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—— 2-Hydroxypyridine-Oxazoline N,N-Ligands for Mn-Catalyzed ADH —
Mimicking the Core Structure 2-Hydroxypyridine of [Fe]-Hydrogenase
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Hydrogen Activation, Hydride Transfer and Increase Hydride Nucleophilicity

ABSTRACT: Significant progress has been made in the development of tridentate phosphine ligands for manganese-catalyzed
asymmetric direct hydrogenation (ADH). However, their high cost and susceptibility to oxidation limit their further application. In
contrast, bidentate phosphine-free ligands, such as bidentate nitrogen-based ligands, remain underexplored in the context of
manganese-catalyzed asymmetric hydrogenation. Herein, we have developed a series of chiral 2-hydroxypyridine-oxazoline ligands
with tunable steric and electronic properties. These ligands are characterized by exhibiting tautomerism between 2-hydroxypyridine
and pyridone, which enhances hydrogen activation, hydride transfer, and nucleophilicity of the hydride species. They were applied in
manganese-catalyzed asymmetric hydrogenation of heteroaromatics, simple ketones, and ketimines with high yields and
enantioselectivities. Preliminary mechanistic studies and DFT calculations revealed the critical role of the ligand in facilitating
manganese-catalyzed asymmetric hydrogenation, shedding light on the possible catalytic pathways. These findings demonstrate the
promising potential of chiral 2-hydroxypyridine-oxazoline ligands as an efficient N,N-ligand scaffold for asymmetric catalysis.

KEYWORDS: 2-hydroxypyridine-oxazoline ligands, phosphine-free, manganese, asymmetric hydrogenation

H INTRODUCTION In contrast, bidentate phosphine-free ligands, such as nitrogen-
based ligands, remain relatively underexplored in manganese-
catalyzed asymmetric direct hydrogenation. 'Y Notably, Sortais
and Sun groups have successfully employed phosphine-free
bidentate ligands in manganese-catalyzed asymmetric transfer
hydrogenatlon (ATH), underscoring the potential for further
development.” 5% Thus, the engineering of novel chiral
phosphine-free ligands could be pivotal in enhancing the
efficiency of manganese-catalyzed asymmetric hydrogenation
reactions.

Manganese has emerged as a promising alternative to
conventional transition metal catalysts in hydrogenation and
dehydrogenation processes, owing to its abundance, low
toxicity, and cost-effectiveness.' In 2016, the Beller group
pioneered manganese-catalyzed hydrogenation reactions.”
Building on this progress, manganese-catalyzed asymmetric
direct hydrogenation (ADH) of C=0, C=N, and hetero-
aromatics using NNP and PNP ligands has been explored by
researchers such as Clarke, Beller, Ding, Zhang, Zhong, and
Liu (Scheme 1a).>* The development of these tridentate
phosphine-containing ligands has significantly advanced the
application of manganese-catalyzed hydrogenation reactions.
Despite these achievements, the field still requires the
development of new chiral ligands for manganese catalysis.
Tridentate phosphine ligands, though effective, are costly and
prone to oxidation, complicating them difficult to synthesize.”
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Scheme 1. Design, Synthesis (a—c), and Application (d) of Chiral 2-Hydroxypyridine Ligands for Mn-Catalyzed ADH
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Scheme 2. Synthesis of the Chiral 2-Hydroxypyridine-oxazoline Ligands
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The 2-hydroxypyridine framework is the core structure of
[Fe]-hydrogenases,” consisting of three forms: pyridone,
hydroxypyridine, and pyridonate (Scheme 1b).° The inter-
action between these species and the metal center is critical for
hydrogen activation and hydrogen transfer.”” Researchers have
been inspired by the unique properties of 2-hydroxypyridine to
design new catalysts and ligands. To date, a series of ligands

containing the 2-hydroxypyridine structural unit have been
designed and applied to transition metal-catalyzed reac-

. 9—13
tions.

Despite great progress in synthesis and application
of 2-hydroxypyridine-based ligands, the development of chiral
versions has lagged behind due to the inherent lack of a chiral

environment in the 2-hydroxypyridine motif. Consequently,
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there are few reports on the application of 2-hydroxypyridine
ligands in asymmetric reactions.’

The oxazoline-containing ligands are an important class of
chiral ligands widely used in various metal-catalyzed
asymmetric catalysis."”> Considering that the 2-hydroxypyridine
unit plays a crucial role in hydrogen activation and hydride
transfer, we envisioned synthesizing the bidentate 2-hydrox-
ypyridine-oxazoline N,N-ligands by a combination of the
achiral 2-hydroxypyridine and chiral oxazoline skeletons. These
novel chiral ligands are expected to take advantage of the
benefits of oxazoline along with the unique functionalities of 2-
hydroxypyridine. The chiral 2-hydroxypyridine-oxazoline
ligands offer several features and advantages: (1) the reciprocal
isomerism of 2-hydroxypyridine and pyridone allows fine-
tuning of the catalytic reaction at the primitive reaction step,'®
(2) the presence of pyridone or 2-hydroxypyridine forms in the
complex provides dual metal—ligand cooperation functions,
enhancing the reactivity and enantioselectivity of the hydro-
genation, and (3) the ligand’s steric hindrance and electronic
effects are easily adjusted, facilitating precise control over the
catalytic process (Scheme 1c). Herein, we reported the rational
design and synthesis of novel chiral 2-hydroxypyridine-
oxazoline ligands (PYDOX),'” and their application in
manganese-catalyzed asymmetric hydrogenation of the hetero-
aromatics, simple ketones, and N-sulfonylimines with high
yields and excellent enantioselectivities (Scheme 1d).

B RESULTS AND DISCUSSION

The chiral pyridin-2(1H)-one/oxazoline N,N-ligands (abbre-
viated as PYDOX) could be synthesized through two methods
according to similar procedures (Scheme 2)."*7*° One is
palladium-catalyzed coupling of 2-(tert-butoxy)-6-chloro-pyr-
idine and the chiral dihydrooxazole,18 followed by the
deprotection with trifluoroacetic acid.'” The other is
annulation of imidoester with chiral amino alcohols,”” followed
by deprotection with trifluoroacetic acid. Notably, the
structures of all ligands are in the form of pyridone (see the
Supporting Information for details).

With PYDOX ligands in hand, we began exploring their
application in the asymmetric hydrogenation of pyrazolo[1,5-
a]pyrimidines. Chiral 4,5,6,7-tetrahydropyrazolo[1,5-a]-
pyrimidine is a valuable and common substructure found in
bioactive molecules and pharmaceuticals.”’ Therefore, the
preparation has attracted great attention”” and one of most
straightforward and atom-economic ways is the direct
asymmetric hydrogenation of the pyrazolo[1,5-a]pyrimidines.
However, this method is still in its infancy due to the strong
aromatic stability leading to lower reactivity as well as the
substrate contains multiple nitrogen atoms that may
coordinate with the catalyst to inhibit the reactivity of the
chiral catalyst.23 Until recently, the synthesis of chiral 4,5,6,7-
tetrahydropyrazolo[1,5-a]pyrimidines via noble metal-cata-
lyzed asymmetric hydrogenation was developed.”* Therefore,
the development of new earth-abundant metal-catalyzed
asymmetric hydrogenation of pyrazolo[1,5-a]pyrimidines is
still necessary.

Initially, we chose 2,7-diphenylpyrazolo[1,5-a]pyrimidine 1a
as a model substrate, Mn(CO);Br as a metal precursor,
PYDOX L1 as the ligand, and KOPr as the base for the
reaction in DCE at 80 °C under hydrogen gas (750 psi). To
our delight, the desired hydrogenation product 2a was
obtained in 98% yield with 93% enantioselectivity (93% ee).
The solvents played a crucial role in both reactivity and
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enantioselectivity, as shown in Table 1 (entries 1—5). The
hydrogenation proceeded smoothly in DCM, 1,4-dioxane, and

Table 1. Condition Optimization”

Ph Ph
¢ N H, Mn(CO)sBr, PYDOX Ligand { SN

N&Ph (750 psi) Base, Solvent, 80 °C, 16 h H-N N Ph
1a 2a
entry solvent base ligand  yield (%) ee’
1 DCE KO'Pr L1 98 93
2 DCM KO'Pr L1 95 89
3 1,4-dioxane KO'Pr L1 78 84
4 THF KO'Pr L1 86 74
S toluene KO'Pr L1 98 83
6 DCE KO'Bu L1 98 93
7 DCE NaO'Bu L1 nr
8 DCE LiO'Bu L1 nr
9 DCE Cs,CO; L1 98 82
10 DCE K,PO, L1 97 93
11 DCE L1 nr
12¢ DCE KOPr L1 80 93
13°¢ DCE KOPr L1 96 93
14 DCE KO'Pr L2 96 96
15 DCE KOPr L3 95 95
16 DCE KOPr L4 38 91
17 DCE KO'Pr LS 27 75
18 DCE KOPr L6 84 84
19 DCE KOPr L7 75 66
20 DCE KO'Pr L8 98 87
21 DCE KOPr L9 88 53
22 DCE KO'Pr L10 82 49
23 DCE KOPr L11 15 63
24/ DCE KO'Pr L2 97 97
25% DCE KOPr L2 98 97

“Reaction conditions: 1a (0.20 mmol), Mn(CO)Br (2.0 mol %), L
(2.2 mol %), base (7.5 mol %), solvent (2.0 mL), 80 °C, and 16 h.
®Yield was measured by analysis of '"H NMR spectra, using 1,3,5-
trimethoxybenzene as the internal standard. “Determined by chiral
HPLC. “Base (2.5 mol %). *Base (5.0 mol %).770 °C. #H, (600 psi).

THF with excellent reactivity and good enantioselectivity.
Next, a series of bases were screened (entries 6—10), and the
best results were achieved using KO'Pr. In the absence of a
base, the reaction did not proceed (entry 11). The yield and
enantioselectivity were maintained even when the base loading
was reduced to S mol % (entry 13). Encouraged by these
results, the steric and electronic effects of the ligands were
investigated (entries 14—23). The electron-rich ligand PYDOX
L2 had a favorable impact, giving excellent results (96% yield
and 96% ee). Furthermore, the effects of the temperature and
hydrogen pressure on the reactivity and enantioselectivity were
also examined (entries 24—25). Optimal results were obtained
at a reaction temperature of 70 °C and a hydrogen pressure of
600 psi, affording the product with 98% yield and 97% ee (see
the Supporting Information for more details).

With the optimized conditions in hand, the substrate scope
was investigated. To ensure complete consumption of all
substrates, we conducted the substrate scope expansion with a
catalyst loading of 4 mol %. A wide variety of pyrazolo[1,5-
a]pyrimidines were examined, as shown in Scheme 3. First, the
electronic properties and positions of the substituents on the

https://doi.org/10.1021/acscatal.4c06422
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Scheme 3. Substrate Scope of Pyrazolo[1,5-a]Pyrimidines
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phenyl of C7 were evaluated. Substitution at the para or meta
positions with a methyl group resulted in excellent yields and
enantioselectivities (2b and 2d). Unfortunately, no product
was obtained with substitution at the ortho-position due to
significant steric hindrance (2c). Various electron-donating or
electron-withdrawing substituents at the para-position of
phenyl at C7 were tolerated, giving the products with 92—
99% yields with 92—94% ees (2e—2i). Notably, a 2-naphthyl-
substituent (2j) performed well, providing an excellent yield
and enantioselectivity. However, the catalyst showed low
reactivity and enantioselectivity for heteroaromatic substitu-
ents (2k—21) under the standard conditions. To our delight,
excellent yields and moderate enantioselectivities were
obtained with K,;PO, instead of KO'Pr. Meanwhile, this
methodology was also compatible with a pyridine substituent
(2m), despite its strong catalyst toxicity, giving a chiral product
with a moderate yield (58%) and excellent enantioselectivity
(95% ee). For alkyl substituents at the C7 position, such as
cyclohexyl (2n) and methyl (20), poor reactivity and
enantioselectivity were observed under the standard con-
ditions, likely due to the absence of 7—x interactions between
the substrate and the catalyst. Gratifyingly, excellent yields and
moderate enantioselectivities were obtained by replacing
KO'Pr with K;PO, and using sterically hindered chiral ligand
LS.

Furthermore, a series of substituents at the C2 position were
also investigated (2p—2y). The electronic properties and
positions of the phenyl group had a marginal effect on the

3421

enantioselectivity and activity. Most substrates yielded the
corresponding products in excellent yields (93—99%) and
enantioselectivities (89—96% ee). Additionally, heteroaromatic
and alkyl substituents at C2 were compatible, giving the
desirable products with excellent yields and ee values (2v—2y).
Even when the substituent at the C2 position was a hydrogen
atom, a moderate yield (51%) and excellent enantioselectivity
(94% ee) were achieved (2z). Interestingly, the substrate laa
with an ester group at the 3-position gave the desired product
2aa under the standard conditions and generated a partially
hydrogenated product 2aa’. However, due to its low ee value,
its absolute configuration has not been determined. This
observation could aid further mechanistic studies. Finally,
substrates lab and lac containing functional groups that are
reductant-sensitive were also evaluated. However, both
substrates yielded only moderate product yields and
enantioselectivities.

To further extend the generality of the PYDOX ligands in
manganese-catalyzed asymmetric hydrogenation, we inves-
tigated the scope of asymmetric hydrogenation for simple
ketones and cyclic N-sulfonylimines with slight adjustments to
the standard conditions. For simple ketone substrates (4a—
4h), the desired alcohol products were obtained in moderate
to excellent yields (40—98%) and good enantioselectivities
(79—93% ee). In addition, for cyclic N-sulfonylimine
substrates (4i and 4j), excellent yields (93% and 96%) and
moderate enantioselectivities (69% and 72% ee) were also
observed (Scheme 4).

https://doi.org/10.1021/acscatal.4c06422
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Scheme 4. Substrate Scope: Ketones and N-Sulfonylimines
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Condition B: H, (750 psi), Mn(CO)sBr (2.0 mol%), Ligand L8 (2.2 mol%), KOPr
(5.0 mol%), THF, 50 °C, 24 h

To demonstrate the efficiency of this catalytic system, a
gram-scale experiment on asymmetric hydrogenation of
heteroaromatics la was conducted under the standard
condition, affording the desirable product with excellent yield
(95%) and enantiomeric excess (93% ee) without significant
loss of reactivity and enantioselectivity (Scheme 5).

Scheme 5. Experiment at Gram Scale

Gram-scale Experiment

Ph Ph
X Mn(CO)sBr (4.0 mol%) SN
\ N . Hs PYDOX L2 (4.4 mol%) \ N
N ; -
N Ph (600 psi) KOPr (10 mol%), DCE ~ H-N  )-+Ph
\_/ 70°C, 30 h
1a (3.7 mmol, 1.003 g) 2a

(0.967 g, 95% yield, 93% ee)

To explore the structural forms (pyridone, hydroxypyridine,
and pyridonate) and function of the 2-hydroxypyridine ligand
during the hydrogenation, as well as the detailed mechanism, a
series of experiments were performed including control
experiments, X-ray diffraction analysis of manganese complex,
deuterium labeling experiment, and intermediate capture
experiments.

To verify the importance of the hydroxyl groups in PYDOX
ligands, commonly used pyridine-oxazoline ligand In-Pyox and
hydroxyl-protected ligand In-MeOPyox were tested as
substitutes for the PYDOX ligand. Both failed to yield the
desired product, indicating that the hydroxyl group in the
PYDOX ligand plays a crucial role (Scheme 6a).

Structural Forms of 2-Hydroxypyridine during the
Reaction. Initially, '"H NMR analysis showed that the PYDOX
ligands were in the pyridone form, but they converted to the 2-
hydroxypyridine form upon complexation with Mn(CO)¢Br.*
This conversion was verified by synthesizing the Mn(CO);Br-
L6 complex, and its structure was determined via X-ray
diffraction analysis (Scheme 6b).”® Subsequently, the complex
of Mn(CO)Br and L1 was reacted with K;P0,-3H,0 in THF,
yielding a new complex (Scheme 6c). This new complex was
characterized by HRMS, confirming the pyridone form (see
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the Supporting Information for details). Additionally, the
hydrogenation process requires the presence of a base,
indicating that the ligand could be mutually converted between
the pyridone and pyridonate under basic condition. During
hydrogenation, the pyridonate form activates hydrogen and
enhances catalytic activity by the interaction of the O—H or
the O—M groups with the substrate.

To further elucidate the reaction pathway, potential
manganese intermediates in the hydrogenation reaction were
investigated. In widely used Noyori-type hydrogenation
catalysts, the “N—H” moiety stabilizes the transition state of
the rate- determmmg step through hydrogen bonding with the
substrate.”” In 2014, Gordon’s group first reported the
formation of “N—M” moieties under basic conditions,” 27% and
recently, Liu’s group also proposed the “N—M” moiety (M =
alkali metals) and characterized its structure. Kinetic studies
indicated that the rate of hydride transfer from HMn—NM to
ketone is 24 times faster than from HMn—NH, suggesting that
the “N—M” effect may be more sultable for hydrogenation
reaction than the “N—H” effect.”™ In manganese complexes
contalmng a 2-hydroxypyridine unit, a similar phenomenon
may occur,”” where the “O—M” effect is more suitable than the
“O—H” effect. To capture the HMn-OM species, we
conducted NMR experiments. The Mn(CO)Br and L1
complex was prepared in situ, treated with KOPr, and then
exposed to hydrogen gas in an NMR tube at 70 °C for 1 h. The
NMR tube was then cooled to room temperature, and the 'H
NMR spectra were quickly collected (Scheme 6d). According
to the literature,"”** “Mn—H” may have a noncovalent
interaction with K, resulting in a high-field chemical shift
(—7.83 ppm). This also confirms the existence of pyridonate
forms (see the Supporting Information for details). These
results indicated that the chiral 2-hydroxypyridine-oxazoline
ligand exists in three structural forms: pyridone, hydroxypyr-
idine, and pyridonate.

Experimental Evidence of the “O—K” Effect. To
demonstrate the “O—K” effect, organic bases such as DBU
or Et;N were used to replace KO'Pr under the standard
conditions, but no reaction occurred (Scheme 6e). In addition,
adding 18-crown-6 to chelate K* under the same conditions
also resulted in no reaction. These experimental results suggest
that the “O—K?” effect is essential for the manganese-catalyzed
hydrogenation reaction.

Deuterium Labeling Experiment. To verify the pathway
of the hydrogenation of pyrazolo[1,5-a]pyrimidines, a
deuterium labeling experiment was conducted by substituting
deuterium for hydrogen gas in the asymmetric hydrogenation
of 1a (Scheme 6f). To avoid H-D exchange between the active
hydrogen of 2-propanol in the KO'Pr solution and the
substrate, K;PO, was used as the base. After 24 h, deuterium
incorporation at the 5- and 7-positions of the obtained product
was greater than 99%, while at the 6-position, it was 30% and
60%, respectively. These results suggest that the hydrogenation
reaction may proceed via initial 4,7-hydrogenation (deuterium
incorporation at the 7-position >99%), followed by fast imine/
enamine tautomerization (deuterium incorporation at the 6-
position 30% and 60%), and final hydrogenation of the imine
(deuterium incorporation at the S-position >99%).

DFT Calculations. Density functional calculations™ were
performed to elucidate the mechanism and selectivity of this
catalytic hydrogenation reaction. With KO'Pr as the base,
which prefers to be in a tetrameric form in an aprotic solvent,*”
the deprotonation and bromide dissociation from the
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Scheme 6. Mechanistic Study Experiments

a) Verification of the Importance of the Hydroxyl Group

Ph Ph
SN SN
\ N Mn(CO)sBr (2.0 mol%), L (2.2 mol%) \
+ H N
N\ ,)Ph KO'Pr (7.5 mol%), DCE, 80 °C, 16 h H-N  )Ph

op oy 0y

In-MeOPyox
NO RXN

PYDOX L1
98% Yield, 93% ee

b) X-ray of Complex Mn(PYDOX L6(CO);)Br

In-Pyox
NO RXN

The Bond Length
r
‘{\ 2] Mn-N' | 2.105(A)
*N —
nS o Mn-N2 | 2.047 (A)
o CO4q

Mn-C'® | 1.817 (A)
Mn (PYDOX L6(CO)3)Br Mn-C'7 | 1.784 (A)
CCDC: 2328157 Mn-C'8 1.802 (A)

c) Synthesis of Intermediate Mn-2'

j @ K3PO4e3H,0

THF, rt, 1h

C‘O{\Oj @ CH4CN Q

Mn-1
d) Synthesis of Intermediate Mn-H

O
7\
Q_QNJG * (3022 si)
o H P
L1

Mn(CO)5Br, KO'Pr

\/

THF-d8, 70°C, 1 h
co” \
Mn H

Mn-2'S = CH;CN

HRMS Calculated: 432.0387
Found: 432.0383

0

H NMR: Mn-H -7.83 ppm

e) Experimental Evidence of the ‘O-K’ Effect

Ph
N Mn(CO)sBr (4.0 mol%)
\ N PYDOX L2 (4.4 mol%)
N + Ha . no reaction
ijh (600 psi)  DBU or Et;N (10 mol%), DCE
\_/ 70°C, 16 h
1a
Ph
N Mn(CO)sBr (4.0 mol%)
\ N PYDOX L2 (4.4 mol%)
N + H X no reaction
Ny ) (600 psi) KO'Pr (10 mol%), DCE
\ 18-crown-6 (10 mol%)
1a 70°C, 16 h 2a
f) Deuterium Labeling Experiment
Ph
Ph 2
AN
N Mn(CO)sBr (4.0 mol%) NN 99%
\ N PYDOX L2 (4.4 mol%) 4 )—N D7
N + D N Ph
N\_)*Ph (250 psi) K3POy4 (1.0 eq.), DCE 56/7
\_/ 70°C,24h 0"}, 5P 60%
9% 30%
1a D-2a
g) Control Experiments
— j \ Mn(CO)sBr (4.0 mol%)
PYDOX L2 (4.4 mol%)
N Hy T ———— no reaction
H— N\_)*Ph (600 psi) KO'Pr (10 mol%), DCE
70°C, 16 h
2aa’
Me Mn(CO)sBr (4.0 mol%)
SN PYDOX L2 (4.4 mol%)
\ + Ha - no reaction
N (600 psi)  KO'Pr (10 mol%), DCE
H—ijh 70°C, 16 h

2y

PYDOXMn(CO);Br complex was calculated to be exergonic
by more than 30 kcal/mol (Scheme S2 in the Supporting
Information). This leads to the formation of the catalytic
resting state species Int0 (Figure 1), in which three K" ions
interact with the pyridone oxygen atom, and one OPr anion is
ligated to the Mn' center. H, can react with Int0 via a
heterolytic H—H bond cleavage (TS1), in which the hydride is
coordinated to the Mn' center and the proton is delivered to
the OPr anion. This step is associated with a barrier of 25.9
kcal/mol, which turns out to be the rate-limiting step for the
entire hydrogenation reaction. The generation of the Mn'-
hydride intermediate Intl is close to isogonic.

With 1a as the model substrate, the hydrogenation reaction
starts with the ligand exchange of the isopropanol by the
substrate, leading to the formation of Int2, in which the
pyridine nitrogen is coordinated to one of the K* ions. The
following hydride transfer could occur at either the Re or Si
face of the substrate plane, leading to the generation of a chiral
carbon center at the C4 position. The barriers of the two
transition states TS2-S and TS2-R were calculated to be 12.6
and 14.4 kcal/mol relative to Int2, respectively. The barrier
difference of 1.8 kcal/mol corresponds to a computed ee of
86.7%, which agrees well with the experimental value of 93% at
70 °C. In this pathway, the hydride is at the axial up position
(away from the indanyl moiety Mode a). It should be noted
that two other plausible hydride binding modes have been
considered as well in which the hydride is at the axial down
position (close to the indanyl moiety, Mode b) or the
equatorial position (trans to the oxazoline ligand, Mode c).
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The Gibbs energy diagram for these two possibilities is
displayed in Figure S2. The barriers for Modes b and ¢ are
higher than those of Mode a. In addition, the hydride transfer
to the C2 position has been explored (Figure S3), and the
barrier was calculated to be 9.2 kcal/mol higher than that of
TS2-S.

In order to understand the origin of the stereoselectivity, the
local chiral environment in TS2-S is analyzed by the steric
counter map (Figure S4) proposed by the Cavallo group.’’
The map is divided into four parts, namely, northeast (NE),
southeast (SE), southwest (SW), and northwest (NW). Due to
the presence of the K,(O'Pr); group and the coordination
interaction between substrate pyridine nitrogen and K', the
zone SW is better to accommodate the phenyl pyrazolo group
as it has less buried volume percentage compared with zone
NE, thus favoring the S product. The energy decomposition
analysis on TS2-S and TS2-R was also conducted using
sobEDA.** As shown in Figure SS, the exchange-repulsion
between the substrate and catalyst, which is smaller in TS2-S,
plays an important role in dictating the selectivity. The role of
the K,(O'Pr), group has also been analyzed by optimizing the
transition states without the K,(OPr); group (Figure S6).
Interestingly, the barrier of transition state TS 2d-R now
becomes 1.7 kcal/mol lower than TS 2d-S, further supporting
the critical role of KO'Pr in the selectivity.

To further validate the proposed reaction pathway, the
stereoselectivity for the hydrogenation of acetophenone was
investigated (Figure S7). Mode a is also preferred, and the
barrier of TS2—4a-R is 1.5 kcal/mol lower than that of TS2—
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Figure 1. Gibbs energy profile (in kcal/mol) and structures of key transition states for the first hydrogenation of 1a catalyzed by the Mn complex.

Distances are given in Angstrom.

4a-S. This barrier difference can be converted to an ee of
78.9% at 80 °C (experimental value of 79%).

The mechanism of the second hydrogenation (Figure S8) is
very similar to that of the first one. The hydride transfer is
quite facile, and the hydrogenation is exergonic by 10.9 kcal/
mol.

Control Experiments. To further understand the detailed
process of manganese-catalyzed asymmetric hydrogenation of
pyrazolo[1,5-a]pyrimidines, the 4,5-semihydrogenation inter-
mediate 2aa’ and 2y’ were synthesized and subjected to the
hydrogenation under the standard condition (Scheme 6g). The
reaction did not proceed, indicating that 4,5-semihydrogena-
tion intermediates may not be key intermediates in the
hydrogenation, and the reaction is not initiated via 4,5-
hydrogenation (see the Supporting Information for details).

Based on previous literature reports” and mechanistic
experiments, a plausible hydrogenation mechanism is depicted
in Scheme 7. The reaction begins with the coordination of
Mn(CO)Br with the chiral ligand to form complex Mn—L
Subsequently, in the presence of KO'Pr, HBr is eliminated to
yield complex Mn—IL Activation of hydrogen gas in the
presence of KO'Pr generates active species I, which then
coordinates with substrate la and promotes a synergistic
transfer of a hydride, yielding intermediate II. Intermediate II
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undergoes a rapid proton-transfer reaction with HOPr,
forming semi-hydrogenated intermediate Int-1 along with the
generation of complex IIL Isomerization of Int-1 gives rise to
two additional intermediates, Int-2 and Int-3. Complex III is
reactivated by hydrogen to regenerate active species I, which
then coordinates with Int-2. This coordination enables another
cycle of synergistic hydride transfer and proton transfer,
ultimately producing target compound 2a.

B CONCLUSIONS

In summary, we successfully developed a series of chiral 2-
hydroxypyridine-oxazoline bidentate phosphine-free ligands.
These ligands demonstrated high efficacy in the manganese-
catalyzed asymmetric hydrogenation of heteroaromatic
pyrazolo[1,5-a]pyrimidines, simple ketones, and cyclic keti-
mines, achieving high yields and enantioselectivities. The
mechanistic studies and DFT calculations supported that the
motif 2-hydroxypyridine plays an important role in the
synergistic metal activation of the hydrogen and hydride
transfer pathway, highlighting the suitability of these ligands
for asymmetric catalysis. This work not only underscores the
potential of the chiral 2-hydroxypyridine-oxazoline ligands in
asymmetric hydrogenation but also sets the stage for their
application in a broader range of other catalytic reactions.
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Scheme 7. Plausible Mn-Catalyzed Hydrogenation Mechanism
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Ongoing research in our laboratory aims to expand the utility
of these ligands and further elucidate their mechanistic
properties.
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