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A series of Mn() catalysts with readily accessible and more
n-accepting phosphine-amino-phosphinite (P'(O)N(H)P) pincer
ligands have been explored for the asymmetric transfer hydrogen-
ation of aryl-alkyl ketones which led to good to high enantio-
selectivities (up to 98%) compared to other reported Mn-based
catalysts for such reactions. The easy tunability of the chiral back-
bone and the phosphine moieties makes P'(O)N(H)P an alternative
ligand framework to the well-known PNP-type pincers.

The combination of chiral pincer ligands with base metals has
been established to be effective in replacing precious noble
metal catalysts in asymmetric reactions,'™® especially for hydro-
genation of ketones.””” Despite base metal catalysts being
efficient, high synthetic costs and tedious synthetic protocols
triggered the search for simpler and cheaper alternative chiral
ligand frameworks with desired chirality.

Though the chiral base metal hydrogenation catalysts are
known for decades, Mn(1) catalysts were left unexplored until
2016. Moreover, the Mn(1) complexes with classical chiral phos-
phines of the types PNP, PN(H)P, and PNN are commonly used
for such reactions."®® No efforts have been directed towards
replacing phosphine pincers with electron-deficient® chiral
bis-phosphinite (P(O)N(H)P(O)) or unsymmetrical phosphine-
phosphinite pincer ligands (P(O)N(H)P). Also, it must be
noted that Mn(i) catalyzed asymmetric transfer hydrogenation
(ATH) of ketones'®* is less explored compared to the asym-
metric direct hydrogenation (AH).>*>® Moreover, the observed
enantioselectivities for ATH with well-defined Mn(1) catalysts A,
B and C (Chart 1, 20%-85% ee) and further Mn(i) catalytic
systems®"** (1%-90 ee%) are significantly lower when com-
pared to those for AH (7%-99% ee).

The ligand precursors 1a and 1b were prepared by the con-
densation of the corresponding aldehydes 5a and 5b with rela-
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Mn()) phosphine-amino-phosphinites: a highly
modular class of pincer complexes for
enantioselective transfer hydrogenation of
aryl-alkyl ketones+t

tively cheap and readily available (15,25)-2-aminocyclohexan-1-
ol in methanol at room temperature, followed by their in situ
reduction with sodium tetrahydridoborate. Deprotonation of
1a and 1b, followed by the addition of PR',Cl, resulted in the
formation of ligands 2a and 2b with 95-96% purity as deter-
mined by *'P{'"H} NMR."*° The desired [Mn(CO),(2a-2b)]Br
(3a and 3b) were then obtained as a yellow solid upon reacting
2a and 2b with [MnBr(CO)s] in toluene (Scheme 1, see the
ESIY).

The *'P{'"H} NMR spectra of 3a and 3b exhibit an AX system
that suggests mutually trans positioned nuclei.'®*® The IR
spectra of complexes 3a (1931 cm™, 1851 cm™, Fig. 2) and 3b
(1930 cm™, 1850 cm™") show two strong CO bands of similar
intensity which further support the presence of mutually cis-
oriented CO ligands which are in agreement with the pre-
viously reported Mn(i) carbonyl pincer complexes.'”*® The
spectroscopic evidence taken together points to the formation
of cis, mer{MnBr(CO),(2a-2¢)] (3a and 3b). In fact, such a
structure was also confirmed by X-ray crystallography in the
case of 3a (Fig. 1, see the ESIt for more details).

Notably, the Mn1-P2 bond length of Mn1 with phosphorus
atom P2 (2.227 A) is shorter than that for Mn1-P1 (2.308 A).
Moreover, a comparison of the IR stretching frequency of 3a
with that of its homologous trans bis-phosphine pincer
complex 11 (1921 em™", 1842 em™ ", Fig. 2; see the ESI{ for the
synthesis) suggests that phosphinite (P2) is a weaker electron
donor and possesses better dn—pn back bonding (M — L back
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AH: up to 97% ee.
ATH: up to 78% ee.

ATH: up to 85% ee. ATH: up to 53% ee.

Chart 1 Examples of chiral Mn() catalysts for the asymmetric transfer
(ATH) and direct hydrogenation (AH) of ketones.
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Scheme 1 Synthesis of the ligands (2a and 2b) and complexes (3a and
3b).

Fig.1 ORTEP plot of 3a (ellipsoid sets at 40% probability). Selected
bond lengths [A] and angles [°: P(1)-Mn(1) 2.3083(19), P(2)—Mn(1)
2.2274(19), C(1)-Mn(1) 1.758(8), C(2)-Mn(1) 1.779(7), P(2)-Mn(1)-C(2)
88.7(2) and P(2)-Mn(1)-Br(1) 89.74(6).
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Fig. 2 Comparison of the IR stretching frequency of Mn() phosphine
and phosphinite pincer complexes.

donation) compared to phosphine P1. The observed CO
stretching frequencies are analogous to those of the previously
reported Mn(1) bis-phosphine (12) and bis-phophinite complex
(13).29,30

The activity of 3a was next investigated in ATH with 2-aceto-
naphthone (8a) as a prototypical substrate®’ under a broad
range of conditions. The reaction temperature and nature of
the base and catalyst have the largest effect on the enantio-
selectivity and activity of the catalytic system. A strong base is
necessary to achieve high activity of catalyst 3a and notably,
catalyst 3b (82% ee) has shown better enantioselectivity in
comparison with 3a (79% ee, see the ESI{). The activity of the
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complex 3a was found to be diminishing with increasing temp-
erature from 40 °C to 80 °C (see the ESIT). It is noteworthy that
the tendency of Mn(i)) complexes to form a metal-aziridine
intermediate at high temperature and an amido species at
lower temperature has been previously reported.*> Therefore, it
is expected that 4a and 4b are formed at 40 °C and 80 °C,
respectively, leading to different reactivities at the corres-
ponding temperatures (see Scheme 4 for the proposed mecha-
nism). The greater acidity of the benzylic proton and better
dn-pr back bonding of the phosphinite ligand possibly lead to
the easier formation of metal-aziridine intermediate 4b that
remains as the resting species. This could prevent the for-
mation of 5a which could be a possible explanation for the
lower activity of 3a at higher temperatures (Scheme 2). A poi-
soning test with trimethyl phosphine (30 mol% vs. 3a) and the
fact that the enantioselectivity remains the same throughout
the reaction indicate the presence of a homogeneous catalytic
system.**3*

Hence, with the identified optimal reaction conditions C1
(catalytic loading (3b) 2 mol%, 4 mol% tBuOK (1 M in THF),
40 °C, 18 h, 0.2 M, Scheme 2), the ATH of a large scope of aryl-
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R _——
6 2-propanol 7
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sallsadealve.
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Scheme 2 Asymmetric transfer hydrogenation with catalyst 3b: iso-
lated yields are given and ee values were determined by GC and HPLC,
respectively. ? Optimized conditions Cl (catalytic loading: 2 mol%,
4 mol% tBuOK, 40 °C, 18 h, 0.2 M). ® Re-optimized conditions C2 (cata-
lytic loading: 1 mol%, 2 mol% tBuOK, RT, 24 h).
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Scheme 3 Asymmetric transfer hydrogenation with catalyst 3b.
Reaction conditions C1 (catalytic loading: 2 mol%, 4 mol% tBuOK, 40 °C,
18 h, 0.2 M). ?Isolated yields are given and ee values were determined by
GC and HPLC, respectively.

alkyl ketones was investigated (see Schemes 2 and 3). The
corresponding secondary alcohols were obtained in good
yields with high enantioselectivities (80%-98% ee). With aceto-
phenones, 3b tolerates ortho, meta and para substituents, with
enantioselectivities in the order of ortho (91%-98% ee) > meta
(90%-92% ee) > para (82%-87% ee) substituents and yields in
the order of meta, para (68%-99%) > ortho (21%-55%)
substituents.

Meta-substituted acetophenones (6e-6g) including 3,5 di-
substituted acetophenone (6m) give high enantioselectivities
(up to 94% ee, Scheme 2) and quantitative yields. Catalyst 3b
gives the trifluoromethyl-substituted alcohols 7h and 71 which
are important synthons for fungicides®® and NK; antagonists®”
in quantitative yields and with 90% and 94% ee, respectively.
It is to be noted that these are the best enantioselectivities
observed with meta-chloro-acetophenone (6e, 90% ee) and 3,5-
bis-trifluoromethyl-acetophenone (61, 94% ee) for reported
manganese complexes for ATH (24-85% ee, 6-85% ee,
respectively),'®1921723

Challenging substrates like ortho-substituted acetophe-
nones (6i-6k) displayed high enantioselectivity (91-98% ee),
though with lower yield, likely due to the greater steric hin-
drance of the system (Scheme 2). Despite such shortcomings,
the observed enantioselectivities are the highest for ortho-
methoxyacetophenone (6k, 91% ee) in comparison with other
reported manganese catalysts for ATH (61-90% ee).'® 921723

Para-substituted acetophenones (60-6p) were reduced by 3b
with quantitative yields, albeit with significantly lower enantio-
selectivities (82-87%). The use of lower temperature, i.e., room
temperature and a catalytic loading of 1 mol% (re-optimized
conditions C2: catalytic loading 1 mol%, 2 mol% tBuOK, RT,
24 h) allows the improvement of enantioselectivity while main-
taining good yields. The highest difference in enantio-
selectivity was observed with the electron-rich para-substituted
acetophenone (6q, by 4%). Moreover, these conditions
improved the observed enantioselectivities for electron-
deficient meta acetophenones (6e and 6h by 3% and 4%,
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respectively) or 3,5 disubstituted acetophenone (61 by 2%). It is
again noteworthy that catalyst 3b provides high enantiomeric
excess (83% ee) with para-trifluoromethyl-acetophenone (60)
when comparing with other Mn-based catalysts for ATH
(55-76% ee).'®'**'"?* The heterocycle 6r was also reduced by
3b with high enantioselectivity (97% ee) but with lower yield
(25% and 41%, respectively).

Alkyl-phenyl ketones with various alkyl substituents were
also investigated for their reactivity with catalyst 3b. Ethyl
phenyl ketone (6b) has shown a higher ee (90%) and a lower
isolated yield (49%) compared to acetophenone (6a, 86% ee
and 84% yield) and the trend remains the same with further
increase in the alkyl chain length (6¢, Scheme 2). Since these
catalysts are highly sensitive towards steric hindrance, their
activity with 2° alkyl-aryl ketone 6d (91% ee and 10% yield) is
greater than that with 3° alkyl-aryl ketones. Substrates with
high steric bulk such as cyclohexyl phenyl ketone, 2-methoxy-
benzophenone and tertiary butyl phenyl ketone do not get
reduced with the catalyst 3b.

The extended aromatic ketones 8a and 8b were reduced
with 82% ee (Scheme 3). Both 2-acetyl-fluorene (8e) and tetra-
lone (8c) showed a higher ee of 92% when compared with 8a;
however, 8d gave a lower ee of 80%. It is noteworthy that
a,p-unsaturated ketones (8f) have shown low enantioselectivity
(38% ee) since the carbonyl group is placed remotely from the
aryl ring. The enantioselectivity observed with 8a (82% ee) is

fh2,co
H—N /Mn CcO
{ Br PPhy
(e
BuOK, 80 °C
BuOK, 40 °C 2-propanol
2-propanol

Scheme 4 Proposed mechanism for asymmetric transfer hydrogen-
ation of acetophenone with 3a.
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the highest on comparing with other Mn(1) catalysts (up to
76% ee) for ATH.'®'%?*1"23 The “R” isomer is formed as the
major enantiomer during the reduction of ketones with 3b.
The aromatic ester 8g was also not reduced with complex 3b
(Scheme 3).

Based on the experimental results obtained by the screen-
ing of the catalysts 3a and 3b and the reported Mn(1) inter-
mediates,*” a possible reaction mechanism in which tempera-
ture is the key parameter is proposed (Scheme 4). As discussed
earlier, the higher activity of the catalyst at 40 °C could be due
to the possible formation of the Mn(1) amido species 4a. The
Mn(1) amido species 4a formed at 40 °C in the presence of
tBuOK leads to the possible formation of hydride 5a via oxi-
dation of 2-propanol. An Re or Si selective hydride attack on
acetophenone leads to the formation of 4c. The intermediate
4c then regenerates 4a by eliminating the enantioenriched
alcohol.

In conclusion, readily accessible chiral pincer ligands (2a
and 2b) and their corresponding well-defined Mn(1) complexes
(3a and 3b) were developed. The complex 3b shows high
enantioselectivities (80%-97% ee) for the ATH of ketones, thus
outperforming other Mn(1) catalysts. This demonstrates that
the ligand scaffolds like 2 are a valuable alternative to the con-
ventional chiral phosphine pincers (PN(H)P) as they are cheap
and highly modular. Most importantly this class of ligands
can be even extrapolated to various other asymmetric catalytic
applications. Further studies on the catalytic system will be
carried out in the future.
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