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ABSTRACT: Herein we report the synthesis of primary and secondary
amines by nitrile hydrogenation, employing a borrowing hydrogenation
strategy. A class of phosphine-free manganese(I) complexes bearing sulfur side
arms catalyzed the reaction under mild reaction conditions, where ammonia—
borane is used as the source of hydrogen. The synthetic protocol is
chemodivergent, as the final product is either primary or secondary amine,
which can be controlled by changing the catalyst structure and the polarity of
the reaction medium. The significant advantage of this method is that the
protocol operates without externally added base or other additives as well as
obviates the use of high-pressure dihydrogen gas required for other nitrile
hydrogenation reactions. Utilizing this method, a wide variety of primary and
symmetric and asymmetric secondary amines were synthesized in high yields.
A mechanistic study involving kinetic experiments and high-level DFT
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computations revealed that both outer-sphere dehydrogenation and inner-sphere hydrogenation were predominantly operative in the

catalytic cycle.
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The demand for a greener and more sustainable chemical
synthesis inarguably requires reengineering the known catalytic
pathways so that the use of critical elements can be minimized.
Achieving this goal calls for using earth-abundant transition
metals in homogeneous catalysis as a surrogate to their
precious metal analogues.' Less toxicity and the promise of
displaying new catalytic activity additionally make their use
intriguing.2 In this regard, the molecularly defined complexes
of the third most abundant transition metal manganese have
gathered tremendous attention in waste-free redox trans-
formations.” Following the pioneering work on dehydrogen-
ative imine synthesis by Milstein,” and the hydrogenation
reaction by Beller,” homogeneous manganese(I) complexes
have been utilized in many (de)hydrogenation reactions.” To
augment bond activation in elementary steps, such as in
hydrogen activation and hydrogen transfer, phosphine-based
multidentate ligands were utilized in many of those nonpre-
cious metal catalysis.6 However, limited availability and
difficulties in their preparation under ambient conditions
make those phosphine-based ligands expensive, often by many
fold, so that the cost benefits of nonprecious metals are
forfeited. Accordingly, to leverage abundant 3d metals as a
sustainable solution, using economic and readily available
ligands is crucial, and their synthesis and use are highly
demanded. Toward this end, we” and others® have recently
advocated for the phosphine-free manganese catalysis for
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acceptorless dehydrogenative coupling and the borrowing
hydrogenation reaction. Recently, apart from the metal—ligand
bifunctional co-operativity, we have successfully demonstrated
the hemilability of a soft thiophene donor side arm as a key
design principle for the Mn1 (Scheme 1c)-catalyzed synthesis
of (1+n)-membered cycloalkanes’ and p-branched carbonyl
compounds.'” In the quest for efficient manganese catalysts in
nitrile hydrogenation, we develop a set of phosphine ligand-
free catalysts (Mn1 and Mn2, Scheme 1c) bearing a soft sulfur
donor side arm in the ligand backbone.'' Encouragingly, our
developed synthetic protocol is chemodivergent in nature.
Both primary and secondary amines were synthesized
selectively using ammonia—borane (H;N-BHj; AB) as the
hydrogen source (Scheme 1).

The hydrogenation of nitriles has been recognized as an
appealing route to synthesizing high-value amine building
blocks.'” However, controlling the selectivity of such processes
remains challenging owing to the formation of primary,
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Scheme 1. Homogeneous Hydrogenation of Nitriles to
Divergent Amines

a) Divergence in catalytic hydrogenation of nitriles
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secondary, and tertiary amine product mixtures (Scheme 1a).
Early studies on homogeneous nitrile hydrogenation utilized
catalysts comprising second- and third-row-transition metals,
where various reaction parameters, including ligand structure,
hydrogen pressure, temperature, and addltlves, were adjusted
to tune the select1v1ty (Scheme lb) " Very recently, the
groups of Beller," Mllsteln, > Fout,'® Guan,"” Kirchner,"®
Garcia,” and Huang™ have introduced molecularly defined
non-noble Fe, Mn, and Co catalysts for the hydrogenation of
nitriles to primary amines using up to 60 bar of hydrogen gas
pressure and up to 120 °C temperature. In comparison to the
direct hydrogenation by H,, the transfer hydrogenation, which
operates under ambient conditions, bypassing the need for
flammable hydrogen gas under higher pressure conditions, is
valued as an alternative strategy.”'

Initially, such reactions utilized ruthenium-based homoge-
neous catalysts with alcohols as the hydrogen source.”™”
Recently, AB, which has primarily been studied as an
appropriate solid hydrogen storage material due to its high
hydrogen content (19.6% by weight), low toxicity, and high
stability, has found applications as an ideal dihydrogen source
for transfer hydrogenation reactions.”'“~ 22 11 this regard, only
two base—metal-catalyzed transfer hydrogenation of nitriles
have been recently reported using homogeneous phosphine-
derived cobalt catalysts.”'“® The reported manganese(I) nitrile
hydrogenatlon catalysts using molecular hydrogen™'®'” and
alcohol*’ as the hydrogen source were only selective for the
synthesis of primary amines and offered limited scope owing to
the use of multidentate alkylphosphine-derived ligands, high
temperature (and high hydrogen pressure), and base as an
additive. Herein we disclose manganese-catalyzed chemo-
divergent hydrogenation of nitriles to forge both primary and
secondary amines under mild and additive-free conditions
(Scheme 1c). The crucial role of the soft sulfur donor in the
side arm has been delineated by comparing the activities of
Mn1 and Mn2 with their oxygen analogues Mn3 and Mn4 and
through a detailed kinetic and high-level computational
mechanistic study. To the best of our knowledge, phosphine-
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free base metal complexes for the hydrogenation of nitriles
have not been developed thus far.

B RESULTS AND DISCUSSION

Reaction Optimization. We commenced our investigation
using benzonitrile 1a as the model substrate. To our delight,
manganese catalyst Mnl at 3 mol% loadings displayed
excellent catalytic activity for the selective hydrogenation of
1a in hexane solution at 60 °C (Table 1, entry 1). It delivered

Table 1. Key Optimization for Selective Synthesis of
Primary and Secondary Amines”

3 mol% [Mn]

©/CN NH,BH, ©/\ ©/\ /\@
solvent, 60 °C, 6-12 h
1a
yield® (%)
entry [Mn] solvent conversion of la (%)”  2a 3a
1 Mnl n-hexane >99 90 n.d.
2 Mn2 n-hexane >99 92 n.d.
3 Mn3 n-hexane 80 30 n.d.
4 Mn4 n-hexane 85 26 n.d.
S Mn2 toluene >99 90 n.d.
6 Mn2 THF >99 90 n.d.
74 Mn2  2-propanol 80 nd. 49 (42)°
8¢ Mnl 2-propanol 98 n.d. 91 (85)°
94 Mnl ethanol 78 n.d. 74
10 Mn3  2-propanol 93 nd. 61
119  Mn4  2-propanol 88 nd. 47
a
% 4@ Q o
\ “co | “co
X=s, Mn1 X=Ss, an
=0, Mn3 =0, Mn4

Reaction conditions: 1a (0.1 mmol), [Mn] (3 mol %), H;N-BH; (0.3
mmol), solvent (1 M), Ar, 60 °C, 6 h. “Conversion, and yields were
determined by gas chromatography using mesitylene as an internal
standard. “Isolated yield. “Reaction time 12 h. n.d. = not detected.

the desired primary amine 2a in 90% yield without any trace of
the undesired homodimer 3a. Complex Mn2 with a
thiomethoxy side arm showed better catalytic activity, as the
yield of 2a was improved to 92% without any loss of selectivity
(entry 2). However, the structurally similar manganese
complexes Mn3 and Mn4, without the soft sulfur donor
atom at the side arm, exhibited poorer catalytic activity as
reflected through both the lower conversion of la and
significantly diminished yield of 2a (entries 3 and 4). This
reduction of efficiency highlights the profound role of the
sulfur-containing side arm in the catalytic activity (vide infra).

Interestingly, the reaction medium was found to influence
the selectivity between primary and secondary amines
significantly. While aprotic solvents such as toluene and THF
delivered the primary amine in high yields (entries S and 6),
the protic solvents (entries 7—9) switched the selectivity to
secondary amines. For example, dibenzylamine 3a was
obtained in 49% vyield after 12 h when 2-propanol was used
as a solvent, keeping other reaction conditions identical (entry
7). Pleasingly, the yield of 3a was improved to 91% when Mn1
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was used as a catalyst (entry 8). Thus, the protocol allowed
catalyst/solvent-controlled chemodivergent access to both
primary and secondary amines under milder reaction
conditions. The beneficial effect of the soft donor side arm
was also observed in the synthesis of secondary amines, as a
lower yield of 3a was observed when Mn3 and Mn4 were used
as the catalysts (entries 10 and 11). Further details of the
reaction optimization, including the variation of temperature,
stoichiometry, solvent, and concentration, are tabulated in
Tables S1-S7.

Scope of the Reaction. With the set of optimized reaction
conditions in hand, the reaction’s feasibility to various nitriles
was explored. Table 2 summarizes the Mn2-catalyzed hydro-
genation of nitriles 1 to primary amines 2 in hexane. A broad
range of substrates containing electronically biased functional
groups was efficiently converted to the corresponding primary
amines 2, isolated as the ammonium salt 2’ in up to 98% yield.
Aromatic nitriles bearing electron-donating groups at the
ortho-, meta-, and para-position of the aromatic ring resulted in
the complete conversion of nitriles 1b—f; and the correspond-
ing ammonium salts 2'b—f were isolated in 85—98% yields.
Substrates bearing different halogens such as chloro (1g),
bromo (1h), fluoro (1li—k), and iodo (11) groups at different
positions of the aromatic ring were also well-tolerated, giving
the corresponding ammonium salts 2'g—l in up to 91%
isolated yield with the complete retention of halogen groups.
For the substrate having a lactone-fused benzene ring 1m, the
lactone survived under the reaction conditions, providing
ammonium salt 2'm in 50% vyield. However, for 4-
acetylbenzonitrile 1n substrate, the keto group’s reduction
took place, and product 2n was isolated in 76% yield.

The reaction also tolerates aliphatic nitriles. Under the same
conditions, phenyl acetonitrile 10 and 2-phenyl propionitrile
1p were efficiently converted to the corresponding primary
amines in high yields. Several phenylacetonitrile derivatives
containing methyl (1q), methoxy (1r—t), and halogen (lu—x)
substituents at different positions of the aryl ring afforded the
desired products 2'q—x in good to excellent yields. Aliphatic
dinitrile 2,2'-(1,4-phenylene)diacetonitrile 1y also gave a
satisfactory yield of the diamine product. Moreover, 1-
naphthylacetonitrile 1z was also converted to the correspond-
ing ammonium salt in 85% yield. Gratifyingly, the hydro-
genation of adiponitrile 1za also proceeded smoothly under
the optimized conditions in Table 1, and hexamethylenedi-
amine was isolated in 95% yield as its hydrochloride salt.

The optimized reaction conditions in entry 8 of Table 1
were then exploited to synthesize various symmetrical
secondary amines 3, and the results are summarized in Table
3. The reaction tolerates various electron-rich aromatic nitriles,
yielding the corresponding secondary amines 3b—d in 85—
94% yields with high selectivity. Likewise, electron-deficient
nitriles, including fluoro, chloro, and bromo functionalities,
were also well-tolerated in this reaction methodology, and the
corresponding amines 3e—h were isolated in moderate to high
(52—91%) vyields. It is worth noticing that the halogen
functional groups were retained in the products. Aromatic
nitriles bearing an ester functionality were also converted to
the symmetric secondary amine 3i in 65% yield with retention
of the ester group.

Encouraged by the efficiency of the developed methodology
to yield symmetrical secondary amines 3, we were further
prompted to explore the possibility of synthesizing unsym-
metrical secondary amines 4 by adding an external amine 6
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Table 2. Manganese-Catalyzed Synthesis of Primary
Amines”

3 mol% Mn2, NH3;BH3

— N
R——=N 5 R™ "NH;CI
hexane, 60 °C, 6 h
. '
1 then 1M HCl in Et,0 2
a) Scope of aromatic nitrile
©/\NH30I /©/\NH3CI \©/\NH3CI
2'a, 89% 2'b, 98% 2'c, 96%
©CNH3€I Meo\©/\NH3CI /©/\NH30I
MeO
2'd, 93% 2'e, 92% 2'f, 85%
CI\©/\NH3CI /@/\chl /@/\NHaC'
Br F
2'g, 71%" 2'h, 73% 2, 85%
F NH;CI
©j\NH3CI \@/\Nchl /@/\
F I
21, 91% 2'k, 81% 2'l, 62%
NH,CI NH
o OH
2'mb, 50% 2n9, 76%
b) Scope of aliphatic nitrile
©/\/NH30| ©/\/\NH3CI /@/\/NH3C|
Me’
2'0,91% 2'p?, 50% 2'q, 81%
@(\/chl Q/\/NHSCI Meoj©/\,NH3C|
OMe MeO MeO
2vb, 85% 2's, 96% 2't?, 90%

F. NH;CI /@/\/NH3CI /@/\/NH;;CI
2'u, 80% 2'v, 81% 2'wP, 61%
/@NNHSQ /\/@/\/NHSCI NH;ClI

Br CIH3N OO
2'xP, 65% 2'yP, 54% 2'z° 85%
NH;CI
CIHaN/\/\/\/ 3
2'za, 95%

“Reaction conditions: 1 (0.25 mmol), Mn2 (3 mol %), H;N-BH,
(0.75 mmol), hexane (1 M), 60 °C, 6 h. Isolated yields of ammonium
salt. PReaction time 12 h. ©59% conversion via gas chromatography
using decane as an internal standard. 4 Free amine was isolated.

(Table 4). Benzonitrile 1a and 4-methoxybenzylamine 6a were
chosen as model substrates to prepare the unsymmetrical
amine. Pleasingly, manganese complex Mn2 was found to
catalyze this reaction at 80 °C in 2-propanol, and the desired
unsymmetrical amine 4a was isolated in 66% yield (see Table
S8 for details). The reaction was general, as a host of primary
amines with different substituents offered the desired products
in synthetically acceptable yields. For example, electron-
deficient 2-chlorobenzylamine 6b, pyridine-containing hetero-
cyclic amine 6¢, and aliphatic amines such as cyclohexylamine
6d and n-butylamine 6e were reacted with 1b, and the desired
secondary amines 4b—e were isolated in moderate yields. The
reaction could also be performed with different nitriles,
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Table 3. Manganese-Catalyzed Synthesis of Symmetrical
Secondary Amines 3

3 mol% Mn1, NHzBH
R—=N —————— 3-8 . o Ny"Rr
Isopropanol, 60 °C, 12 h H

1 3

3a, 85%

3b, 85% 3¢, 87%

3d, 94% 3e, 72% 3f, 72%

el cl N N
\©/\H/\©/ /@/\H/\©\ /©/\H/\©\
Br Br MeO,C CO,Me

39, 52% 3h,91% 3i, 65%

“Reaction conditions: 1 (0.25 mmol), Mnl1 (3 mol %), H;N-BH,
(0.75 mmol), 2-propanol (1 M), 60 °C, 12 h. Isolated yields.

Table 4. Manganese-Catalyzed Synthesis of Unsymmetrical
Secondary Amines 4“

3 mol% Mn2, NH;BH,
R—=N + R'—NH, ————————————>= R N"

Isopropanol, 80 °C, 24 h H
1
N
H
OMe

6 3
4a, 66%

o

4b, 52%
4d, 55%

R!

4c, 60%

4e, 54% 4, 52%

L OV L, o

49, 50% 4h, 65% 4i, 63%

“Reaction conditions: 1 (0.25 mmol), 6 (0.375 mmol), Mn2 (3 mol
%), H;N-BH; (0.75 mmol), 2-propanol (0.25 M), 80 °C, 24 h.
Isolated yields.

delivering the desired products 4f—i in 50—65% yields.
However, aniline could not be used as a coupling partner
under these conditions. Notably, the formation of symmetrical

secondary amine 3 was not detected in any of the reactions
mentioned above.

Mechanistic Studies. Several experimental and high-level
computational studies were then undertaken to probe the
reaction mechanism. Kinetic analysis of the Mn2-catalyzed
transfer hydrogenation of benzonitrile 1a to benzylamine 2a
was performed in THF solution (Figure 1). We have observed
an induction time, which might stem from the necessity of
precatalyst activation. The points representing the induction
time were discarded to obtain a linear fit during the kinetic
analysis. For the reaction performed at [1a] = 0.25 M, [AB] =
0.75 M, the initial rate for the formation of 2a was found to
increase linearly with the increasing concentration of Mn2 (0—
0.025 M). When the reaction was performed with a varying
initial concentration of AB (0—1.0 M), the reaction was found
to be first-order with [AB]. On the other hand, the initial rate
for the formation of 2a was independent of [la]. Thus, an
empirical rate law can be derived, as shown in eq 1. The above
results suggest that nitrile hydrogenation may not be involved
in the rate-limiting step. To the best of our knowledge, there is
only one example of kinetic experiments for the homogeneous
molybdenum-catalyzed transfer hydrogenation of nitrile
involving AB as the hydrogen source, where similar rate
dependence was observed.*'?

When the kinetic experiments for the formation of 2a were
performed in toluene, we also observed first-order and zero-
order kinetics with respect to Mn2 and 1a, respectively (Figure
1, eq 2). Surprisingly, the initial rates were found to be
independent of the concentration of AB as well. This can be
attributed to the poor solubility of AB in toluene, where the
rate is governed by the saturation of AB in the reaction
medium. Guan et al. have observed zeroth-order dependency
of AB during iron bis(phosphinite) pincer complex-catalyzed
dehydrogenation of AB, where rapid interaction of AB with the
iron catalyst prior to the rate-determining step is suggested.”®

(1
)

High-level DFT computational studies were undertaken to
delineate further details of the AB dehydrogenation and nitrile

rate = k[Mn2]'[1a]’[AB]*

rate = k[Mn2]'[1a]’[AB]°

(a) (b) (c)
" _ 1 " _ 2
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Fi

gure 1. Kinetic analysis for the Mn2-catalyzed transfer hydrogenation of 1a with AB: Plots show the rate of formation of 2a vs concentration of

(a) Mn2, (b) AB, and (c) 1a in THF, and the rate of formation of 2a vs concentration of (d) Mn2, (e) AB, and (f) 1a in toluene.
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Figure 2. Potential energy surface at B3LYP level of theory for ammonia—borane dehydrogenation and subsequent hydrogenation of the nitrile 1a,
following borrowing hydrogen. The red trace describes the outer-sphere pathway for these two consecutive steps while the black trace designates
the inner-sphere trajectory. TS-II* was not located but is shown in the diagram for illustration only.

hydrogenation reaction cascade. The best-performing Mn2 has
been chosen as the model catalyst in this study. The
computations were performed at B3LYP level of theory with
lanl2dz(Mn)+6-31G*(C, H, N, O, S) basis set (see details in
Supporting Information (SI)). Treatment of Mn2 with AB
results in a pentacoordinate Mn(I) resting state upon loss of
CO and Br ligands. The resting state (I) is prepared from the
precatalyst by a supposed dehydrohalogenation promoted by a
mild base. It is assumed that the small amount of NHj;
generated from the dissociation of AB promotes dehydroha-
logenation. Indeed, the generation of the free base NMe,H due
to the dissociation of B—N bond from H;B-NMe,H has been
documented previously.”* As supporting evidence, we gathered
some experimental proof to evaluate the catalytic resting state,
where two new CO stretching frequencies (1996 and 1872
cm™") were observed upon treatment of Mn2 with AB at 60 °C
for 2 h. This mode of preactivation of the catalyst is
advantageous because the substrate itself can convert the
precatalyst to the amido form without any externally added
base.

As optimized computationally, the resting state is a Y-shaped
TBP geometry across manganese where the CO—Mn—CO
bond angle is 92.42°. As anticipated, this geometry remains on
the singlet spin surface because all six d-electrons of Mn(I) are
paired under this geometrical influence. Similar Y-shaped
geometry for catalyst Mnl has also been documented
previously in our recent report It is noteworthy that the
thiomethoxy arm is bound to electron-rich Mn(I), leading to a
distorted trigonal bipyramidal geometry. This Y-type geometry
is a consequence of strong z-donor amido in the ligand
backbone, trans to the CO—Mn—CO angle, and the z-donor
nature is evident further from the short Mn—N bond length
(1.87 A). The Mn—S bond length is 2.36 A, indicating
reasonably weak coordination. Our exploration to get a triplet
geometry for I resulted in a square planar system with an
unbound thiomethoxy arm, and it is much higher in energy
than that of the singlet ground-state structure.

When the reactants are infinitely apart, the combined energy
of I, AB, and la has been considered as the reference state.
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There are two choices to achieve AB dehydrogenation: outer-
sphere pathway (red trace in the PES, Figures 2 and 3), where
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Figure 3. Catalytic cycle for AB dehydrogenation and nitrile
hydrogenation.

a concerted hydrogen addition happens across the manga-
nese—amido bond, or an inner-sphere pathway (a black trace
in Figures 2 and 3), where the binding of AB to the metal
center is required prior to f-hydride elimination.

To initiate the dehydrogenation step via the inner-sphere
pathway, AB binds to I via weak intermolecular H-bonding,
generating preparatory intermediate II for the proton transfer
process. This weak binding costs 6.0 kcal/mol in energy from
the reference state. In a recent report, such a weak interaction
has been ascribed to initiation of dehydrogenation of AB.*
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The proton transfer from the weakly bound AB to amido-N is
a high energy process. The respective transition state (TS-I)
for proton transfer exhibits an energy barrier of 21.5 kcal
mol~". After proton transfer, the deprotonated AB binds to
Mn(I) in an 7' fashion, giving intermediate III where the
amido linkage has been fully converted to the amine. This
assertion is fully reflected in the Mn—N bond length (2.10 A)
in optimized intermediate III, which has been changed from
1.87 Ain L

To facilitate the S-hydride elimination, the thiomethoxy arm
of the ligand decoordinates and creates room across the
manganese center, generating intermediate IV, where AB is
bound to manganese through the nitrogen end. Intermediate
IV slightly rearranges and stabilizes it further by creating a -
agostic interaction with the manganese, leaving intermediate
IVA. Notably, this is the preparatory stage of f-hydride
elimination, where a clear agostic interaction of B—H (B—H
bond, closer to Mn, is elongated to 1.32 A, while the Mn—H
distance 1.71 A) is noticed. It seems that an actual kite-like
transition state to initiate f-hydride elimination lies on a very
shallow potential energy surface and eluded optimization,
despite multiple trials. However, due to the flat nature of the
potential energy surface during this step, the barrier for such a
TS is not high and will not dictate the significant energy
demand of the reaction.’® So, the inner-sphere pathway poses a
barrier of 21.5 kcal mol ™.

Interestingly, we were able to optimize the TS for S-hydride
elimination (TS-IIA, not shown in PES) when the
thiomethoxy arm is bound to manganese (a seven-coordinate
species), and it poses a large barrier of 27.9 kcal mol™' so that
this pathway can safely be discarded. After p-hydride
elimination, the thiomethoxy arm rebounds to engender
intermediate V, which is a six-coordinate Mn-hydride. The
alternative, outer-sphere pathway traverses through TS-V with
a barrier of 20.0 kcal mol™". The TS is concerted in nature but
highly asynchronous in transferring two hydrogens to nitrogen
and manganese, respectively. From the energy values for
dehydrogenation of AB, we conclude that the outer-sphere
pathway is slightly favored over the inner-sphere one, although
the energy difference is not large.

This observation is also supported by the experimental
determination of the kinetic isotope effect when AB was
appropriately labeled with deuterium (Figure 4). The overall
kinetic isotope effect KIE (kngpu/kxpsp = 3-2) with the
doubly labeled substrate is the product of KIE; (kyy.pu/knmsp
=2.4) and KIE, (kyp.pu/knpsu = 1.5), while KIE, reflects the

A = H3N'BH,
m = D3N-BH;
010 ® = H;N-BD,
O = D;N'BDs
°
£
£ 0.05
©
9
0.00
15 20 25 30 35

Time/min  ——

Figure 4. Comparison of the initial rates of the Mn2-catalyzed
formation of 2a using H;N-H;B and its deuterium isotopologues as
the hydrogen source.
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effect of deuterium incorporation in BH;, and KIE, addresses
the impact of deuterium incorporation in NH;. The value of
the overall KIE suggests that both B—H and N—H bond-
breaking contribute to the rate-determining step, and that is
likely if the outer-sphere mechanism is operative. Indeed,
multiple previous AB dehydrogenation studies have proved the
validity of the outer-sphere mechanism by carefully labeling the
substrate and showing that both B—H and N—H bond-
breaking influence the total rate.”” Such a competitive scenario
between both inner-sphere and outer-sphere mechanisms have
also been observed previously for a bifunctional iridium
catalyst, comprising a N-heterocyclic carbene ligand with a
tethered alcohol arm.”’”

In the second phase of the reaction, redelivering the stored
hydrogen in I starts with opening up the thiomethoxy arm to
create a vacant site for substrate binding, resulting in
intermediate VI. This ligand detachment costs a penalty of
11.6 kcal mol™". The coordination of benzonitrile confers some
stability, and bound intermediate VII is stabilized by 7.0 kcal
mol™' compared to intermediate VI Insertion of a nitrile into
the Mn—hydride bond is a relatively facile process and
overcomes a barrier of only 19.0 kcal mol™' via TS-IIL. Upon
nitrile insertion, reattachment of the thiomethoxy arm leads to
intermediate VIII, which releases the imine after protonation.
Notably, the imine formation marks the completion of the first
stage of reduction. The proton migration happens from N—H,
and the process is very facile, posing a barrier of only 4.6 kcal
mol™" through TS-IV (to the energy of intermediate VIII).
Such a shallow energy barrier for protonation is associated with
a low-barrier hydrogen bond,”® which we have previously
observed during alcohol dehydrogenation by Mnl.’ So, the
major barrier during the nitrile hydrogenation is the insertion
step in manganese hydride, posing a barrier of 19.0 kcal mol™".

A close look at the alternative pathway of the outer-sphere
hydrogenation of the nitrile reveals an asynchronous concerted
TS-VI, posing a barrier of 17.5 kcal mol™". This transition state
for the hydrogenation maintains a microscopic reversible
feature to the outer-sphere transition state for dehydrogenation
that follows an asynchronous concerted mechanism.>”
Although the computed energy demand for these outer-sphere
and inner-sphere hydrogenation processes are competitive, we
feel the nitrile binding via the inner-sphere pathway is
important. Additionally, as credible proof of the importance
of substrate binding to the metal center, we observe the
competence of the thiomethoxy arm to display hemilabile
nature as shown in Table 1 (26% yield of 2a using Mn4 as a
catalyst in comparison to 92% yield using Mn2). In fact, the
addition of strong Lewis bases, such as pyridine, 4-picoline,
and triphenylphosphine, poisons the catalyst easily, drastically
reducing the amount of product (18—27% yield of 2a, Scheme
2), supposedly by blocking the vacant site for nitrile binding to
manganese during the inner-sphere hydrogenation process.

Scheme 2. Control Experiments To Prove the Importance
of the Hemilabile Arm in the Ligand

3 mol% Mn2
NH3BH;
Ph-CN
Additive (20 mol%)
Hexane, 60 °C, 6 h

P

Ph”” NH,

2a

NC/> NC/>—CH3

19%

1a

Additive none PPh3

Yield 92% 18% 27%
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To investigate further in which step the added Lewis base
retards the reaction, we conducted a kinetic analysis for the
manganese-catalyzed hydrogen evolution from AB in the
absence of the nitrile reacting partner (SI, section 7i). As
anticipated, the reaction exhibited hydrogen gas evolution.
Furthermore, the rate of hydrogen evolution was not hampered
significantly when the same reaction was conducted in the
presence of an exogenous Lewis base PPh;. A very close rate of
hydrogen evolution both in the presence or absence of the
phosphine strongly supports our mechanistic hypothesis that
the AB dehydrogenation predominantly takes place via an
outer-sphere pathway.

This set of control experiments makes us confident about
the ligand’s participation in the process. Notably, the highest
computational barrier of the PES, as calculated, is 20 kcal
mol~". The bulk of this energy demand is in good agreement
with the experimentally measured value, AG(y95) = +21.8 £ 1.5
kcal mol™" from Eyring analysis (Figure 5). The proximity of

0.00295  0.003  0.00305 0.0031  0.00315
-10 . . \ )
In(kIT) = ~7697.4+401.3(1/T) + 12.83%1.23
R?=0.995
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E
1.2 1
-11.6 -
1T

Figure S. Eyring plot for the Mn2-catalyzed transfer hydrogenation of
la with AB in THF.

both the experimental and computational barriers is also
reassuring regarding the validity of the proposed pathway.
Once the imine is formed by the first cycle of reduction, the
same process can be repeated via a second cycle to convert the
imine into a primary amine, the fully hydrogenated product
from benzonitrile.

Furthermore, the synthetic protocol exhibits solvent-
dependent chemodivergence in product formation. While a
polar protic solvent such as 2-propanol favors secondary amine
formation, the aprotic solvent helps the formation of primary
amines. In 2-propanol, a primary amine’s nucleophilic attack
on the imine is likely facilitated by hydrogen bonding offered
through a protic solvent. Similarly, the removal of NH; en
route to secondary amines 3 can also be simultaneously helped
by solvent-assisted hydrogen bonding. It is intuitive that when
such solvent-assisted pathways are not available in aprotic
solvents, the second cycle of imine reduction to amine is
apparent. Overall, this solvent-dependent tunability offers
excellent flexibility in dictating the desired product during
the nitrile reduction by AB.

B CONCLUSION

In summary, we report the selective conversion of nitriles to
primary and secondary amines with bench-stable and
phosphine-free homogeneous manganese(I) catalysts using
AB as the hydrogen transfer agent under mild reaction
conditions. A detailed mechanistic study revealed that the
dehydrogenation of AB likely proceeded by an outer-sphere
pathway, while the hydrogenation of the nitrile adopted inner-
sphere hydrogen transfer. The presence of a hemilabile
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thiomethoxy side arm in the catalyst facilitates necessary
decoordination to promote inner-sphere substrate hydro-
genation. Furthermore, catalyst/solvent-dependent chemo-
divergence has been discovered, which allows further control
in product selectivity. The developed methodology shows
excellent functional group tolerance, and the desired amines
can be obtained in high yields.
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