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Manganese-Catalyzed Transfer Hydrogenation of Nitriles
with 2-Butanol as the Hydrogen Source
Jorge A. Garduño,[a] Marcos Flores-Alamo,[a] and Juventino J. García*[a]

We report herein the first example of a homogeneous
manganese catalyzed transfer hydrogenation of nitriles using 2-
BuOH as the hydrogen source. Compound fac-[(CO)3Mn{iPr2P
(CH2)2PiPr2}Br] (Mn-1, 3 mol%) exhibited catalytic activity in the
presence of KOtBu (10 mol%) for the transfer hydrogenation of
benzonitrile to yield a mixture of benzylamine (BA) and N-sec-
butylidenebenzylamine (SBA). Subsequent acidic hydrolysis
yielded isolated benzylamine hydrochloride in 96%. The title

system featured reversible formation of N-benzylidenebenzyl-
amine (BBA) prior to formation of SBA. A series of amine
hydrochlorides was prepared following this methodology (39–
92% isolated yields, 4 examples). Best substrates for this trans-
formation are electron-rich aromatic nitriles, nonetheless elec-
tron-deficient aromatic as well as aliphatic nitriles were also
hydrogenated. Mechanistic studies suggested coordinatively
unsaturated Mn-hydride species performing catalytic turnover.

1. Introduction

The catalytic hydrogenation of nitriles is a reaction with high
atom economy to synthesize primary amines.[1a–d] Alternative
transfer hydrogenation (TH) allows for the use of other hydro-
gen sources, safer, inexpensive, and if stemming from renew-
able resources, more environmentally friendly than the use of
H2, whose manipulation requires special equipment and whose
industrial production from fossil fuels is rather polluting.[2a,b]

Amines are important organic compounds acting as bases
and nucleophiles. They are present in biochemical systems and
are widely used in industry.[3a] Relevant for this work is the
hydrogenation of benzonitrile to benzylamine, used in synthetic
textiles, in paints, and as a corrosion inhibitor.[3b]

The hydrogenation of nitriles is challenging in terms of
selectivity. Reaction between intermediate primary imines and
primary amines leads to formation of secondary imines and
ammonia.[1a–d] Thus, secondary imines are a product of partial
hydrogenation. Because of their straightforward functionaliza-
tion, primary amines are the most valued products from nitrile
hydrogenation.

Although the TH of nitriles has been known since 1982,[4]

reports on this reaction are still scarce. Namely, in heteroge-
neous catalysis, the synthesis of primary amines has been
performed with Raney Ni both in the presence of 2-propanol,[5a]

and with the use of formates in ionic liquids.[5b] Formates have
also been used as the hydrogen source with catalysts such as
Pd/C,[6a] and more recently with Rh composites.[6b] The use of
the ammonia-borane adduct in the presence of graphene-

supported NiPd nanoparticles allowed for the preparation of
primary amines,[7a] and the same hydrogen source was used
with Pd-CuFe multimetallic systems able to modulate selectivity
toward production of primary or secondary amines.[7b] Addition-
ally, Co-nanoparticles deposited over nitrogen-doped supports
catalyzed the synthesis of primary amines and secondary imines
with the use of 2-propanol.[8]

In the homogenous arena, the TH of nitriles was reported
by the Beller group with the use of [{Ru(p-cymene)Cl2}2] and
1,4-bis(diphenylphosphino)butane as ancillary ligand for the
selective preparation of primary amines using 2-butanol as the
hydrogen source.[9a] The same group investigated the hydro-
genation of nitriles and subsequent N-alkylation with 2-
propanol catalyzed by [RuCl2(PPh3)3].

[9b] Later on, Liu and
coworkers reported the use of Co-PNN pincer complexes along
with ammonia-borane as the hydrogen donor to synthesize
primary, secondary, and tertiary amines.[10] Simultaneously, the
Nikonov group used Ru complexes bearing NHC-ligands for the
N-alkenylation of nitriles with 2-propanol,[11a] and recently, the
same products were obtained with the use of Ru complexes
containing pyrazole ligands.[11b] Also Nikonov and coworkers
reported the use of ammonium formate for the preparation of
primary amines catalyzed by ruthenium compounds.[11c]

Except for the use of a cobalt pincer complex (vide supra),
homogeneous TH of nitriles selective to primary amines has
been mainly studied with the use of ruthenium compounds.
Hence the extended use of first-row transition metals for this
catalytic reaction is still a pending task. In this context,
manganese being the third most abundant transition metal in
the Earth’s crust and a biocompatible element is a very
attractive candidate to perform new catalytic protocols, which
is a field that continues to grow rapidly.[12]

To the best of our knowledge, there are no examples in the
literature on the transfer hydrogenation of nitriles with the use
of Mn(I) soluble catalytic precursors.[12d,e,f,h,i] Nonetheless, Mn(I)
compounds containing PNP or NNN-pincer ligands have been
reported for the TH of alkynes13 and ketones.[12e,h,14] Additionally,
there are examples on the use Mn(I) compounds with
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polydentate ligands,15a Shvo-type complexes,[15b] and Mn(I)
compounds with N-donor bidentate ligands for the transfer
hydrogenation of ketones16 and aldimines,17 with 2-propanol as
the hydrogen source.

During the course of our investigations on the catalytic
hydrogenation of nitriles with the use of Mn(I) compound, fac-
[(CO)3Mn{R2P(CH2)2PR2}(OTf)] [R= iPr (dippe=1,2-bis(diisopropyl-
phosphino)ethane)], we observed that, when using secondary
alcohols as solvents, and in the absence of H2 pressure,
benzonitrile was also hydrogenated.18 Encouraged by this result
we decided to investigate independently the TH of nitriles with
secondary alcohols as the hydrogen source.

In contrast to our previous report with the use of fac-
[(CO)3Mn(dippe)(OTf)] as a catalytic precursor for the hydro-
genation of nitriles, in the current work we envisioned
compound fac-[(CO)3Mn(dippe)(Br)] (Mn-1) as a more practical
catalytic precursor since its preparation is straightforward from
commercial [MnBr(CO)5], requiring a lesser number of synthetic
and purification steps. Also relevant for this work was the use of
an analog of Mn-1, namely, fac-[(CO)3Mn{nPr2P(CH2)2P

nPr2}Br],
which showed this Br-containing Mn(I)-complex was a suitable
catalytic precursor for the hydrogenation of polar bonds,[19]

although requiring longer times and higher pressure than with
the use of fac-[(CO)3Mn(dippe)(OTf)].[18] Based on this Mn-1 was
chosen as the model catalytic precursor for the TH of bench-
mark benzonitrile.

2. Results and Discussion

Synthesis of Mn-1 was performed as reported previously;[20]

suitable crystals for XRD were obtained from a saturated
toluene solution stored at � 30 °C for over a week under an
argon atmosphere. ORTEP plot for fac-[(CO)3Mn(dippe)Br] (Mn-
1) is depicted in Figure 1.

Compound Mn-1 featured two independent molecules in
the asymmetric unit (Figure S9), similar to what was observed
for the crystal structures of the Mn(I) complexes, fac-[(CO)3Mn
{k2-P,N-Ph2P(CH2)2NH2}Br],21 and fac-[(CO)3Mn{nPr2P(CH2)2P

nPr2}
Br].[19] In the solid state, Mn-1 displayed a manganese atom in a
slightly distorted octahedral geometry with two phosphorus
and two carbon atoms defining an equatorial plane. A carbonyl
and a bromide ligand complete the coordination sphere in axial
positions forming an angle of 173.2(2)°. The three carbonyl
groups form a facial arrangement, so symmetry for Mn-1 is Cs,
consistent with a three-band pattern (2 A’+A’’) previously
observed in the corresponding FTIR (ATR) spectrum and a single
signal in 31P{1H} NMR (Table 1, entry 1). The Mn� P [(2.349(2) and
2.365(2) Å] and Mn� C(CO) [1.844(8) and 1.842(8) Å] lengths in
the equatorial plane of Mn-1 agree with values for the trans
P� Mn� CO moieties in fac-[(CO)3Mn{nPr2P(CH2)2P

nPr2}Br],
[2.313(1) and 2.314(1); 1.824(4) and 1.829(4) Å],[19] and in fac-
[(CO)3Mn(dippe)(OTf)], [2.350(4) and 2.348(4); 1.840(15) and
1.825(13) Å].[20] The P� Mn-P bite angle of 83.85(7)° in Mn-1
agrees with the value of 83.07(12)° for fac-[(CO)3Mn(dippe)
(OTf)].

Compound Mn-1 was assessed as a catalytic precursor for
the transfer hydrogenation (TH) of benchmark benzonitrile (BN)
in the presence of 2-butanol both as the solvent and the
hydrogen source. Transfer hydrogenation with 2-propanol was
also performed but products from side-reactions such as
hydration and aldol condensation were detected by GC-MS
(Table S3 and Figures S11 and S12). The use of 2-BuOH thus
favored only the formation of products from transfer hydro-
genation of BN, namely, benzylamine (BA), N-sec-butylidene-
benzylamine (SBA), and N-benzylidenebenzylamine (BBA) (Ta-
ble 2).

Initial experimental setup comprised the use of 5 mol% Mn-
1, neat sec-butanol, and sub stoichiometric KOtBu (10 mol%).
Mn-1 showed moderate performance after 1 h at 100 °C, and
complete substrate conversion upon 3 h (Table 2, entries 1 and
2). Selectivity was strongly favored toward the formation of N-
sec-butylidenebenzylamine (SBA), which is the product of
condensation between benzylamine and 2-butanone
[Scheme 1, reaction (h)], stemming from dehydrogenation of 2-
butanol. 2-butanone was detected in the crude reaction mixture
by GC-MS at the end of catalysis. Acidic hydrolysis of the
reaction mixture, and thus of SBA [Scheme 1, reaction (i)],

Figure 1. ORTEP plot (50% probability) for Mn-1. Selected bond lengths (Å):
Mn(1)-P(1) 2.349(2), Mn(1)-P(2) 2.365(2), Mn(1)-C(3) 1.878(10), Mn(1)-C(2)
1.842(8), Mn(1)-C(1) 1.844(8), Mn(1)-Br(1) 2.5378(12), C(1)-O(1) 1.083(9), C(2)-
O(2) 1.100(9), C(3)-O(3) 0.972(9). Selected bond angles (deg): P(1)-Mn(1)-P(2)
83.85(7), P(1)-Mn(1)-C(3) 88.9(2), P(1)-Mn(1)-C(2) 94.1(2), P(1)-Mn(1)-C(1)
176.4(2), P(1)-Mn(1)-Br(1) 95.20(6), P(2)-Mn(1)-C(3) 94.8(2), P(2)-Mn(1)-C(2)
174.2(2), P(2)-Mn(1)-C(1) 92.5(2), P(2)-Mn(1)-Br(1) 91.05(6), C(3)-Mn(1)-Br(1)
173.2(2).

Table 1. νCO and δP Values for fac-[(CO)3Mn{R2P(CH2)2PR2}Br]

Entry Compound R [νCO
[a] [cm� 1] δP

[b] [ppm]
A’ A’’ A’

1 Mn-1 iPr 2001[c] 1922[c] 1886[c] 80.5[d]

2 Mn-2 Et 2001[d] 1935[d] 1910[d] 72.0[d]

3 Mn-3 Cy 2007[d] 1941[d] 1897[d] 72.5[d]

[a]For comparison: νCO,free =2155 cm� , [b] 31P{1H} NMR (162 MHz), [c] Data
from Ref. [20], [d] Data from this work.
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allowed for the isolation of the corresponding benzylamine
hydrochloride (1) in an excellent yield of 95%, based on initial
BN (Table 2, entry 2). Purity of 98% for 1 was determined by
gas chromatography (Figures S17 and S18). Increasing the
amount of base to 20 mol% did not affect BN conversion or
product selectivity (Table 2, entry 3). The catalytic loading of
Mn-1 was lowered to 3 mol% still observing quantitative
substrate conversion after 3 h, and excellent isolated yields (up
to 96%) for the corresponding primary amine hydrochlorides
(Table 2, entries 5 to 7). Performance of a mercury drop test
suggested the catalytic system is homogeneous, as no signifi-
cant change in conversion, selectivity or yield was observed
(Table 2, entry 8). Attempts to lower both the temperature and
the amount of base turned out detrimental for performance as
longer reaction times (i. e. 6 h) were needed to complete BN
conversion (Table 2, entries 10–13). Additionally, the need for
the ancillary ligand (dippe) was demonstrated as no BN
conversion was observed with the use of [MnBr(CO)5] as a
catalytic precursor (Table 2, entry 14).

With a set of optimal reaction conditions for the use of Mn-
1 as a catalytic precursor (Table 2, entry 6), we also studied the
influence of the ancillary ligand in the model reaction. For this

purpose, Mn(I) complexes fac-[(CO)3Mn{R2P(CH2)2PR2}Br] [R=Et
(depe=1,2-bis(diethylphosphino)ethane, Mn-2); Cy (dcpe=1,3-
bis(dicyclohexylphosphino)ethane, Mn-3)] were synthesized
from [MnBr(CO)5] and the corresponding commercial diphos-
phines. FTIR (ATR) spectra for both compounds featured CO
bands for a Cs symmetry arrangement, also consistent with
singlet signals observed in the corresponding 31P{1H} NMR
traces (Table 1, entries 2 and 3). Assessment of Mn-2 and Mn-3
as catalytic precursors is displayed in Table 3.

Compared with the use of dippe with compound Mn-1
(Table 3, entry 1), reaction became sluggish with depe as
ancillary ligand in Mn-2 (Table 3, entries 2 and 3), whereas with
dcpe (Mn-3), almost quantitative conversion was reached at the
same 3 h, but with a higher amount of BBA (Table 3, entry 4). A
practically identical product distribution to that for Mn-1 was
achieved with Mn-3 at a longer reaction time (i. e. 6 h, Table 3,
entries 1 and 5).

As displayed in Table 2, for a given catalytic loading of Mn-
1, formation of the product of partial hydrogenation of
benzonitrile (BBA), was favored at early stages during heating
of the reaction mixture (i. e. 1 h) (Table 2, entries 1, 2, 6, and 9).
Since formation of BBA is accompanied by production of
ammonia, we hypothesized that in an open system, namely, a
flask with a condenser under an argon stream, loss of NH3

should direct selectivity toward the formation of BBA; however,
no significant change neither in conversion nor selectivity was
observed (Table 2, entry 4). A more detailed monitoring of the
formation and consumption of N-containing species during
catalysis was performed using 3 mol% Mn-1. Aliquots of a same
reaction mixture were analyzed by GC-MS at the time intervals
depicted in Figure 2. Accumulation of BBA reached its max-
imum after 1 h and started decreasing simultaneously with the
formation of both BA and SBA, indicating once formed, BA
condensates immediately with 2-butanone [Scheme 1, reaction

Table 2. TH of BN with 2-BuOH catalyzed by Mn-1[a]

Entry [%] mol Mn-1 [%] mol KOtBu t [h] Conversion[b]

[%]
BA [%] SBA [%] BBA [%]

1 5 10 1 50 n.d.[c] 6 44
2 5 10 3 >99 30 (95)[d] 69 1
3 5 20 3 >99 11 83 6
4[e] 5 10 3 >99 60 (92)[d] 37 3
5 4 10 3 >99 37 (94)[d] 58 5
6 3 10 3 >99 18 (96)[d] 77 4
7 2 10 3 84 n.d.[c] 14 70
8[f] 3 10 3 >99 38 (96)[d] 58 4
9 3 10 1 70 2 3 65
10[g] 3 10 3 77 13 12 52
11[g] 3 10 6 99 30 56 13
12 3 5 3 95 42 32 21
13 3 5 6 >99 23 70 7
14[h] 3 10 3 n.d.[i] n.d.[c] n.d.[c] n.d.[c]

[a] Reactions under an inert atmosphere. Conditions: BN (0.19 mmol), 2-BuOH (3 mL),[b] Determined by GC-MS, [c] Not detected, [d] In parentheses, yield of
isolated benzylamine hydrochloride based on initial BN, [e] Reaction under an argon stream in an open flask, [f] Hg drop test, [g] T=90 °C, [h] 3 mol% [Mn
(CO)5Br] was used instead of Mn-1, [i] Not determined.

Scheme 1. Formation and consumption of N-containing species during Mn-
catalyzed TH of BN with 2-BuOH
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(h)]. At 3 h, BA reached its highest concentration and continued
to condensate with ketone forming SBA. At longer reaction
times (i. e. 3 to 5 h) condensation became predominant yielding
a mixture containing 94% SBA after 5 h. Reversibility between
the formation of BBA and BA is proposed to happen as
depicted in Scheme 1.

Among the ways to control selectivity toward the formation
of BA over BBA, is the use of ammonia or metal hydroxides.[22]

In this case both alternatives are plausible, namely, since in situ
produced NH3 remains in solution, even in an open system
(vide supra), it can perform aminolysis of BBA [Scheme 1, back
reaction (c)] to yield BA back and intermediate benzylidene-
amine (BI). Additionally, ammonia might react reversibly with 2-
butanone to yield 2-butanimine [Scheme 1, reaction (d)], but
the latter was not detected during monitoring by CG-MS. On
the other hand, water produced by condensation between BA
and 2-butanone [Scheme 1, reaction (h)] can perform hydrolysis
of BBA under basic conditions, meaning it is held by hydroxide
species, to yield benzaldehyde [Scheme 1, forward reaction (e)],

which regenerates intermediate BI upon reaction with ammonia
[Scheme 1, forward reaction (f)]. Hydrolysis pathway is more
likely to enhance BBA consumption since its concentration
stops increasing only after water starts to form (Figure 2, t>
1 h).

The title transfer hydrogenation was investigated with other
nitriles (Figure 3). Optimized reaction conditions for BN were
successfully extended to aromatic nitriles bearing electron-
releasing substituents. Therefore, p-methoxy (2) and p-methyl
(3) benzylamine hydrochlorides were obtained in 89 and 92%
yield, respectively. 4-ethynylbenzonitrile was assessed under
hydrogenation conditions but the nitrile moiety was not
converted neither to imine nor amine functionality. Instead,
C� C triple bond was hydrogenated unselectively to the
corresponding vinyl (6%) and ethyl (7%) groups with low
conversion (13%) of the substrate as determined by CG-MS. For
aromatic nitriles bearing electron-withdrawing substituents,
transfer hydrogenation did not perform well under the same
reaction conditions used for electron-rich aromatic substrates.
For instance, model p-trifluoromethyl benzonitrile was con-
verted to the corresponding amine hydrochloride 5 in 39%
isolated yield, under more forcing conditions (i. e. 5 mol% Mn-1,
22 h). Despite this fair isolated yield, no reactions leading us to
suspect about low tolerance to CF3 group were observed, as

Table 3. Influence of the ancillary ligand in the Mn-catalyzed TH of BN with 2-BuOH.[a]

Entry R t [h] Conversion[b] [%] BA [%] SBA [%] BBA [%]

1 iPr 3 >99 18 77 4
2 Et 3 58 19 38 1
3 Et 6 89[c] n.d.[d] 85 n.d.[d]

4 Cy 3 94 31 46 17
5 Cy 6 >99 20 75 5

[a] Reactions under an inert atmosphere. Conditions: BN (0.19 mmol), Mn-n (5.7 μmol), KOtBu (0.019 mmol), 2-BuOH (3 mL), [b] Determined by GC-MS, [c] 4%
of benzamide was determined, [d] Not detected.

Figure 2. Monitoring (GC-MS) of the formation and consumption of N-
containing species during the TH of BN with 2-BuOH catalyzed by Mn-1.

Figure 3. Substrate scope for the TH of nitriles with 2-BuOH catalyzed by
Mn-1. Reactions under an inert atmosphere. Conditions: Nitrile (0.19 mmol),
2-BuOH (3 mL), 100 °C. (a) Yields are for isolated amine hydrochlorides. (b)
Yields determined by area normalization in GC-MS.
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displayed in Table S5. Changes in reactivity toward TH between
electron-rich and electron-deficient aromatic nitriles might
rather be a direct consequence of the differences in the
coordinating character of the substrates as explained later in
the text.

On the other hand, aliphatic nitriles were also challenging
to reduce, probably due to increased steric hindrance if
compared with para-substituted electron-rich aromatic nitriles.
In the case of relevant adiponitrile, which was successfully
hydrogenated in our previous report,[18] a slow and unselective
reaction was observed under the transfer hydrogenation
conditions used in this work (i.e. 3 mol% Mn-1, 10 mol% KOtBu,
3 h, 100 °C, 3 mL 2-BuOH). In this case, 27% conversion was
observed with selectivity of 48, 19, and 33% toward hemi
reduction, cyclization, and condensation products (See Figur-
es S38-S41 for details). When the reaction time was increased to
28 h, several unidentified products were detected by GC-MS; to
note, no hexanediamine could be detected. Regarding aliphatic
mono nitriles, catalytic loadings of 5 to 10 mol% Mn-1 were
necessary to observe good to excellent yields for compounds 6
to 8 (79–93%). In the case of lauronitrile, which was hydro-
genated to N-sec-butylidene-n-dodecyl amine (9), a maximum
yield of 57% was observed regardless of the catalytic loading
used (either 5 or 10 mol% Mn-1). Finally for 1-adamantanecar-
bonitrile, yet also forcing conditions were needed for TH, we
were able to isolate the corresponding amine hydrochloride (4)
in 61% yield, since it was the only product derived from TH of
aliphatic nitriles for which acidic hydrolysis at room temper-
ature performed well. For the rest of the nitriles, only yields
based on area normalization by GC-MS could be determined, as
depicted in Figure 3.

Considering a mechanistic proposal for the title TH reaction,
we hypothesized the use of KOtBu would allow for the creation
of a vacant site at the Mn-coordination sphere in the 18e
complex, fac-[(CO)3Mn(dippe)Br] (Mn-1), upon metathesis to
yield KBr precipitating out of the reaction mixture (Scheme 2,
from Mn-1 to A).

1H NMR analysis of a mixture containing Mn-1 and KOtBu in
a molar ratio 3 :10, in neat 2-BuOH heated at 100 °C during 1 h,
featured formation of fac-[(CO)3Mn(dippe)H] (Mn-4) (signature
signal at δH � 9.24, t, 2JHP =48 Hz),23 and at least one additional
hydride-species (Figure S59). The corresponding 31P{1H} NMR
spectrum displayed signature signals for Mn-4 (δP 115.9),[23] free
dippe (δP 9.2), and no signal for Mn-1, indicating this is
consumed in the presence of KOtBu (Figure S60). Detection of
hydride species in this mixture also indicates after creation of a
vacant site, β-hydride elimination takes place, likely as depicted
in Scheme 2 (from A to B). As depicted in Scheme 2,
participation of Mn-4 is not considered during catalytic
turnover since previously, such compound proved to be inert in
this type of reactions.[18]

On the other hand, 1H NMR analysis of a mixture containing
Mn-1, KOtBu, 2-BuOH, and PhCN in a molar ratio 1 :1 : 1 : 3 in
THF-d8, after heating at 100 °C for 1 h (Figure S64), featured
signals for Mn-4, and an additional hydride whose chemical
shift and multiplicity matched the one observed during our
previous investigations.[18] Based both on the 2JHP values

(103 Hz, 51 Hz) and the intensity of the peaks observed in
Figure S64 (For analysis of multiplets see Figure S65 and Table
S6, entry 3), signal at δH � 8.7 is likely a double of doublets (dd),
consistent with structures of the type B or C in Scheme 2. To
note is the fact that in structures like B or C, any other neutral
ligand (L), such as ammonia, THF-d8, benzylamine, BBA, or SBA,
might coordinate to the Mn-core competing for the vacant site.
Equatorial arrangement in these complexes would feature J
values such as 2JHP,cis¼6

2JHP,trans, matching the data obtained from
the corresponding 1H NMR spectrum.

31P{1H} NMR trace for the same mixture displayed signature
signals for unreacted Mn-1 at δP 80.5 (Table 1, entry 1), free
dippe (δP 9.2), and Mn-4 (δP 115.9) (Figure S67). Also a broad
signal was observed centered at δP 88.6, that is typically a δP

value around which signals for species containing the “fac-
[(CO)3Mn(dippe)(L)]+” cation are observed in THF-d8 (L=neutral
ligand; e.g. PhCN δP 87, H2O δP 86.8, PhC(O)NH2 δP 87.8, 2-BuOH
δP 86).[18,20] In this case, alkoxides might account as counter ions
for stabilizing fac-[(CO)3Mn(dippe)(L)]+ (L=PhCN or 2-BuOH)
(Scheme 2, A’). Signals around δH 8.6 in 1H NMR (Figure S63)
support this proposal since they can be assigned to coordinated
PhCN.[20] This observation is consistent with formation of a
vacant site due to reaction between Mn-1 and KOtBu in the
presence of neutral ligands. GC-MS analysis of this reaction
mixture revealed the presence of PhCN and HOtBu, confirming
deprotonation of 2-BuOH by KOtBu, and suggesting fac-
[(CO)3Mn(dippe)(PhCN)](2-butoxide) (Scheme 2, A’) might be
present in solution. Detection of BBA and 2-butanone also by
GC-MS confirmed the transfer hydrogenation activity of the
model reaction (Figures S73–S75).

Scheme 2. Mechanistic proposal for the TH of BN with 2-BuOH catalyzed by
Mn-1.
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Further NMR monitoring of the same reaction mixture was
performed upon heating at 100 °C for additional 2 h. Recorded
1H NMR spectrum featured signals for Mn-4 and the doublet of
doublets aforementioned (Figure S69). Since once formed, Mn-
4 remains unaltered in solution,[18] intensity for its correspond-
ing triplet was compared with the intensity of the doublet of
doublets, likely stemming from a structure like B or C
(Scheme 2), After heating for 1 and 3 h (Figure S71 and Table
S6), the concentration of the latter hydride decreased. The
corresponding 31P{1H} NMR spectra displayed at least two
couples of multiplets that might account for species of the type
B or C, such as δP,cis to H¼6 δP,trans to H (Figures S67 and S70). When
compared with the intensity of the signature signal for inert
Mn-4, the aforementioned signals exhibited the same behavior
observed for their presumed counterpart in the corresponding
1H NMR spectra (i. e. intensity of the presumed signals for active
hydrides decreased, see also Figure S72), so supporting the
proposal of species of the type B or C participating during
catalytic turnover, as depicted in Scheme 2.

Formation of C triggers the actual hydrogenation process
by a sequence of nitrile insertion into an Mn-hydride bond
(Scheme 2, from C to D), followed by electrophilic abstraction
to yield benzylideneamine and E, which after β-hydride
elimination, regenerates the proposed catalytically active spe-
cies B.

Based on NMR experiments (Figures S67 and S70), although
ancillary phosphine (dippe) is lost during catalytic turnover,
leading to an amount of catalyst decomposition, its participa-
tion cannot be ruled out based on control experiment displayed
in Table 2 (entry 14). Moreover, this helps explaining why a
relatively high catalytic loading is necessary to observe good
performance for the TH reaction (compare entries 6 and 7 in
Table 2), especially when using nitriles that, based on their
steric or electronic features, are less prone to coordinate to the
manganese-core (Figure 3).

Finally, regarding the ancillary ligand performance, since
dippe, depe, and dcpe exhibited no significant differences in
their electronic behavior in the corresponding Mn-n com-
pounds (νCO values in Table 1, entries 1 to 3), the less steric
hindrance inherent to Et substituents in Mn-2 compared to iPr
in Mn-1 or Cy in Mn-3, seems to play a role in deactivation,
probably favoring ligand dissociation, leading to partial loss of
catalytic performance with the use of Mn-2 as a catalytic
precursor (Table 3, entries 1 to 5).

3. Conclusions

We performed the transfer hydrogenation (TH) of benzonitrile
with 2-butanol both as the hydrogen source and the solvent,
using fac-[(CO)3Mn(dippe)Br] (Mn-1) as a catalytic precursor
(3 mol%) to favor the formation of N-sec-butylidenebenzyl-
amine, which after acidic hydrolysis allowed for the isolation of
benzylamine hydrochloride in excellent yield (96%).

This system featured reversible formation of the partial
hydrogenation product BBA likely due to hydrolysis under basic
conditions followed by aldehyde amination. Substoichiometric

base (10 mol% KOtBu) proved to participate in the creation of a
vacant site in 18e complex Mn-1, and in deprotonation of the
alcohol, needed to start the actual TH process.

Besides inert compound fac-[(CO)3Mn(dippe)H] (Mn-4),
detection of other Mn-hydrides led us to propose in situ
formation of coordinatively unsaturated Mn-hydride com-
pounds by β-elimination, performing catalytic turnover. Catalyst
deactivation was proposed to depend on ancillary ligand
dissociation, based on the performance of catalytic precursors
fac-[(CO)3Mn{R2P(CH2)2PR2}Br] [R=Et (Mn-2), Cy (Mn-3)].

TH reported herein is sensitive to coordinating properties of
the substrates. The most challenging nitriles exhibited elec-
tronic or steric features hindering coordination so that they
compete with catalyst deactivation. For these substrates, more
forcing conditions (i. e. higher base or catalytic loading) are
needed to observe very good to moderate yields.

Current work in our group is underway on the use of these
Mn compounds in hydrogenation of other relevant substrates,
and on a more detailed mechanistic understanding of the
reactions presented herein.

Experimental Section

General Considerations

Unless otherwise noted, all manipulations were performed using
standard Schlenk techniques in an inert-gas/vacuum double
manifold or under an argon atmosphere (Praxair 99.998) in an
MBraun Unilab Pro SP glovebox (&λτ“;1 ppm H2O and O2). All liquid
reagents were purchased as reagent grade and degassed before
use. Anhydrous benzonitrile and the rest of the nitriles were
purchased from Aldrich and stored in the glovebox before use.
Regular toluene (J. T. Baker, reagent grade) was dried and distilled
from sodium/benzophenone. Regular isopropanol (J. T. Baker,
reagent grade) was dried and distilled from manganese/iodine.
Regular THF and hexanes (J. T. Baker) were dried and degassed in
an MB-SPS-800. Solvents were stored in the glovebox before use.
Anhydrous sec-butanol (Aldrich, 99.5%) was stored in the glovebox
as received. Deuterated solvents (THF-d8, DMSO-d6, CDCl3, D2O)
were purchased from Cambridge Isotope Laboratories. THF-d8 and
DMSO-d6 were stored over 3 Å molecular sieves inside the glovebox
before use. NMR spectra were recorded at room temperature on
the following spectrometers: Bruker Avance 300 MHz and Bruker
Avance III 400 MHz. Wilmad (0.38 mm) NMR tubes equipped with a
J. Young valve were used for analyzing the samples. NMR signals
were processed using the Mnova software (MestreLab Research). 1H
chemical shifts (δH) are reported in ppm and relative to the residual
proton resonance of the solvent: THF-d8 3.58 (1), 1.72 (1); CDCl3 7.26
(1). 31P{1H} NMR chemical shifts (δP) are reported in ppm and relative
to external 85% H3PO4. Coupling constants (J values) are given in
Hz. The following abbreviations are used for the NMR data: s=

singlet; d=doublet; t= triplet, m=multiplet; and br=broad.
Elemental analysis experiments were performed on a Perkin Elmer
2400. FTIR (ATR) analyses were performed on a Perkin-Elmer
Spectrum 400 (4000–400 cm� 1). GC-MS determinations were per-
formed using an Agilent Technologies G3171A equipped with the
following column: 5% phenylmethylsilicone,
30 m� 0:25 mm� 0:25 mm. The iPr2P(CH2)2P

iPr2 (dippe) ligand was
synthesized from Cl2P(CH2)2PCl2 (Aldrich) and a 2.0 M THF solution
of iPrMgCl (Aldrich).[24] The ligands Cy2P(CH2)2PCy2 (dcpe) and Et2P
(CH2)2PEt2 (depe) were purchased from Aldrich and Strem Chem-
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icals, respectively, and stored in the glovebox as received. [MnBr
(CO)5] (Strem Chemicals) was purified by sublimation at 70 °C under
reduced pressure (0.005 mmHg) and stored in the glovebox before
use. Complex Mn-1 was synthesized from [MnBr(CO)5] and dippe as
reported previously.[20]

Synthesis and characterization of fac-[(CO)3Mn{R2P(CH2)2PR2}(Br)]
[R=Et (depe, Mn-2), Cy (dcpe, Mn-3)].

In a Schlenk flask, 0.18 mmol (50 mg) of freshly sublimed [MnBr
(CO)5] for Mn-2 or 0.38 mmol (100 mg) for Mn-3 were suspended in
toluene (3 mL). To this mixture, a solution of depe (41.3 mg,
0.20 mmol) or dcpe (169.0 mg, 0.40 mmol) in toluene (5 mL) was
added dropwise via syringe, allowing the evolved CO to vent to the
inert gas/ vacuum double manifold. A condenser was adapted to
the Schlenk flask and the reaction mixture was refluxed for
60 minutes. After that, the yellow solution was evaporated under
reduced pressure. The solid residue was washed with hexanes (3×
2/3 mL) at room temperature and dried under vacuum for 1 h.
Toluene was added to form a saturated solution that was stored at
� 30 °C for 48 h. Crystals of Mn-2 were triturated and washed with
hexane (3×2/3 mL) and dried under vacuum for 6 h. In the case of
crystals of Mn-3, last step was repeated 3 times. Mn-2 and Mn-3
were obtained as yellow powders. Mn-2 (59 mg, 76%). 1H
(400 MHz, CDCl3) 2.30–2.13 (m, 1H, CH2), 2.06–1.71 (m, 2H, 2CH2),
1.21 (sept, J=7.6 Hz, 3H, 2CH3).

31P{1H} (162 MHz) 72.0 (s). FTIR (ATR)
νC-H (cm� 1) 2967.79 m, 2936.86 m, 2910.82 w, 2879.75 w; νC-O (cm� 1)
2001.20 s, 1934.51 s, 1910.28 s. Anal. Calcd for Mn-2,
C13H24BrMnO3P2: C, 36.73; H, 5.69. Found: C, 36.91; H, 5.76. Mn-3
(89 mg, 69%). 1H (400 MHz, CDCl3) 2.55–2.45 (m, 1H, CH), 2.18 (d,
J=11.6 Hz, 1H, CH), 2.02–1.70 (m, 12H, 6CH2), 1.63–1.40 (m, 3H, CH2,
CH), 1.34–1.26 (m, 6H, 3CH2), 0.89-0.86 (m, 1H, CH). 31P{1H}
(162 MHz) 72.5 (s). FTIR (ATR) νC-H (cm� 1) 2920.71 s, 2850.90 s; νC-O

(cm� 1) 2007.38 s, 1941.44 s, 1897.46 s.

Synthesis of benzylamine hydrochloride (1) via transfer hydro-
genation of benzonitrile with 2-butanol catalyzed by Mn-1 and
subsequent acidic hydrolysis with HCl.

In the glovebox, a 2-BuOH solution of benzonitrile (20 mg,
0.19 mmol) was added to a 2-BuOH suspension of Mn-1 (2.8 mg,
5.7 μmol). This mixture was added to a 2-BuOH solution of KOtBu
(2.2 mg, 0.019 mmol) and stirred manually. The yellow solution was
transferred to a 25 mL Schlenk tube (Synthware Glass) (3 mL 2-
BuOH total volume). The reaction mixture was stirred into an oil
bath at 100 °C during 3 h. Then, the content of the flask was
exposed to air and filtered through Celite® 545 (Merck) to remove a
white precipitate. To the filtrate were added 0.4 mL of an aqueous
HCl (1 M) solution and stirred for 2 h at room temperature. Solvent
and volatiles were removed by heating and the white residue was
washed with fresh hexanes (3×1 mL) and ethyl acetate (3×1 mL). 1
was obtained as a white crystalline powder (26.8 mg, 96%). MS (EI):
m/z 106 [M� 1 (100)], 107 [M+ (56)], 108 [M+1 (4)].

Synthesis of amine hydrochlorides 2–5 via transfer hydrogenation
of nitriles with 2-butanol catalyzed by Mn-1 and subsequent acidic
hydrolysis with HCl.

In the glovebox, 2-BuOH solutions of p-methoxybenzonitrile (p-
MeOBN, 25.3 mg, 0.19 mmol), p-tolunitrile (p-MeBN) (22.3 mg,
0.19 mmol), 1-adamantanecarbonitrile (1-AdCN, 31.3 mg,
0.19 mmol), or p-trifluoromethylbenzonitrile (p-CF3BN, 32.5 mg,
0.19 mmol) were added to 2-BuOH suspensions of Mn-1 (2.8 mg,
5.7 μmol for p-MeOBN and p-MeBN; 9.3 mg, 0.019 mmol for 1-
AdCN; and 4.7 mg, 9.5 μmol for p-CF3BN). The mixtures were added
to 2-BuOH solutions of KOtBu (2.2 mg, 0.019 mmol for aromatic
nitriles and 4.4 mg, 0.038 mmol for 1-AdCN) and stirred manually.
The yellow solutions were transferred to 25 mL Schlenk tubes
(Synthware Glass) (3 mL 2-BuOH total volume each). The reaction

mixtures were stirred into an oil bath at 100 °C during 3, 22, or 24 h.
The content of each flask was exposed to air and filtered through
Celite® 545 (Merck) to remove white precipitates. To each filtrate
were added 0.4 mL of an aqueous HCl (1 M) solution and stirred for
2 h in the case of aromatic nitriles, and overnight for the aliphatic
one, at room temperature. Solvent and volatiles were removed by
heating and the white residues were washed with fresh hexanes
(3×1 mL) and ethyl acetate (3×1 mL). Amine hydrochlorides were
obtained as white crystalline powders. 2 (29.8, 89%). MS (EI): m/z
136 [M� 1 (100)], 137 [M+ (49)], 138 [M+1 (4)]. 3 (22.3, 92%). MS
(EI): m/z 120 [M� 1 (100)], 121 [M+ (42)], 122 [M+1 (4)]. 4 (23.9,
61%). MS (EI): m/z 164 [M� 1 (11)], 165 [M+ (100)], 166 [M+1 (12)].
5 (15.7 mg, 39%). MS (EI): m/z 174 [M� 1 (100)], 175 [M+ (53)], 176
[M+1 (4)].

Transfer hydrogenation of valeronitrile, cyclopropylacetonitrile,
cyclohexanecarbonitrile, and lauronitrile with 2-butanol catalyzed
by Mn-1.

In the glovebox, 2-BuOH solutions of valeronitrile (ValCN, 16.1 mg,
0.19 mmol), cyclopropylacetonitrile (cPrMeCN, 15.4 mg, 0.19 mmol),
cyclohexanecarbonitrile (CyCN, 20.7 mg, 0.19 mmol), or lauronitrile
(LauCN, 34.5 mg, 0.19 mmol) were added to 2-BuOH suspensions of
Mn-1 (4.7 mg, 9.5 μmol; and 9.3 mg, 0.019 mmol for CyCN). The
mixtures were added to 2-BuOH solutions of KOtBu (2.2 mg,
0.019 mmol; and 4.4 mg, 0.038 mmol for CyCN) and stirred
manually. The yellow solutions were transferred to 25 mL Schlenk
tubes (Synthware Glass) (3 mL 2-BuOH total volume each). The
reaction mixtures were stirred into an oil bath at 100 °C during 9 or
24 h. The content of each flask was exposed to air and filtered
through Celite® 545 (Merck) to remove white precipitates. 1 μL of
aliquot of each reaction crude was analyzed by GC-MS to determine
the conversion of nitrile and the yield of each TH product by area
normalization. Attempts to isolate the corresponding amine hydro-
chlorides at room temperature were unsuccessful for these
substrates. 6 (93%) MS (EI): m/z 140 [M� 1 (100)], 141 [M+ (62)]. 7
(93%) MS (EI): m/z 138 [M� 1 (100)], 139 [M+ (84)]. 8 (79%) MS (EI):
m/z 166 [M� 1 (100)], 167 [M+ (94)], 168 [M+1 (12)]. 9 (57%) MS
(EI): m/z 238 [M� 1 (100)], 239 [M+ (78)], 240 [M+1 (17)].

X-Ray Structure Determination

Suitable single crystal of Mn-1 mounted on a glass fiber were
studied with Oxford Diffraction Gemini “A” diffractometer with a
CCD area detector (λMokα=0.71073 Å, monochromator: graphite)
source equipped with a sealed tube X-ray source at 130 K. Unit cell
constants were determined with a set of 15/3 narrow frame/runs
with1° in ω scans. The double pass method of scanning was used
to exclude any noise. The collected frames were integrated by
using an orientation matrix determined from the narrow frame
scans[25a] were used for data collection and data integration.
Analysis of the integrated data did not reveal any decay. Final cell
constants were determined by a global refinement of 5016
reflections with 3.759<θ <26.190°. Collected data were corrected
for absorbance by using analytical numeric absorption
correction.[25b] Structure solution and refinement were carried out
with the SHELXS-2014[25c] and SHELXL-2014;[25d] Wingx v2014.1[25e]

software was used to prepare material for publication. Full-matrix
least-squares refinement was carried out by minimizing (Fo

2� Fc
2)2.

All non-hydrogen atoms were refined anisotropically. H atoms
attached to C atoms were placed in geometrically idealized
positions and refined as riding on their parent atoms, with C� H=

0.98� 1.0 Å and with -Uiso(H)=1.2Ueq(C) for methine and meth-
ylene groups and Uiso(H)=1.5Ueq(C) for methyl groups. C23, C24,
C25 and C23B, C24B, C25B are disordered over two sites with
occupancies 0.77:0.23, on the other hand C26, C27 C28 and C26B,
C27B, C28B are disordered over two sites with occupancies
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0.72 :0.28. Crystallographic data have been deposited at the Cam-
bridge Crystallographic Data Center as supplementary material
number CCDC 1937366. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK. E-mail:deposit@ccdc.cam.ac.uk.

Supporting Information

Featuring crystallographic data for complex Mn-1 and detailed
multinuclear NMR spectra for the synthesized compounds and
for the monitoring of reactions described in the main text. Also
includes GC traces for catalytic reactions, and mass spectra for
imines detected in the crudes of reaction, and for isolated
amine hydrochlorides.
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Mn does the trick: The first
manganese-catalyzed homogeneous
transfer hydrogenation of nitriles is
reported herein. Benzonitrile was
converted to benzylamine and N-sec-
butylidenebenzylamine using 3 mol%
of a Mn(I) precatalyst, 10 mol% of
base, and neat 2-butanol as the

hydrogen source. After acidic hydroly-
sis benzylamine hydrochloride was
isolated in 96% yield. Substrate scope
includes preparation of 4 amine hy-
drochlorides, and 5 alkylidene
aliphatic amines. Mechanistic studies
featured Mn-hydride species perform-
ing the elementary steps.
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