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ABSTRACT: Using the chiral NNP-manganese complex as catalyst, asymmetric hydrogenation of multi-nitrogen aromatic
heterocycles including S- or 7-substituted pyrazolo[1,5-a]pyrimidines, pyrrolo[1,2-a]pyrazines, and imidazo[1,2-a]pyrazines has
been successfully developed, providing the corresponding reductive products with high enantioselectivity, reactivity, and wide
substrate scope.

s a fundamental structural element within functional systems were independently employed for hydrogenation of

molecules, chiral multi-nitrogen-containing heterocycle pyrazolo[1,5-a] pyrimidines by the Zhou and Nie groups in
skeletons are prevalent across various fields including 2024.%” Very recently, Zhou, Chen and co-workers successfully
pharmaceuticals, pesticides, and material sciences.” There achieved enzyme-inspired biomimetic asymmetric hydrogena-
was particular emphasis on the prevalent and ubiquitous tion of the pyrazolo[1,5-a]pyrimidines.” Although great
structure found in biologically active compounds known as the advances have been made in the asymmetric hydrogenation
4,5,6,7-tetrahy-dropyrazolo[ 1,5-a]pyrimidine scaffold, which of pyrazolo[1,5-a]pyrimidines, its substrate scope is limited to
has gained increasing recognition among pharmacologists 7-substituted pyrazolo[1,5-a]pyrimidines. Moreover, the cata-
and chemists. For instance, Zanubrutinib for the treatment lysts for this type of hydrogenation are mainly limited to
of mantle cell lymphoma® and TAK-075, an oral active bone precious metals and the reaction conditions are often relatively
synthesis metabolic agent for the treatment of osteoporosis” as strict. Therefore, developing a facile and eflicient methodology
well as a potential drug for the treatment of drug-resistant for synthesis of 4,5,6,7-tetrahydropyrazolo[1,5-a]pyrimidines
tuberculosis,” both contain a chiral 4,5,6,7-tetrahydropyrazolo- and its analogs with high enantioselectivity is still desirable in
[1,5-a]pyrimi-dine core skeleton in their molecular structures organic synthesis and drug research. Within the past few

(Scheme 1A). Therefore, some methods for the synthesis of
chiral 4,5,6,7-tetra-hydropyrazolo[1,5-a]pyrimidines have been
developed. One of the most efficient approaches to accessing
chiral 4,5,6,7-tetrahydropyrazolo[1,5-a]pyrimidines is direct
asymmetric reduction of the corresponding pyrazolo[1,5-
a]pyrimidines. However, the direct asymmetric hydrogenation
of pyrazolo [1,5-a]pyrimidines is a challenge, owing to its
aromatic stability, which results in lower reactivity. In addition,
the substrate contains multiple nitrogen atoms that may
coordinate with the catalyst, potentially inhibiting its activity.
Nevertheless, it was not until 2023 that the successful
development of Rh-catalyzed asymmetric hydrogenation of
pyrazolo[1,5-a] pyrimidines was achieved by Hou and co-
workers (Scheme 1B).” Subsequently, the chiral iridium

decades, significant progress has been made in asymmetric
hydrogenation of aromatics catalyzed by chiral rhodium and
iridium complexes. To further expand the scope for
asymmetric hydrogenation of multi-nitrogen aromatic hetero-
cycles, S-phenylpyrazolo[1,5-a]pyrimidine 1a was chosen as a
model substrate, and utilizing a well-established chiral Rh and
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Scheme 1. Mn-Catalyzed Asymmetric Hydrogenation of
Heteroaromatics

A Drug Molecules Containing Chiral Tetrahydropyrazolo[1,5-a]pyrimidines
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Ir catalytic system, this approach did not afford the desired
outcome (See Supporting Information).”~’ Recently, man-
ganese has gained attention in catalytic hydrogenation for its
low cost and lower toxicity compared to noble metals such as
rhodium, iridium, and palladium.” Since Beller'’ and Clarke'"
pioneered the Mn-catalyzed asymmetric hydrogenation of C=
O bonds in 2017, significant progress has been made in Mn-
catalyzed asymmetric hydrogenation of both C=N and C=0
bonds.”* However, the Mn-catalyzed asymmetric hydro-
genation of nitrogen-containing heteroaromatic compounds
is still in its infancy.

In 2021, the first Mn-catalyzed asymmetric hydrogenation of
quinolines with high ee values and yields was accomplished in
the presence of an NNP-Mn pincer catalyst with the N—M
effect in the catalytic process to promote the hydrogenation, as
reported by Liu and co-workers.'> Then, this catalytic system
was utilized by Liu’s group to achieve stereodivergent
asymmetric hydrogenation of 2,3-disubstituted quinoxalines."
Zhou’s group developed a biomimetic chiral Mn/hydroxy-
pyridine-oxazoline system that was applied to asymmetric
hydrogenation of 7-substituted pyrazolo[1,5-a]pyrimidines.®
Mechanistic studies showed that the O—M effect significantly
enhanced the hydrogenation reactivity. In addition, asym-
metric transfer hydrogenation of quinolines using a Mn/NNP
system has also been successively reported by Zhong’s group,
which further enriches the application in the field of
manganese-catalyzed asymmetric hydrogenatlon of nitrogen-
containing heteroaromatic substrates.'*
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Inspired by previous works, chiral manganese catalysts were
tested in the asymmetric hydrogenation of 5-phenylpyrazolo
[1,5-a]pyrimidines 1a. The manganese-based catalytic systems
offer several features and advantages: (1) the manganese-based
system operates via an outer-sphere mechanism, which avoids
direct coordination between the substrate and catalyst, thereby
preventing its poisoning and inactivation; (2) under alkaline
conditions, ligands containing N—H/O—H can form N—M/
O—M interactions with substrates and enhance their reactivity.
This concept led to a preliminary investigation using the
manganese-catalytic system with the NN-Ligand (chiral 2-
hydroxy-pyridine-oxazoline ligand, PYDOX)® or NNP-Ligand
(L1). Notably, the promising outcomes were exclusively
observed with the ligand L1 (Table 1, entry 1), whereas the

Table 1. Condition Optimization of Asymmetric
Hydrogenation of 5-Substituted Pyrazolo[1,5-
a]pyrimidines”

- N~
<N/"J‘\ o Mn(CO)sBriLigand L d
— _ + H, —
N (500 psi) Base, Solv. '}‘
1a 35-75°C, 16 h 2a H
H PhH H
1 1
N N N
N N N N N
H % Ph H H %
PhyP & Ph,P & PhaP ®
1 = L <= L3 =
H H H
1 1 i
N N N
T, i, O
N N N N N N
; % ; % ; %
ArP @ ArgP @ Ary,P @
U = L5 = L =
Ar = 4-MeCgH, Ar = 4-PhCeH, Ar = 3,5-Ph,CeHs
Entry Solvent Base L Conversion” ee
1 'PrOH 'PrOK L1 >95 29
2 THE PrOK L1 >9§ 80
3 1,4-Dioxane PrOK L1 >95 89
4 DCE 'PrOK L1 <5 SS
S Toluene PrOK L1 >9§ 79
6 1,4-Dioxane PrONa L1 >9S5 95
7 1,4-Dioxane PrOLi L1 10 58
8 1,4-Dioxane ‘BuONa L1 >95 95
9 1,4-Dioxane Cs,CO, L1 No Reaction
10 1,4-Dioxane DABCO L1 No Reaction
11 1,4-Dioxane ‘BuONa L2 <5 81
12 1,4-Dioxane ‘BuONa L3 48 86
13 1,4-Dioxane ‘BuONa L4 76 92
14 1,4-Dioxane ‘BuONa LS >95 94
15 1,4-Dioxane ‘BuONa L6 82 92
167 1,4-Dioxane ‘BuONa L1 No Reaction
17¢ 1,4-Dioxane ‘BuONa L1 70 94
18" 1,4-Dioxane ‘BuONa L1 >95 97
19% 1,4-Dioxane ‘BuONa L1 >95 97
20" 1,4-Dioxane ‘BuONa L1 99 96

“Reaction conditions: 1a (0.20 mmol), Mn(CO):Br (2.0 mol %),
ligand (2.2 mol %), base (7.5 mol %), H, (500 psi), solvent (3.0 mL),
75 °C, 16 h. "Determined by '"H NMR. CDetermmed by HPLC “Base
(3.5 mol %). “Base (15 mol %). 735 °C. 825 °C. "1a (0.30 mmol),
isolated yield.
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use of PYDOX resulted in a yield of less than 5% (See
Supporting Information). Herein, we report asymmetric
hydrogenation of multi-nitrogen heteroaromatics using N—H
containing chiral NNP-manganese complex as catalyst. This
methodology exhibits high yields, enantioselectivities, and wide
substrate scope including S- or 7-substituted pyrazolo[1,5-
a]pyrimi-dines, pyrrolo[1,2-a]pyrazines, and imidazo[1,2-a]-
pyrazines. In addition, a series of mechanistic studies were
conducted, revealing the existence of an unusual parallel
metal—ligand cooperation protonolysis process in manganese-
catalyzed hydrogenation.

After acquiring the preliminary results, subsequent condition
optimization was performed to enhance the outcomes (Table
1). It was discovered that the solvent played a crucial role
(entries 1—5) and 1,4-dioxane was superior to others, affording
the product with full conversion and 89% ee (entry 3). To
further improve enantioselectivity, the types of bases were
investigated (entries 6—10). It was found that similar
enantioselectivities and reactivities could be achieved using
sodium isopropoxide (entry 6, >95% conversion, 95% ee) and
sodium tert-butoxide (entry 8, >95% conversion, 95% ee).
However, a narrower margin was observed in the conversion of
the reaction with sodium isopropoxide and sodium tert-
butoxide, as indicated by a comparison of results from thin-
layer chromatography. The further evaluation of the chiral
NNP ligands (entries 11—15) showed that ligand L1,
containing diphenylphosphanyl and 1H-benzo[d]imidazol-2-
yl, was the best in terms of conversion and enantioselectivity
(entry 8). The optimal concentration of tert-butoxide was
determined to be 3.75 mol %; 95% conversion and 95% ee
could be achieved in manganese-catalyzed hydrogenation for
5-phenyl pyrazolo[1,5-a]pyrimidine (entries 8, 16, and 17). To
our delight, over 95% conversion and 97% ee were obtained
within the temperature range of 25 to 35 °C (entries 18 and
19). To ensure the stability and reproducibility of the reaction
conditions, a temperature of 35 °C was chosen for the
substrate scope investigation.

After determining optimal conditions of Mn-catalyzed
asymmetric hydrogenation of multi-nitrogen-containing het-
erocycles, the substrate scope was investigated and summarized
in Scheme 2. First, we evaluated the position of substituents on
the phenyl ring of CS and found that the reactivity increased
steadily with the methyl group on ortho, meta, and para
positions of the phenyl ring (2b—2d). Then, we evaluated the
substituents on the para position phenyl ring of CS (2d—2h).
The electronic properties and steric effects of the substituents
had a minor effect on the yield (85—95%) and resulted in good
to excellent enantioselectivities (86—97% ee). When the
phenyl group at CS was replaced with 2-thiophenyl, it
proceeded with excellent results (98% yield, 90% ee), which
may be ascribed to the outer-sphere mechanism of asymmetric
hydrogenation (2i). Additionally, moderate enantioselectivity
and an excellent yield could be achieved when methyl was
placed at C5 (2j). Moreover, substrates 2k—2m with aryl
substituents on the C2-position also performed well, providing
the desired products with excellent yields and ee values.

To further expand the application possibilities of man-
ganese-catalyzed asymmetric hydrogenation, we applied this
attractive protocol to the asymmetric hydrogenation of 7-
substituted pyrazolo[1,5-a]pyrimidines (Scheme 3), pyrrolo
[1,2-a]pyrazines, and imidazo[1,2-a]pyrazines (Scheme 4).
Following reoptimization of the reaction conditions, sodium
iso-propoxide was identified as an optimized base for

9892

Scheme 2. Substrate Scope: 5-Substituted Pyrazolo[1,5-
a]pyrimidines
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[a] Mn(CO)sBr (2.0 mol%), ligand (2.2 mol%), base (7.5 mol%), 35 °C.
[b] Mn(CO)3Br (2.0 mol%), ligand (2.2 mol%), base (7.5 mol%), 65 °C.
[c] Mn(CO)sBr (4.0 mol%), ligand (4.4 mol%), base (15 mol%), 75 °C.

manganese catalyzed asymmetric hydrogenation of 7-sub-
stituted pyrazolo [1,5-a]pyrimidines (for a detailed optimiza-
tion, see Supporting Information). First, the substituents on
the phenyl of C7 have been evaluated, and moderate to
excellent activities (61—99%) and excellent ee values (90—
96%) have been observed (4a—4f). When the phenyl of C7
was replaced with 2-furanyl, the reaction gave a good yield
(89%) and enantioselectivity (87%) (4g). Interestingly, the 7-
alkyl pyrazolo[1,5-a]pyrimidines exhibit good to excellent
reactivities (61—94%), while preserving commendable enan-
tioselectivity (91%) (4h and 4i). In addition, the substituents
on the phenyl group of C2 have been evaluated, showing
moderate to good reactivity and enantiomeric selectivity (4j—
40). Moreover, the pyrrolo[1,2-a]pyrazines and imidazo[1,2-
a]pyrazines also performed well, demonstrating good tolerance
toward the heterocyclic framework (Scheme 4). Compound 6e
and compound 8 exhibited only moderate enantioselectivity,
which may be attributed to the presence of an additional
nitrogen atom that induces supplementary hydrogen bonding
interactions, the positional effects of substituents.

In addition, to demonstrate synthetic efficacy of this
methodology, a manganese-catalyzed asymmetric hydrogena-
tion of multi-nitrogen-containing aromatic heterocycles at the
gram scale was conducted (Scheme S). To our delight, the
desired chiral product 2a was obtained in 96% yield and 96%
ee without loss of activity or enantioselectivity.

In recent years, the concept of metal—ligand cooperation
(MLC) has achieved remarkable development.'> Inspired by
elegant research on MLC reactivity by Liu’s group,'® we
conjecture that, during the reaction process, in addition to the
predominant classical direct hydrogenation pathway, a parallel
MLC-protonolysis pathway exists. The protonolysis of the
resulting manganese(I) complex will yield target product 2k.
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Scheme 3. Substrate Scope: 7-Substituted Pyrazolo[1,5-

a]pyrimidines
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Scheme 5. Gram Scale of Manganese-Catalyzed Asymmetric
Hydrogenation of Pyrazolo[1,5-a]pyrimidines

N~
~ N
NN Mn(CO)sBr (2.0 mol%), L1 (2.2 mol%) u/j\
= P N
N Ph NaO'Bu (7.5 mol%), 1,4-Dioxane Ili Ph
1a H, (500 psi), 35 °C, 16 h
(1.171 g, 6.0 mmol) 2a

96% yield, 96% ee
(1.142 g, 5.8 mmol)

(For detailed mechanistic experiments and proposed catalytic
cycles, see Supporting Information.)

In conclusion, we have developed asymmetric hydro-
genation of multi-nitrogen aromatic heterocycles using the
chiral NNP-manganese complexes as catalysts. This method-
ology exhibits high enantioselectivity, reactivity, and substrate
scope including S- or 7-substituted pyrazolo[1,5-a]pyrimidines,
pyrrolo[1,2-a]pyrazines, and imidazo[1,2-a]pyrazines. This
work not only expands the application scope of earth-abundant
manganese-catalyzed asymmetric hydrogenation of multi-
nitrogen heteroaromatics but also offers novel hints for
rationale design of new chiral manganese catalytic systems.
Further development of asymmetric hydrogenation of the
multi-nitrogen aromatic heterocycles using earth-abundant
transition metals is currently ongoing in our laboratory and
will be reported in due course.
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