mechanism
or a metal-ligand cooperation (MLC) mechanism. Outer-
sphere mechanism involves PET without the substrate
directly bonding to the metal center, and it is commonly
used for catalytic systems with a LA bifunctionality
Scheme 1 [56].

The MLC mechanism is where the incoming substrate
bonds with both the ligand backbone and the metal center,
and it is commonly used for bifunctional catalysts with -N-H
and -O-H moieties [57, 58]. In the outer-sphere mechanism,
the donor and base interact with the catalyst, forming
a bifunctional species [59]. The substrate forms a non-
covalent bond (hydrogen bonding) with the metal complex
[60]. The ligand-bound proton and metal-bound hydride are
simultaneously transferred to the carbonyl group of the
substrate [61]. The product then detaches from the catalyst,
regenerating the bifunctional catalyst.

HAT pathway, also referred to as the inner-sphere
mechanism, involves the formation of an alkoxide in-
termediate that undergoes hydride elimination to form
metal hydride. The inner-sphere mechanism is experienced
for complexes with vacant coordination sites [62]. This
mechanism involves four key steps: catalyst activation,
donor and substrate coordination, proton H" and hydride
H™ transfer, and catalyst regeneration (Scheme 2) [63].

With the help of a base, the catalyst is activated by
generating vacant coordination sites [24]. The donor co-
ordinates on the vacant sites where it undergoes -hydride
elimination, transferring the proton to the basic sites of the
catalyst, and the hydride to the metal center [36]. This leads
to the formation of metal-hydride species. The substrate
then coordinates to the inner sphere of the metal. The
hydride on the metal center migrates to the carbonyl carbon,
leading to the formation of a metal-alkoxide intermediate
[64]. The proton on the basic sites protonates these in-
termediates, leading to the formation of the alcohol [65]. The
product then dissociates, leading to the formation of vacant
sites ready to coordinate another substrate.

2. Manganese Complexes

The field of manganese complexes in the TH of ketones has
seen significant advancements from 2015 to 2025. This
period has been marked by the development of various
manganese-based catalysts that demonstrate efficiency, se-
lectivity, and the ability to operate under mild conditions.
Manganese is the fourth most abundant TM in the Earth’s
crust, making it a more sustainable and economically viable
alternative to precious metals like ruthenium, rhodium, and
iridium. The use of manganese complexes allows for the
development of catalytic systems that are less expensive and
more accessible for large-scale applications.

Recent studies have begun to unravel the unique
mechanisms by which manganese complexes catalyze TH
reactions. The involvement of specific hydride transfer
mechanisms, as elucidated by Demmans et al., indicates that
manganese complexes can access unique transition states
that may not be available to precious metal catalysts [28].
This insight into the mechanistic pathways enhances the
understanding of manganese catalysis and opens avenues for
further optimization of these systems.

2.1. Bidentate Manganese Complexes. Over the last decade,
several Mn complexes chelated by bidentate ligands, with
different donor atoms, have been developed and used for
TH. For example, Mn complexes 3-6, bearing bidentate
aminomethylpyridine ligands, were used for THK at room
temperature with catalyst loading below 0.1 mol% and
produced TON of up to 2000 and TOF up to 3600h™"
(Figure 2) [67]. Complexes 3 and 4 were more active than 5
and 6, underscoring the significance of the choice of ligands
in TH and revealing that NH moieties are crucial for hy-
drogen transfer. In another related TH study, the significant
role played by NH moieties in ligand systems was brought
out by Ding and coworkers when they synthesized Mn
complexes in situ using chiral diamine ligands to catalyze the
reduction of sterically hindered ketones, affording up to 90%
ee [66]. These ligands included aminomethylpyridine L1, N-
methyl aminomethylpyridine L2, N,N-di-methyl amino-
methylpyridine L3, 2-amino-pyridine L4, 1,2-dia-
minobenzene L5, 1,8-diamino-naphtalene L6, and (1R,2R)-
N,N'-dimethyl-1,2-diphenylethane-1,2-diamine L7
(Figure 2).
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ScHEME 2: Inner-sphere reaction mechanism [63].

L1 and L2 showed almost full conversion of 97% and
96%, respectively, of acetophenone to the corresponding
alcohol after 1h due to the NH moieties of the ligands. L3
was almost inactive (6% conversion), while the aromatic
amines ligands L4-L6 (0%, 3%, and 0% conversions, re-
spectively) did not promote the hydrogen transfer. Among
these ligands, (1R,2R)-N,N’ -dimethyl-1,2-diphenylethane-
1,2-diamine L7 showed the best activity as seen in Scheme 3.
This approach was economically favorable since both the
metal precursor (manganese pentacarbonyl bromide) and
the ligand were cheap.

The effect of the N-H group on catalytic TH has also been
reported by Ganguli, who utilized complexes 7(a-e) and 8
bearing N-H and benzimidazole fragments in reducing
ketones (Figure 3) [68]. Among these complexes, 7a showed
high activity (98% yields). Complex 7b gave 52% yield, and
complexes 7c¢ and 7d showed moderate reactivity, while
complex 7e showed poor results. This indicates the signif-
icance of the N-H group in the ligand, which helps in the
MLC mechanism. Complex 8 showed lower activities
compared to 7a, and this is caused by the difficulty in
dissociation of the amine side arm or CO from the center to
generate a vacant site, required for the formation of active

Mn-H species. From the DFT calculations, it is noted that the
reaction followed a concerted outer-sphere mechanism.

Besides the N-H group, the OH group also acts as
a proton donor in TH reactions and its influence was re-
ported by Dubey and coworkers who used bipyramid-based
Mn complexes in their investigations (9(a, b), 10(a, b), 11(a,
B)) and observed the highest activity from the complexes
with the OH group (Figure 4) [69]. The position of the OH
group did not affect the conversion, as complex 10a showed
similar activity with complex 9b. Complex 10a showed no
activity while complexes 10b, 11a, and 11b showed less
activity, as evidenced in Table 2. Thus, the presence of the
OH group, which is easily deprotonated under basic con-
ditions, is crucial in enhancing activity, consistent with the
findings of Martinez-Ferraté et al. [70]. The deuterium study
revealed that the reaction followed the monohydride
pathway.

Interestingly, the effect of steric bulk in TH was studied
in another report for the chiral complexes 12, 13, and 14
bearing aminobenzimidazole ligands (Figure 5) [71]. Gen-
erally, these complexes exhibited high activity and selectivity
in the reduction of ketones. For example, complex 12a
afforded 95% yield with 65% ee in the reduction of
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FIGURE 2: Aminomethylpyridine-chelated Mn complexes (3-6) and chiral diamine ligands with NH moieties (L1-L7) [66].
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ScHEME 3: Conversions in TH of aromatic ketones catalyzed by [Mn(CO),Br] ligated with L7 [66].

acetophenone using iPrOH in the presence of ‘BuOK at 80°C
after 20min. The sterically hindered complex 12¢ gave
similar results as 12a (88% yield and 66% ee), while less
bulky complex 12b afforded lower ee (97% yield and 42%
ee). Complex 13a gave high conversion with moderate ee
(95% vyield and 48% ee), while proline-based complex 13b
showed high ee (90% yield and 82% ee). Complexes 13¢ and
13d bearing aromatic ligands had moderate ee (82% and
76% ee, respectively), but complex 14 did not show any
activity. The inactivity of complex 14 can be attributed to the
steric effect since the phenyl group obstructs the approach of
the substrate to the active site. Most importantly, complex
13b was also wused to reduce 6-dichloro-3-fluo-
roacetophenone to chiral alcohol (intermediate for crizoti-
nib) with 92% ee and 90% yield. From the DFT calculations,
it is noted that the m-m stacking interactions between the
complex and the ketone play a key role.

In yet another interesting report, Mn artificial metal-
loenzymes (ArMs) were synthesized by reacting Mn com-
plex 15 with S112 and K121 to form Mn-sav S112Y and Mn-

sav K121M, respectively [72]. The synthesis was possible due
to the bio-compatibility and low toxicity of Mn. Streptavidin
possesses a high affinity for biotin, making it compatible
with Mn. These ArMs were then utilized to reduce aceto-
phenone, where Mn-sav K121M gave 46% yield and 80% ee,
while Mn-sav S112Y gave 43% yield and 81% ee, as shown in
Scheme 4. They were also used to reduce other ketones and
high yields of up to 99%, with 85%-98% ee obtained.
Kumah and coworkers developed a dinuclear Mn(II)
complexes 16-19 with carboxamide ligands, which easily
fine-tunes steric and electronic parameters of the complexes
(Figure 6) [73]. From single-crystal X-ray crystallographic
analysis of these complexes, a distorted octahedral geometry
is observed around the metal center. In TH of acetophenone
using iPrOH at 82°C with 0.015mol% catalyst and tBuOK
base, complex 16 gave the highest yield compared to 17
(Table 3). The difference in activity is brought by the elec-
tronic properties of these complexes. For complex 16, the
dipicolinamide moieties are at para positions, increasing the
electrophilicity of the metal center, unlike that of complex
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FIGURE 4: Bipyramid-based Mn complexes showing the influence of the OH group on catalytic activity.
TaBLE 2: TH of acetophenone catalyzed by bipyramid-based Mn complexes 9-11 [69].
Q OH
Complex (0.3 mol%)
‘BuOK (3 equiv to catalyst)
iPrOH, 80°C, 24 h
Complex % conversion % yield
9a > 99 94
9b > 99 94
10a <1 n.d
10b 70 65
11a 40 28
11b 60 52
1\{ R | N \L
1 S
— ) (Lo~
/ e N N
N NH, N N N /O TH
N /B N H OCi Mn«Br
OC: Mn=5r R, OCiMnsBr /N
/ \ 2 /N oc CO
oc €O od o
13aR=H
12aR ='Bu 13b R =Ph
12b R =i-Pr 13¢ R =3,5-dimethyl-4-methoxyphenyl
12¢ R =1-adamantyl 13d R =3,5-di-t-buphenyl 14

FIGURE 5: Mn complexes bearing aminobenzimidazole ligands.

17, which are at ortho positions. The higher thermal stability
of complex 16 compared to 17 influences catalytic activity.
Complexes 18 and 19 also gave moderate activity. Upon
investigating different donors, it is noted that secondary
alcohol donors gave good results compared to primary al-
cohol donors (entries 5-9). This is because secondary al-
cohols possess a sigma-inductive effect, and primary
alcohols form aldehydes, which can poison the catalyst since

they undergo alpha-alkylation under basic conditions [39].
Methanol and HCOONa/H,O did not give traceable results.

2.2. Tridentate Mn Complexes. Manganese complexes
chelated by tridentate ligands have also been explored for
TH with good outcomes. Perez and coworkers, for ex-
ample, investigated Mn-N,N,N-pincer complexes 20-24

85USD17 SUOWILIOD BARe81D) 8|cedldde 8U3 Aq pauRA0D 818 S3[o1e O ‘88N 4O S3|NI 0 AR1G1T BUIIUO AB]IM UO (SUORIPUOD-PUR-SUIBYW0D" A8 | IM*ALe1q 1 [oU JUO//STNY) SUORIPUOD PUe W L 8U3 89S *[9202/70/2T] U0 Ariqiaulluo AB|IM ‘W ANTY - SSFOOV DING3 AQ 892T6K9/400(/SSTT OT/I0P/W00" A3 1M Areiq 1 pul|uo//SdNY W04 papeo|umoq ‘T ‘9202 ‘2962



8 Journal of Chemistry
Oy-NHH
HN ){\, WLNH
(6]
Sav WT (0.3 mol%) NHCOCO
9 Mn
15 (1 mol%) N BrCO
|}
0.6 M NaPi, pH=11 N
iPrOH, 55 C, N, ©
15
ScHEME 4: TH of acetophenone catalyzed by ArMs complex 15 [72].
K\]\
CH - %Q X
Cl— Mn Mn Cl
=N c1 ] \ CIN
\ 7\ R,
18 (R =R,=CH,)
16 19 (R =OCH,, R,=H)
FiGgure 6: Dinuclear Mn(II) complexes with carboxamide ligands.
TaBLE 3: TH of acetophenone catalyzed by dinuclear Mn(II) complexes 16-19 [73].
0 OH
Catalyst, donor
tBuOK, 82°C, 8hr
Entry Catalyst Donor Yield % TON
1 16 i-Propanol 79 2633
2 17 i-Propanol 68 2267
3 18 i-Propanol 61 2033
4 19 i-Propanol 70 2333
5 16 2-butanol 82 410
6 16 n-Propanol 68 340
7 16 HCOONa/Water Trace Trace
8 17 Methanol Trace Trace
9 17 Ethanol 30 150

as THK catalysts (Figure 7) [74]. Complexes 20, 22, and
23 gave moderate to good yields. Complex 23 afforded the
highest conversion (96%) compared with the other
complexes in the reduction of acetophenone, and its better
performance was attributed to catalyst stabilization by the
tridentate amine ligand, which enhanced the activity. The
complex 24a (3 mol%) achieved a conversion of up to 96%
in the reduction of acetophenone when isopropanol was
used as the donor, together with '‘BuOK base at 70°C for
24 h. Upon replacing the N-H moiety in 24a with a methyl
group (complex 24b), the results did not change, sug-
gesting that the N-H moiety is not mandatory for acti-
vation. The influence of ligand architecture was evident on

the performance of complex 21, with a pyridine backbone,
which was very low due to steric effects. To gain insight
into the effect of the nature of the ketone on TH per-
formance, various acetophenone derivatives were in-
vestigated, and it was observed that halogen-containing
substrates gave yields up to 99%. Besides, 1,4-diac-
etylbenzene was also reduced to the corresponding diol
with 99% conversion and 72% yield. On the other hand,
heteroaromatic ketones were reduced, although they re-
quired high catalyst loading to give excellent results.
Furthermore, it was also noted that the reaction followed
the monohydride mechanism, hence, could proceed
through either an inner- or outer-sphere pathway.
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FIGURE 7: Mn-PNP and NNN-pincer complexes.
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FIGURE 8: Mn complexes bearing amino-triazole ligands.
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Similarly, Zirakzadeh and coworkers obtained impres-
sive results for Mn complexes 25(a, b) chelated by un-
symmetrical chiral PNP’ tridentate ligands (Figure 7) [63].
These catalysts showed high conversion of up to 96% and ee
up to 86% (all the product configuration was found to be S),
which can be accounted for by hydrogen bonding between
the ligand and the oxygen atom of the substrate. Re-
markably, complex 25b was faster than 25a since it reduced
acetophenone for 2 h with a conversion of 95% and 86% ee,
unlike 25a with a conversion of 95% and 7% ee after 5h. The
high conversion in 25b can be accounted for by the high
lability of H compared to Br. Moreover, these complexes
showed excellent results at room temperature, indicating an
advancement from that of Perez et al. [74], which was not
functional at room temperature.

In 2018, Martinez-Ferraté and coworkers studied Mn
complexes 26-29 bearing amino-triazole ligands for TH
catalysis using a wide range of ketones (Figure 8) [70]. Using
complex 26 to investigate the optimum conditions, it was
observed that with a catalyst loading of 3 mol%, high activity
with 90% yield at 80°C after 20 h was obtained. It was further
observed that upon decreasing the temperature to 60°C, the
yield dropped to 52%, indicating that the reaction was
temperature-dependent. Notably, complex 29 showed the
lowest activity due to the presence of the phenol group in the
coordination sphere. The phenol group can be easily

deprotonated in the presence of a base to form a stable
phenolate that prevents entry into the catalytic cycle. On the
other hand, complex 28 bearing the amino moiety showed
higher activity (up to 83% yield) than complex 27 bearing
the imino moiety (only 15% yield). This is because the
proton of the amino ligand is directly involved in the re-
duction step since the mechanism was through the outer
sphere.

In yet another interesting report, TH of acetophenone
using iPrOH was prepared by mixing Mn(CO)sBr metal
precursor with aminophosphine ligands L8-L17 by Karim
and coworkers (Figure 9) [75]. For ligand L8a, the system
was very active, as 80% conversion was obtained after 15 min
at 80°C, but this system had poor selectivity (3% ee). The
selectivity of this system was increased to 12% ee by reducing
the reaction temperature to 30°C, but the reaction time
increased to 19 h. From the results, as shown in Table 4, it is
evident that steric hindrance, alkylation of the N atom, and
chirality of the ligands influenced both selectivity and
conversion. Since ligand 12b proved to be the most effective,
it was coordinated to a metal center to make complex 30,
which was obtained as a diastereomer.

Complex 30 afforded 75% ee and 96% conversion in the
reduction of acetophenone at 30°C for 14 h, which is a good
yield compared to the in situ system. This complex reduced
a wide range of ketones, including ortho-substituted (2-
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FIGURE 9: Aminophosphine ligands used in situ catalytic system with Mn(CO);Br precursor by Karim and coworkers.
TaBLE 4: Catalytic TH of acetophenone using the in situ catalytic systems with ligands 8-17 [75].
Ligand Temperature ‘C V iPrOH Time Ee% Conv %
8a 80 8 15 3 (R) 80
8a 80 8 45 2 (R) 90
8a 30 20 19 12 (R) 90
9 30 20 19 15 (S) 97
8b 30 20 19 46 (R) 96
10 30 20 19 11 (R) 24
8c 30 20 19 65 (R) 90
11 30 20 19 5 (S) 97
12a 30 20 19 57 (R) 96
12b 30 20 14 77 (R) 95
12b 30 20 19 71 (R) 95
13 30 20 19 20 (S) 8
14 30 20 19 18 (R) 10
15 30 20 19 25 (S) 97
16 30 20 19 1 (R) 97
17 30 20 19 2 (S) 97
methylacetophenone—68% ee, 2-chloroacetophenone—72%  ee), and alkyl alkyl ketones (cyclohexyl methyl

ee), para-substituted (4-chloroacetophenone—64% ee, 4-
methylacetophenone—77% ee), bulky-substituted (cyclo-
propyl(phenyl)methanone-73% ee), heteroaromatics (4-ace-
tylpyridine-40% ee), polyaromatics (1-acetonaphthone-79%

ketone—18% ee).

Interestingly, 1-(2-diphenylphosphino)ferrocenylethyl-
amine also ligated with Mn in a tridentate fashion to form
PNN pincer complex 31 (Figure 10) [32]. This complex
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FIGURE 10: Air-stable PNN, NN, and NSS pincer complexes.

showed high ee excess due to m-m interactions and steric
hindrance between the catalyst and substrate. The tridentate
complex 31 proved to be more effective in THK (conversion
of up to 99% with up to 99% ee) compared to the bidentate
complex 32. This is because complex 31 is much more stable
due to high chelation strength and a better electronic and
steric environment. The effect of the nature of the sub-
stituent of the ligand and hence electronic environment are
further illustrated by the air-stable Mn complexes 33(a-c)
bearing NNS ligands (Figure 10) [12].

In the TH of acetophenone at room temperature, ‘Bu-
substituted complex 33c showed the highest activity (76%
conversion). In contrast, Me-substituted and Et-substituted
complexes 33a and b gave lower activities of 32% and 27%
conversion, respectively. The difference is brought by the
steric effects of the substituents on the S-donor atom. This is so
because the formation of amido species likely occurred via loss
of hemilabile S-donor rather than CO ligand; hence, loss of
sterically hindered ‘Bu-thioether in 33c is more favored
compared to Me- and Et-thioether in 33a and 33c, re-
spectively. In addition, it was noted that at a higher tem-
perature of 80°C, a high conversion of up to 96% was achieved
in 20 min, which was accounted for by the ease of forming
hydrido species at elevated temperature. It is noted that under
the same conditions, complexes bearing NNS outshone NNP
complexes 34a and b (Figure 10). For less electron-donating
NNS ligands, the formation of the amido group is more fa-
vorable than for more electron-donating PNN ligands.

Another related study involving PNN-based Mn pincer
complexes 35-37 was recently reported, in which complex 35
was obtained by reacting Mn(CO)sBr and 2,6-{(PPh,)
CH,N(Me) (CsH3N) (C,HN3;CgHs)} at room temperature,
while complexes 36 and 37 were obtained by reacting 35
with DCM in diethyl ether and AgBF, in DCM, respectively
(Figure 11) [76]. The effect of the nature of the base on TH
was explored using various bases, where it was observed that
with KOH, complex 36 and 'PrOH donor yielded the highest
conversion (99%) compared to ‘BuOK, K,CO3, and NaOH,
which gave moderate conversions, which is inconsistent
with the order of base strength. Variation of alcohol donors
to EtOH and MeOH led to reduced conversion to 15% for
EtOH and no reaction for MeOH, which was attributed to
the formation of EtO™ or MeO™ that poisons the catalyst,
forming a stable and inactive carbonyl complex [6]. Among
the three complexes, 36 showed the highest activity com-
pared to 35 and 37 (96% and 95% conversions, respectively)
due to the cationic nature of 35 and 37. It was further

proposed that the reaction starts by catalyst activation by the
base and 'PrOH, forming a reactive intermediate which
undergoes [-hydride elimination followed by hydride
transfer via the outer-sphere mechanism.

2.3. Tetradentate Mn Complexes. Several Mn complexes for
TH, bearing tetradentate ligands, have also been reported in
the last decade. Notably, the PNN and PNNP complexes
38-40 exhibited temperature-dependent conversions of
acetophenone using iPrOH donor (Figure 12) [28]. For
example, 40 gave 99% conversion at 80°C and 56% con-
version at 28°C. Under the same conditions, 38 and 39 were
less active, as no conversions were observed at 28°C, with
only 3% conversion observed for 38 at 80°C. Generally,
complex 40 was found to be more active due to the presence
of a halide (bromo ligand), which is labilized by a base to
form an amido-Mn complex and potassium bromide, but in
38 and 39, there is no formation of an open system. The
amido Mn intermediate reacts with iPrOH, transferring the
proton and hydride through the outer-sphere mechanism,
forming the NH hydride intermediate. Notably, a little
amount of base is needed with this mechanism, making it
attractive for the reduction of ketones bearing base-sensitive
functional groups, such as the reduction of p-acetyl benzoate
ethyl ester that proceeds without a transesterification
product (99% conversion with 31% ee within 2h).

The effect of ligand architecture on TH has also been
reported in a study involving a combination of [MnBr(CO)s]
and chiral macrocyclic ligand L18-23 (Figure 13) [77].
Using L24 together with [MnBr(CO)s], acetophenone was
reduced to optically active 1-phenylethanol by iPrOH with
KOH base after 2h at 75°C (99% conversion and 21% ee),
while L10 afforded a conversion of 42% and 71% ee.

Polydentate P;N,-type ligands L20 and L21 displayed
good activity and moderate enantioselectivity (conversion
87% and 65% ee, conversion 66% and 67% ee, respectively).
Similar results were obtained for the macrocyclic ligands L22
and L23, although with different enantioselectivity (99%
conversion, 81% ee, and 69% ee, respectively). The high
activities of these ligands can be accounted for by steric
hindrance rather than the N-H group, as in many P,N,-type
ligands. Interestingly, under similar conditions, [MnCl,]/
L23 was catalytically inactive, while [Mn,(CO);,]/L23 gave
poor conversion and low enantioselectivity (23% conversion
and 47% ee). It is also noted that these complexes were base
and temperature-dependent.
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Ficure 12: PNNP and PNN pincer complexes.
3. Nickel Complexes

Nickel as a catalyst evolved in the 20" century, but its

application in TH began to be explored in the late 20™
century. Nickel as a catalyst was boosted by studies that
showed its potential to catalyze hydrogenation reactions, like
the reduction of ketones [78]. Nickel catalyst finds appli-
cation in synthetic methodologies due to the ease of un-
derstanding its catalytic mechanism [21]. This can be
demonstrated by nickel nanoparticles, which give out-
standing activity in TH reactions compared to traditional
catalysis in specific applications, and are also easy to syn-
thesize and reduce a wide range of carbonyls [79].

Ni catalysts can also operate as either homogeneous or
heterogeneous catalysts, expanding their applications to
sustainable or cost-effective catalytic processes. In hetero-
geneous systems, the catalyst is immobilized on support
systems, which heightens its stability and reusability, making
it far better compared to homogeneous [80].

3.1. Bidentate Ni Complexes. Several Ni complexes chelated
by bidentate ligands have been studied for TH catalysis. For
example, the mononuclear and dinuclear complexes 41 and
42 were synthesized from pyrazole derivatives and used for
THK (Figure 14) [81]. The monomeric complex 42 exhibited
high activity (84% conversion) compared to complex 41
(63% conversion) in the TH of acetophenone using iPrOH
and co-catalyst KOH at 82°C. The lower conversion in 41 can
be attributed to the steric effect of the two ligands compared
to one ligand in complex 42. Upon testing complex 42 with
different bases (KOH, NaOH, Na,COs and ‘BuOK), the
highest conversion was observed with ‘BuOK, which is
consistent with other literature reports that confirm that
strong bases give more active catalysts [14]. However, a study
by Wang et al. showed NaOH to be superior despite being
weaker than ‘BuOK [82]. Change in electron density on the
C=0 bond also influenced the catalytic activity of the
complex, as seen in Table 5. Castellanos-Blanco has also

demonstrated the potential of homogeneous catalysts by
using bisphosphine nickel(0) complex 43 to catalyze THK
(Figure 14) [78]. This complex gave excellent results of up to
99% vyield, addressing a broad substrate scope.

Chiral (pyridyl)imine nickel(II) complexes 44 and 45
(Figure 15) were studied using acetophenone, KOH base,
and 'PrOH donor and conversions ranging from 54% to
98%, with very low ee (11%-16%), were observed at 82°C for
24h, with the complex bearing a methyl substituent 44c
(conv 54%) giving lower activity than unsubstituted complex
45a (conv 84%) [83]. The lower activity in substituted
complex 44c is attributed to reduced electrophilicity in the
Ni atom by the more electron-donating methyl group.

Furthermore, the stereochemistry of the complex also
influences the catalytic activity. For example, complex 44d
(R-isomer) showed higher activity (98% conversion) than
44c (S-isomer), because in the S-isomer, there is proximity of
the bulkier phenyl group to the nickel atom, which hinders
the coordination of the ketone substrate to the metal center.
Moreover, investigations of aromatic ketones like 2-
methylacetophenone and 2-chloroacetophenone (conver-
sions of 87% and 91%, respectively) revealed that ketones
bearing either an EDG or an EWG exhibited lower activities
compared to acetophenone (98% conversion). This con-
tradicts Dong et al,, who had reported that higher con-
versions should be observed for substrates bearing EDG or
EWG compared to acetophenone [84]. However, the trend
in this case is attributed to the steric effect since the sub-
stituents in both  2-methylacetophenone and 2-
chloroacetophenone are at the ortho position, which is
close to the carbonyl center. The mononuclear complex 45
showed higher activity than the dinuclear complexes 44a
and b due to less steric hindrance.

The significance of a base in TH reactions was under-
scored when divalent Ni(II) diphosphine complex 48(a-e)
(LNiCl,) did not yield any activity in the absence of a base
(Figure 16) [85]. However, with KOH as the base, in the
reduction of acetophenone, 3-nitroacetophenone, or 4-
methylacetophenone to the respective alcohols, all the
complexes gave similar results, Table 6 at 80°C for 18 h. At
low temperature, low conversions were observed due to slow
reaction, indicating that the reaction required high activa-
tion energy. It was also noted that these complexes were
tolerant to other reducible functional groups, like olefinic, as
cinnamaldehyde was selectively reduced.

A homogenous nickel-based catalyst 47, synthesized
using 1,2-bis(diisopropylphosphino)ethane ligand and
Ni(COD), precursor, reduced levulinic acid (LA) to GVL as
shown in Scheme 5 [86]. When water was used as a solvent,
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FIGUure 14: Dinuclear and mononuclear nickel complexes bearing pyrazole ligands and a bisphosphine.

low conversion (20%) was obtained due to the low solubility
of both Ni(COD), and 1,2-bis(diisopropylphosphino)eth-
ane, but on the addition of THF, conversion increased to
99%. When Ni(COD), was used as the catalyst, no con-
version was observed, which shows the importance of the
dippe ligand in providing the catalytic sites.

Similarly, imino-pyridine complexes 48(a-d) and 49
were investigated for TH of a variety of ketones, and in the
reduction of acetophenone using PrOH donor and KOH
base at 80°C for 32h, moderate conversions of 66%, 72%,
75%, 76%, and 82% were obtained, respectively (Figure 17)
[87]. From the kinetic studies, significant conversion was

observed within the first 5h, after which the profile slowed
down. This trend is due to the original homogeneous nature
of the complex at the start of the reaction and subsequent
transformation to Ni(0) nanoparticles. The complex-bearing
bulky substituent showed less activity as compared to the less
bulky (48c methyl substituted [75% conversion], 48a iso-
propyl substituent [66% conversion]). This is attributed to
high steric effects around the coordination sphere, limiting
the coordination of the substrate to the metal center.

In another related study, a four-coordinate 2-hydroxy-1-
naphthaldehyde-derived Schiff base nickel complex 50 was
synthesized by reacting NiCl, with €-1-(((2-bromoethyl)
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TaBLE 5: The TH of different ketone substrates with complex 42 [81].
0 2 N OH
)J\ iPrOH, KOH, 82°C )\
R, R, R, R,
Substrate % conversion TOF (h7™")
(0]
ﬁj)‘\ 78 1625
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@* 88 1833
(0]
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44a R=H(S); 44b R=H(R); 44c R=Me(S); 44d R=Me(R) 45

FiGure 15: Dinuclear and mononuclear chiral(pyridyl)imine nickel(II) complexes.

imino)methyl)naphthalen-2-ol [88]. The complex required
a base to activate it since it achieved no measurable con-
version in the absence of a base. The complex achieved up to
4000 TOF in the reduction of various aromatic ketones at
room temperature (Table 7). Generally, it was seen that the
steric and electronic properties of the substituent group to
the conjugate system containing the reactive ketone bond
influenced the reactivity of the ketone and the catalytic
performance.

More recently, Song Ma et al. utilized ligands L24-129
together with metal precursors NiCl, and NiBr, in the re-
duction of ketones (Figure 18) [89]. Ligands L24-L28 to-
gether with NiBr, gave yields of up to 43% in the TH of
acetophenone using iPrOH donor, KOH base at 130°C for

12 h. Ligand L29, remarkably, attained a higher yield (72%)
due to the OH substituent group. However, upon replacing
NiBr, with NiCl,, the conversion declined to 52%. Com-
plexes 51a and b were formed by reacting L29 with NiBr,
and NiCl,, respectively.

Complex 51a (94%) outperformed 51b (83% yield) since
Clisless prone to departure compared to Br atoms. Complex
51a was also used to catalyze the TH of glucose using PrOH
donor, and 72% yield was achieved at 130°C after 12 h.

3.2. Tridentate Ni Complexes. Ni complexes containing li-
gands with three donor atoms that bind to the Ni metal ion
have been investigated for the TH of ketones. Abubakar et al.
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TaBLE 6: TH of acetophenone, 3-nitroacetophenone, or 4-methylacetophenone using complex 46 [85].

%conversion
Catalyst .
Acetophenone 3-Nitro acetophenone 4-Methyl acetophenone

[(dppm)NiCl,] 97 90 85
[(dppe)NiCl,] 97 94 89
[(dppp)NiCl,] 9 89 92
[(dppf)NiCl,] 97 93 88
[(dppba)NiCl,] 95 88 90

OH

)\/\n/ 14 mol% o
pr— i G
S solvent, HCOOH,

120°C,4h

P,

T

ScHEME 5: Catalytic TH of LA to GVL using complex 47 [86].

synthesized the first trinuclear Ni(II) complex 52 using a SB/
NHC ligand framework, which was soluble in methanol but
insoluble in acetone and chlorinated solvents (Figure 19)
[90]. In the TH of acetophenone, the catalyst was found to be
base-dependent, as no conversion occurred in a base-free
reaction. The co-catalysts KOH and NaOH showed the
highest conversion of 90% and 89%, respectively, compared
to the organic bases ‘BuOK (42%) and Et;N (0%). Aromatic
ketones were reduced with conversions of up to 100% after
3h. Cyclic aliphatic ketones yielded 95% for cyclohexanone,
65% for 2-methyl-cyclohexanone, and 82% for 4-
methylcyclohexanone. This trend is due to steric hin-
drance and electronic deactivation properties caused by the
substituents, underscoring the role of ligand design in
influencing catalytic activity and product yield. Indeed, it has
been established that incorporation of chiral ligands en-
hances enantioselectivity of nickel complexes [91], as il-
lustrated by the incorporation of planar chiral 2.2-
paracyclophane-based oxazole-pyrimidine in Ni complex,
which achieved up to 99% yield with 98% ee in TH of
a,B-unsaturated ketones [92].

DFT has also been utilized to elucidate the mechanistic
pathway in THK using nickel as a catalyst [31]. The report
shows that nickel facilitates hydrogen transfer by forming
hydride intermediates. This information has led to the

formation of complexes with high activity and selectivity,
like pincer complexes. Qui et al. synthesized SCS nickel
pincer complex 53 to reduce 1-acetonaphthone to (R)-(+)-1-
(2-naphthyl)ethanol as shown in Scheme 6 [93]. This system
used (R)-(+)-1-phenylethanol as a hydrogen donor, and
there was high activity due to the n-m stacking effect of the
catalyst and donor stabilizing the intermediate and reducing
activation energy.

Wang et al. also synthesized nickel pincer complexes
54(a and b) and 55(a and b) using CNN ligands, which
exhibited 99%, 88%, 92%, and 81% yields, respectively, in the
reduction of acetophenone using isopropanol donor and
NaO'Bu base after 48 h of reaction at 80°C (Figure 20) [94].
This work shows the correlation between nickel complexes’
ligand design and catalytic activity.

Another base-dependent system consisting of a bi-
functional nickel complex 56 was synthesized using ami-
nophosphinite ligands starting with 3-
hydroxybenzaldehyde, Scheme 7 [95]. The complex
showed high activity for TH as it reduced acetophenone to 1-
phenylethanol with 91% conversion using iPrOH donor,
10 mol% ‘BuOK, and 5mol% A at 80°C after 5 h. Increasing
the temperature to 100°C resulted in higher conversion
(92%) in less than 5h. The catalyst showed no effect in a base-
free reaction, and lowering the amount of base led to
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FIGURE 17: Dinuclear and mononuclear imino-pyridine nickel complexes.

TaBLE 7: Results of TH of acetophenone catalyzed by nickel complex 50 bearing 2-hydroxy-1-naphthaldehyde ligands [88].
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a decline in conversion. On comparing the reduction of
ketones to that of aldehydes, higher conversions were ob-
served for ketones. This is because aldehydes are prone to
Adol condensation at the TH conditions. The catalyst tol-
erated a wide range of functionalities, but for 4-
nitroacetophenone, low conversion was observed since
the nitro-group poisoned the catalyst. The reaction followed

a metal-ligand cooperative mechanism with the in-
termediacy of an amido (POCN)Ni" species.

In yet another related study, amido-pincer nickel complexes
57a-b and 58a-d with oxazolinyl backbones were synthesized
from achiral ligands {2-(diethylamino)-N-(2-(4,5-dihydroox-
azol-2-yl)phenyl)acetamide,  2-(diethylamino)-N-(2-(4,4-di-
methyl-4,5-dihydrooxazol-2-yl)phenyl)-acetamide} and chiral
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FIGURE 18: NN ligands coordinated with Ni for THK.
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FIGURE 19: Trinuclear nickel complex synthesized using N-heterocyclic carbene ligands.
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ScHEME 6: Reduction of 1-acetonaphthone to (R)-(+)-1-(2-naphthyl) ethanol using complex 53 [93].

ligands {(R)-2-(diethylamino)-N-(2-(4-phenyl-4,5-dihydroox-
azol-2-yl)phenyl)acetamide, (R)-N-(2-(4-benzyl-4,5-dihydro-
oxazol-2-yl)phenyl)-2-(diethylamino)acetamide, (R)-2-(dieth-
ylamino)-N-(2-(4-isopropyl-4,5-dihydrooxazol-2-yl)phenyl)

acetamide and (R)-2-(diethylamino)-N-(2-(4-isobutyl-4,5-
dihydrooxazol-2-yl)phenyl)acetamide}, respectively (Figure 21)
[96]. In TH of acetophenone using complex 57a, ‘PrOH donor
at 100°C and a varied amount of KOH base, excess KOH led to

undesired product, and a low amount led to incomplete re-
action. At temperatures below 100°C, an incomplete reaction
was observed. Complex 57b afforded the lowest yield (35%)
compared to the rest due to steric effects. Complexes 58a-d did
not give a stereo alcohol product, which was attributed to low
steric crowding around the metal center that was influenced by
the involvement of the 6-member nickelacycle with the oxa-
zolinyl ring. These complexes were investigated using a wide
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FiGgure 20: Nickel complexes bearing unsymmetrical [(carbene)(amino)(amine)]CNN ligands.
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ScHEME 7: Synthesis of a bifunctional nickel complex 56 [95].
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FIGURE 21: NNN tridentate nickel complexes bearing Amido and benzimidazole ligands.

range of ketones, but were unable to reduce bulky ketones (2-
butanones), aliphatic ~ ketones  (cyclohexanone), and
heteroarene-substituted ketones (3-methyl butan-2-one).
Most recently, nickel complex 59 bearing a benzimid-
azole-based tri-ligand was wused for dual TH of
a,B-unsaturated ketones using ammonia borane (AB)
(Figure 21) [33]. This complex was synthesized by reacting
NiBr, with benzimidazole ligands. In this study, 1,3-
diphenylpro-2-en-1-one was used as the model substrate in
the presence of AB in MeOH. This complex showed high
conversions, but selectivity was very poor due to cis/trans
isomerization and over-reduction Table 8. Using other
protic and aprotic solvents (EtOH, THF, CAN, and H,0),
methanol afforded the highest conversion. Lowering the
amount of AB affected the conversion. There is good con-
version at lower temperatures since at high temperatures AB
liberates H, rather than transferring it to the a,f-unsaturated
ketones. These complexes reduced the variety of ketones

(chalcones, N-heterocycles, S-heterocycles, alkylarenes, and
aliphatic substrates) with good yields.

3.3. Tetradentate Ni Complexes. Ligands with four donor
atoms directly bound to the Ni metal center have also been
synthesized and investigated as TH catalysts. For example,
air-stable complexes 60-62 were synthesized from the re-
action of NiDME and N-heterocyclic ligands at room
temperature and used to catalyze THK (Figure 22) [97].
These complexes are soluble in DMSO, acetonitrile, and
acetone, insoluble in alcoholic solvents, and partially soluble
in chlorinated solvents. Using cyclohexanone as the model
substrate, 'PrOH donor, and KOH, no reaction proceeded in
the absence of a base, and the conversion was very low at
lower temperatures. Complex 60 yielded the highest activity
(100% conversion after 6h), while 61 and 62 gave 78% and
95%, respectively, after 8 h.
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TaBLE 8: TH of a,p-unsaturated acetophenone using tri and tetradentate complex 59 [33].
(€] OH (@] OH
P> Cat 59 5 mol% _—
OO0 w T OO TOU O
MeOH
55°C,12h
1 la 1b Ic
M 0, 1 0 H 0,

Entry Cat. (mol%) Solvent AB (equiv) Yield % Yield % Yield %

la 1b 1c
1 1 MeOH 2 0 5 95
2 2 MeOH 2 52 0 48
3 3 MeOH 2 48 0 52
4 4 MeOH 2 41 0 59
5 1 MeOH 2 86 0 13
6 1 EtOH 2 0 10 90
7 1 THF 2 44 7 49
8 1 CAN 2 57 5 38
9 1 H,0 2 34 11 55
10 1 MeOH 1.5 0 25 70
11 1 MeOH 1 0 48 37

C\\mx3

@Cw @C

FIGURE 22: Nickel complexes bearing N-heterocyclic ligands.

The high yield in 60 and 62 was attributed to the geo-
metrical structure (square planar), which facilitated substrate
coordination to the metal center. Complex 60 was used to
investigate the effect of the nature of the ketone on the per-
centage conversion, and it was observed that para-substituted
cyclic ketones were easier to reduce than ortho-substituted
ones, which was ascribed to the lower steric interactions and
stronger electronic effects on the C=0 bonds. Furthermore,
these complexes showed chemo-selectivity as hex-5-en-2-one
and (E)-hex-4-en-2-one were reduced selectively with no
product for the C=C bond. A comparative analysis of various
studies reveals a trend toward the use of more sustainable and
efficient nickel catalysts. For instance, while traditional noble
metal catalysts often require high pressures and temperatures,
nickel-based systems have shown effectiveness under milder
conditions [98]. This is particularly evident in the work of Li
et al., who explored the use of a tetradentate nickel complex in
asymmetric hydrogenation, achieving high enantioselectivity
and conversion rates [99]. Li et al. reduced aromatic ketones
using an isopropanol donor, KOH (4mol%) base, and
[NiCI2(PPh3)2] (1 mol%) together with ligand L30 as the
catalyst at 70°C, as shown in Scheme 8.

Interestingly, a Ni-Schiff base complex 63 was anchored
on an amino-carboxyl functionalized support material
(MMAC) containing silica to form an immobilized Ni(II)
@MMAC complex (Figure 23) [100]. In the TH of aceto-
phenone studies, it was observed that this catalyst was not
temperature-dependent (entries 1-4, Table 9). Usually, high

e = e
OO

62

temperature shows adverse effects, indicating that low ac-
tivation energy is needed, and the reaction is kinetically
controlled [39]. This catalyst also demonstrated good yield
with different bases (entries 5-9). In the reduction of ace-
tophenone derivatives, little effect was observed for EDG and
EWG (benzophenone 87%, 2-bromoacetophenone 94%, 1-
(4-methoxyphenyl) ethenone 94%). Comparable results
were obtained for homogenous Ni(II)@Schiff base and
heterogeneous Ni(I)l@MMAC in the TH of acetophenone.
The immobilized complex portrayed the advantage of being
recycled for up to 10 cycles without losing its activity.

In a similar study by Gupta et al., complexes 64(a-c) and
65(a-c) were studied as catalysts for TH using 4-
chloroacetophenone as the model substrate, together with
'PrOH donor and KOH base, where these complexes were
found active for TH (Figure 24) [101]. It was observed that
these complexes require high activation energy, as no
conversion was observed at room temperature, but at 60°C, it
was 62%, and at 100°C, it was > 90% using complex 64a. In
the absence of a base, no conversion was observed, in-
dicating that the formation of 'PrOK is crucial in the reaction
mechanism. Moreover, it was observed that incorporating
co-solvents in the reaction changed the reaction dynamics
because nonpolar solvents (toluene and benzene) and
weakly coordinating polar solvents (THF and dioxane) gave
> 90% conversion, while strong coordinating polar solvents
(DMSO and MeCN) and protic solvents (EtOH and MeOH)
gave very low and no conversions, respectively. EtOH and
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ScHEME 8: Selectivity of TH of aromatic ketones using [NiCl,(PPh;),]/L30 in situ system [99].
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FiGURrE 23: ONNO tetradentate nickel complex immobilized on mesoporous silica.

TaBLE 9: TH of acetophenone catalyzed by Ni(II) Schiff base 63 [100].

Entry Temperature ("C) Base Yield (%) Ee (%)
1 25 KOH 92 97
2 40 KOH 90 75
3 60 KOH 85 84
4 80 KOH 48 80
5 25 KOH 97 98
6 25 NaOH 90 72
7 25 K,CO; 95 73
8 25 K*(CH;);CO" 96 755
9 25 Net; 71 60
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FIGuRe 24: Nickel complexes bearing dipyrromethane-
diphosphine ligands.

MeOH lead to the formation of EtO™ or MeO™ which
poisons the catalyst. It was further noted that using other
donors (EtOH, MeOH, FA/Net;, or ammonium formate)
instead of 'PrOH did not yield any conversion. Complexes
64a and 65a, with a phenyl substituent, outperformed the
other complexes having ethyl or cyclohexyl substituted
ligands.

Moreover, metallophthalocyanine complexes 66a and b,
containing guaiacol and resorcinol groups, were synthesized
and applied in CTH of ketones (Figure 25) [102]. The
complexes were synthesized by reacting NiCl, with resor-
cinol or guaiacol derivatives L31 and L32 in the presence of
8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) and irradiated at
800 W for 20 min. The complexes were found to be soluble in
both DMSO and DMF. To study the activity of these
complexes in THK, a molar ratio of 10:1:100 for KOH:
catalyst:acetophenone was used together with iPrOH donor
at 82°C. All the complexes were very active and afforded
commendable yields compared to a complex-free reaction
(14% conversion). In a base-free reaction using 66b, no
conversion was observed, demonstrating the importance of
a base in the formation of a metal alkoxide by substituting
a proton from a donor. Under the same conditions,
replacing iPrOH with either methanol, ethanol, or HCOOH/
Et;N mixture gave no conversions in all cases after 24 h.
Generally, complex 66a, bearing a guaiacol substituent, was
found to be less active compared to 66b, bearing a resorcinol
group. This is because the electron-rich methoxy group in
guaiacol reduces the electrophilicity of the metal center due
to the inductive effect. More importantly, these complexes
exhibited good activity in TH with a wide range of ketones.

Nickel complexes 67 and 68 bearing benzimidazole-
based tetradentate ligands were used for dual TH of
a,B-unsaturated ketones using AB (Figure 26) [33]. Complex
67 was synthesized by reacting NiBr, with the benzimidazole
ligand, while 68a,b was obtained by reaction of complex 67
with NH,PF4 and NH,BF,, respectively. In the reduction of
1,3-diphenylpro-2-en-1-one in the presence of AB in
MeOH, lower conversions were observed (48%, 52%, and
59% yields for 68, 68a, and 68b, respectively) compared to
their tri-dentate complex 59 (95% yield) counterpart pre-
viously reported. The low yields for complexes 67 and 68 can
be accounted for by steric crowding, which blocked the
substrate from accessing the active sites.

21

3.4. Ni Nanoparticles. The use of nickel nanoparticles has
also been explored, as highlighted by Alonso et al., who
discussed their role in enhancing reaction rates and selec-
tivity in hydrogen transfer reactions [79]. Alonso performed
a base-free THK using NiNPs together with an isopropanol
donor, and the remarkable results obtained are shown in
Scheme 9. High yields were obtained, which was a result of
the large surface area and additional active sites of the
NiNPs. NiNPs can be synthesized by reducing nickel salts in
the presence of stabilizers like DTBB, decomposing nickel
salts in the presence of capping ligands, or decomposing
organometallic complexes under hydrogen in the presence
of a stabilizing agent [103]. Krishnan et al. also used NiNPs
(Ni-NiO/MEM(OT3)) catalyst together with isopropanol
and decane as the internal standard to reduce 2-cyclo-
hexene-1-one and obtained 73% conversion and > 99%
selectivity at 150°C for 48 h [104].

Even more interesting is the stable and easily separable
heterogeneous catalyst, magnetic nickel ferrite (NiFe,O,),
explored for THK [105]. In the TH of FUR to FOL using
iPrOH donor, a negligible yield was obtained at 180°C
without a catalyst, but in the presence of the catalyst, up to
90% yield was observed under the same conditions. Com-
paring the activity of NiFe,0,, CoFe,0,, and Fe;0,in TH of
FF under the same conditions, NiFe,O, afforded the highest
conversion (90%) after 4 h. The high conversion by NiFe,O,
is attributed to its high acid and base amount, as acid-base
sites are crucial in CTH. The NiFe,O, complex poses an
advantage compared to CoFe,0, and Fe;0, since it does not
form Ni(0), which is easily oxidized in air. On studying the
effect of the nature of alcohol as a hydrogen source, it was
observed that secondary alcohols gave better conversions
than primary alcohols (Table 10), which was attributed to the
ability of secondary alcohols to possess a sigma-inductive
effect [106]. Moreover, due to the magnetic nature of this
catalyst, it was easily separated by an external magnetic field
and recycled for up to 5 cycles without losing its catalytic
activity.

In a related study, Kweon and coworkers synthesized Ni
nanoparticles on mesoporous silica nanosphere (Ni@
mSiO,) for the TH of ketones [107]. This catalyst was
temperature- and base-dependent since no conversion was
observed in the absence of base, and the conversion in-
creased as the temperature increased, as seen in Table 11. The
catalyst outshone commercial nickel-aluminum alloy in TH
due to good thermal stability, uniform pore structure, high
surface area, and large pore volume, which was attributed to
mSiO,. On recycling the catalyst, it showed lower activity
(79% conversion) because metallic Ni was changed (no
active sites such as nickel silicide and nickel carbide). The
recovered catalyst portrayed a collapsed silica structure and
sintered nickel nanoparticles.

Generally, from the foregoing discussion, while both Mn
and Ni catalysts have exhibited great potential in TH, as
illustrated in Table 12, the superior performance of the Ni-
based catalysts in the TH of acetophenone using IPA donor
at varying conditions is obvious. Moreover, the catalyst
performance is influenced by the nature of the ligand
(denticity, donor atom, chirality, and coordination
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FiGgure 25: Nickel complexes bearing guaiacol and resorcinol groups, respectively.
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SCHEME 9: Base-free transfer hydrogenation of ketone using (Ni-NiO/MEM(OT3)) catalyst [79].
TaBLE 10: Effect of hydrogen donors on THK catalyzed by magnetic nickel ferrite [105].
Donor Conversion (%) Yield (%) Selectivity (%)
Ethanol 67 64 96
Isopropanol 48 45 94
Isobutanol 51 48 64
2-propanol 99 94 95
2-butanol 96 91 95
Tert-butanol 8 2 25
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TaBLE 11: TH of acetophenone catalyzed by Ni nanoparticle (Ni@mSiO,) [107].
(0] OH
Ni@mSiO2 }
iPrOH, NaOH
Catalyst loading Temperature ("C) Time min Base (eq) Conversion % Yield % TON
1 80 60 1 _ _ _
1 80 60 1 72 68 68
1 90 60 1 100 96 96
1 100 60 1 100 92 92
1 110 45 1 100 95 95

TaBLE 12: Comparative performance of representative Ni and Mn catalysts in the reduction of acetophenone to 1-phenylethanol.

Entry Catalyst (mol%) M Ligand type Base Temp ('C, timeh) Yield % Conv% Ee% TON TOF (h™') Ref
1. 3 (0.10) Mn NN ‘BuOK 80, 2 — > 97 — 2000 3600 [66]
2. 16 (0.02) Mn NO ‘BuOK 82,8 79 — — 2633 329 [74]
3. 42 (1.00) Ni NN ‘BuOK 82, 48 — 98 — 2042 [81]
4. 49 (0.05) Ni NN KOH 82, 32 — 63% 126 — (87]
5, 50 (0.10) Ni ON KOH 25, 6 — 83 — 4000 — [88]
6. 52 (0.10) Ni ONC KOH 82, 4 — 90 — 900 230 [90]
7. 63 (0.30) Ni ONNO KOH 25, 16 92 — 97 445 — [100]

geometry), catalyst amount, and reaction conditioning. In
addition, the coordination geometry was much influential in
determining the reaction mechanism of each complex.

4. Conclusion

TH continues to attract attention with the application of
greener and hence less hazardous sources of hydrogen such as
AB, alcohols, and amines. Despite the advancements made, no
universal catalyst exists. TH using nonprecious metal catalysts
based on manganese and nickel still faces challenges, chief
among which is the development of catalysts with high
turnover numbers and selectivity when operating under mild
conditions, for a wide range of substrates. Moreover, while
there are reports on the use of supported manganese and nickel
metal catalysts that allow easy recycling of the catalyst, there is
no report yet on the use of these catalysts for industrial pro-
cesses, a challenge for future research. Enhancing the perfor-
mance of these metals in TH would require a deeper
understanding of the mechanistic pathways and the develop-
ment of a ligand framework that coordinates well with the
metal framework. Nonetheless, the significant findings re-
ported in the last decade concerning TH reactions using
manganese and nickel complexes point to a promising future in
the field of asymmetric catalysis.
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