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A series of Mn(), Fe(n), and Co(i) complexes with PN" ligands bearing secondary amine functionality were
prepared and tested in the catalytic transfer hydrogenation of nitriles using ammonia borane as a hydro-
gen source. Among all tested complexes, a tetracoordinate Fe(i) bromide, (PN™)FeBr,, proved the most
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effective, representing a rare example of a highly active iron-based catalytic system for transfer hydrogen-
ation reactions beyond carbonyl compounds and the first example of the iron catalyst for the transfer
hydrogenation of nitriles to the corresponding primary amines. Mechanistic studies point out a metal-
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Introduction

Catalytic transfer hydrogenation (TH) reactions have become
an indispensable tool in synthetic organic chemistry, offering
several advantages in safety, selectivity, and investment costs
of transformations compared to stoichiometric reductions
with metal hydride reagents and hydrogenations with com-
pressed hydrogen gas."” Initially developed for precious metal
catalysts (mostly Ru, but also Rh, Ir, etc.), TH reactions have
found widespread applications in the reduction of carbonyl
compounds to alcohols (including asymmetric variants),
mainly due to the availability of various hydrogen sources,
operational simplicity, and mild reaction conditions."* During
the past decades, numerous 3d metal (so-called base metals,
such as Mn, Fe, Co, and Ni) catalysts have been extensively
studied as more economical surrogates to precious metal
systems for TH of carbonyl compounds.’™* In contrast, the
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ligand cooperative mechanism enabled by the secondary amine moiety of the PN ligand.

analogous  base-metal-catalyzed @ TH  of  unsaturated
N-containing molecules is developed to a lesser extent.'* For
instance, although nitriles are considered convenient precursors
to amines, examples of efficient base metal catalysts for selective
and mild TH of nitriles to the corresponding primary amines are
scarce.* Only several reports on Co-** and Mn-catalyzed*” trans-
formations have been recently disclosed (Scheme 1). In contrast,
despite their widespread applications in the TH of carbonyl
compounds,"”*** no Fe catalysts for the TH of nitriles to primary
amines have been reported. Nonetheless, such systems are highly
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Scheme 1 Catalytic TH of nitriles to primary amines.
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desirable, considering the high natural abundance and low tox-
icity of iron'” and the widespread synthetic utility of amines in
the specialty chemicals industry.> With this in mind, we aimed to
explore the chemistry of a series of structurally related base metal
(Mn, Fe, and Co) complexes bearing easily accessible bidentate
aminophosphine PN" ligands and investigate their comparative
catalytic activities in the TH of nitriles to the corresponding
primary amines (Scheme 1). Herein we report our findings,
including the development of the first example of a readily acces-
sible Fe(u) catalytic system for the TH of nitriles. The reactions
utilize ammonia borane (AB) as a hydrogen source and apply to a
wide range of substrates, can be performed under mild con-
ditions, and do not require the use of a base co-catalyst.
Mechanistic studies suggest a metal-ligand cooperative route for
TH reaction enabled by the proton transfer from the aminopho-
sphine PN ligand.

Results and discussion

Preparation of PN complexes of Mn, Fe, and Co

The synthesis of (PN")MnBr(CO); (1-Mn), (PN")FeBr, (1-Fe),
and (PN")CoCl, (1-Co) is shown in Scheme 2. The aminopho-
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Scheme 2 Synthesis of PN complexes of Mn() (1-Mn), Fe(i) (1-Fe) and
Coli) (1-Co).
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sphine PN" ligand 1 was prepared by a straightforward reduc-
tive amination of 2-(diphenylphosphino)benzaldehyde with
aniline. The following metalation of 1 with MnBr(CO)s, FeBr,,
and CoCl, afforded complexes 1-Mn, 1-Fe, and 1-Co, respect-
ively. The obtained complexes were fully characterized, includ-
ing X-ray diffraction analysis. Complex 1-Mn is diamagnetic,
and its *"P{'"H}-NMR spectrum in CDCl; showed a singlet at Jp
37.9 ppm (8p 37.9 ppm in C¢Dg) for the coordinated PN™
ligand (vs. the *'P-resonance at §p —15.3 ppm in CDCl, for free
PN"). The "H-NMR spectrum of 1-Mn revealed a triplet for the
NH resonance at Sy 4.49 ppm (J = 10.9 Hz) and a doublet of
doublets for the methylene group at 6y 4.12 ppm (J = 3.3 Hz
and 11.8 Hz). Three non-equivalent CO ligands of 1-Mn gave
rise to three resonances at ¢ 212.6 ppm (br d, Jc_p = 36.2 Hz),
222.7 ppm (br d, Jcp = 21.9 Hz), and 223.3 ppm (br s) in its
BC{"H}-NMR spectrum in CDCl;. The presence of three CO
ligands in 1-Mn was also supported by the IR spectroscopy,
which revealed C=0 stretches at v 1897, 1941, and 2023 cm™".
The molecular structure of 1-Mn obtained by single crystal
X-ray analysis is shown in Fig. 1A, and the selected structural
parameters for 1-Mn are listed in Table 1. The complex adopts
an octahedral geometry, stabilizing an 18e valence shell. The
PN" ligand and two CO ligands of 1-Mn occupy equatorial
positions, whereas the residual CO ligand and the bromide are
located in apical positions, with the bromide and the NH
moiety being cis- to each other. Overall, the structural para-
meters of 1-Mn are similar to those previously reported for the
related aminophosphine Mn(1) tricarbonyl bromide
complexes.®

The reaction of the PN" ligand 1 with FeBr, afforded a para-
magnetic complex 1-Fe (Scheme 2). The "H-NMR analysis of 1-
Fe revealed very broad and uninformative spectra, consistent
with the paramagnetic nature of the complex. The magnetic
moment of 5.3up was determined for 1-Fe by solution measure-
ments using the Evans method,” which corresponds to a high-
spin (S = 2) Fe(u) d°® species having four unpaired electrons.
This suggests a tetrahedral geometry of the complex, which
was further supported by an X-ray diffraction analysis of single
crystals obtained by slow diffusion of hexanes into a CH,Cl,
solution of 1-Fe at room temperature. The molecular structure

Fig. 1 Molecular structures of (PN")MnBr(CO)s (1-Mn; A), (PN")FeBr, (1-Fe; B), and (PN")CoCl, (1-Co; C), depicted with 50% thermal ellipsoids
probability level (hydrogen atoms except for N—H are omitted for clarity). Selected bond distances (A) and angles (°) are shown in Table 1.
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Table 1 Selected bond distances (A) and angles (°) for complexes 1-Mn,
1-Fe, and 1-Co

(PN")MnBr(CO); (1-Mn)

Mn1-P1 2.3525(4) P1-Mn1-N1 89.66(3)
Mn1-N1 2.1696(12) C1-Mn1-Br1 175.06(5)
Mn1-Brl 2.5201(3) C1-Mn1-N1 92.52(6)
Mn1-C1 1.7972(16) C1-Mn1-C2 89.15(7)
Mn1-C2 1.8371(16) C1-Mn1-C3 92.58(7)
Mn1-C3 1.7946(15) C2-Mn1-C3 87.23(7)
P1-Mn1-C1 92.57(5) C2-Mn1-N1 93.68(6)
P1-Mn1-C2 176.18(5) C2-Mn1-Brl 87.00(5)
P1-Mn1-C3 89.28(5) C3-Mn1-N1 174.83(6)
P1-Mn1-Br1l 91.466(11) C3-Mn1-Brl 90.31(5)
N1-Mn1-Br1l 84.66(3)

(PN")FeBr, (1-Fe)

Fel-P1 2.4558(7) P1-Fel-Br1l 112.50(2)
Fel-N1 2.171(2) P1-Fel-Br2 115.51(2)
Fel-Bril 2.3812(4) Br1-Fel-Br2 117.941(17)
Fel-Br2 2.3648(4) Br1-Fel-N1 102.42(6)
P1-Fe1-N1 89.36(6) Br2-Fe1-N1 114.81(6)
(PN*)CoCl, (1-Co)

Co1-P1 2.3621(4) P1-Co1-Cl1 110.288(16)
Co1-N1 2.0805(12) P1-Co1-Cl2 109.769(17)
Co1-Cl1 2.1927(4) Cl1-Co1-Cl2 121.003(19)
Co1-Cl2 2.2301(4) Cl1-Co1-N1 108.42(4)
P1-Co1-N1 98.86(3) Cl2-Co1-N1 106.11(4)

of 1-Fe is depicted in Fig. 1 (selected structural parameters are
listed in Table 1), showing a coordinatively unsaturated tetra-
hedral Fe(u) d® centre with one of the bromides pointing
towards the NH moiety of the PN" ligand. The structural para-
meters of 1-Fe, including Fe-Br, Fe-N, and Fe-P bond dis-
tances, resemble those for the previously reported related
phosphinopyridine, phosphinophenanthridine, phosphino-
quinoline, and other ¥*-PN Fe(u) halides.®

Despite the coordinative unsaturation of 1-Fe, no addition
of CO to 1-Fe to give a low-spin (S = 0) dicarbonyl derivative
(PN"™)FeBr,(CO), was observed when the reaction of 1-Fe with
CO was performed in dichloromethane at room temperature. A
similar poor reactivity with CO has been previously reported by
Kirchner et al. for the related high-spin (PN™)FeBr, complex
(PN® = N-(diisopropylphosphino)pyridin-2-amine).?* In this
case, in addition to the unfavorable entropy of the formation
of (PN™)FeBr,(CO), (coupled with the low solubility of CO),
the more thermodynamically favorable product of CO addition,
cis-CO,trans-Br-(PN?)FeBr,(CO),, was found to be kinetically
labile and readily liberated CO at room temperature to recover
the starting high-spin complex (PN")FeBr,.

In contrast, the NMR scale reaction of the ligand 1 with cis-
FeBr,(CO), ° in CD,Cl, resulted in 20 min at room temperature
in a mixture of a paramagnetic complex 1-Fe (minor com-
ponent) and a diamagnetic low-spin (S = 0) carbonyl derivative
1-Fe’ assigned to cis-CO,cis-Br-(PN")FeBr,(CO), (major com-
ponent; Scheme 2)."° The latter species gave rise to a *'P-reso-
nance at §p 60.1 ppm (s) in its *'P{'"H}-NMR spectrum and
characteristic "H-NMR resonances at 6y 4.39 ppm (br d, J =
12.1 Hz), 4.92 ppm (d, J = 12.9 Hz) and 5.85 ppm (br s) for the
diastereotopic methylene protons and the NH moiety of the co-
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ordinated PN ligand, respectively. The cis-CO,cis-Br structure
of 1-Fe’ with one CO ligand being trans- to the amine donor of
the PN" ligand and another CO being trans- to the bromide
was suggested based on the ligand field considerations and is
consistent with the analogous cis-CO,cis-Br-(PN"™)FeBr,(CO),
complex, previously reported by Kirchner et al. and produced
by the reaction of cis-FeBr,(CO), with the PN® ligand.®*
contrast to Kirchner’s cis-CO,cis-Br-(PN™)
FeBr,(CO),, 1-Fe' turned out to be unstable in solution at room
temperature showing >90% decomposition within 7 h
(approx. 50% decomposition of 1-Fe’ was observed in 2 h at
room temperature in CD,Cl,)'° presumably via the release of
CO to give 1-Fe (Scheme 2). Due to the instability of 1-Fe’
and rather long C{"H}-NMR acquisition times, all attempts
to observe ')C-resonances for CO ligands of 1-Fe' were
unsuccessful. Nonetheless, freshly generated 1-Fe’ was sub-
jected to the IR analysis in CD,Cl,, which revealed two
characteristic stretches at v 2002 cm™ and 2050 cm™" for
two non-equivalent CO ligands, suggesting a cis-dicarbonyl
structure of the complex.®

Density functional theory (DFT)'" studies were conducted
to gain a better understanding of the thermodynamic stability
of 1-Fe' and its decomposition pathway to the high-spin low-
coordinate 1-Fe derivative. The stability of 1-Fe' relative to the
tetracoordinate complex 1-Fe (was set as 0.0 kecal mol™") was
evaluated by calculating the Gibbs free energy of the reaction
of 1-Fe with CO in CH,Cl, using PBE0-D3BJ/def2-TZVPP//M06-
L/def2-SVP.">® In agreement with the experimental results
(vide supra), these studies revealed that 1-Fe’ is by 13.1 kcal
mol ™" less stable compared to 1-Fe. The decomposition of 1-
Fe' to 1-Fe is likely initiated by the endergonic (by 3.5 kcal
mol ™) singlet to quintet spin state change with an associated
barrier of 13.6 kcal mol™', followed by the low barrier
(1.2-2.4 keal mol™") CO release to produce 1-Fe."®

Analogously to iron, the reaction of the aminophosphine
PN ligand 1 with CoCl, in THF at room temperature resulted
in a paramagnetic complex 1-Co (Scheme 2). Similar to 1-Fe,
the NMR analysis of 1-Co revealed very broad and uninforma-
tive spectra consistent with the paramagnetic nature of the
complex. The magnetic moment for 1-Co was determined by
Evans method’ and was found to be 4.19ujy, suggesting the
presence of a high-spin Co(u) d’ centre with three unpaired
electrons. The X-ray diffraction analysis of the single crystals of
1-Co obtained from its CH,Cl, solution at —30 °C revealed a
coordinatively unsaturated tetrahedral Co(u) complex (Fig. 1),
structural parameters of which are similar to those for 1-Fe
(Table 1). By analogy with 1-Co, a closely related iminopho-
sphine derivative (PN"")CoCl, (2-Co; DMP = 2,6-dimethyl-
phenyl) was obtained by the treatment of CoCl, with the
PNPMP ligand 2 in THF (Scheme 3). The single crystal X-ray
diffraction analysis of 2-Co also revealed an unsaturated tetra-
hedral structure of the complex (Fig. 2). Moreover, to compare
the catalytic performance of the secondary aminophosphine
PN" ligand 1 with its tertiary aminophosphine counterpart,
the PN™®? ligand 3 was also prepared from 2- (diphenylpho-
sphino)benzaldehyde (Scheme 3).

However, in
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Fig. 2 Molecular structure of (PNPMP)CoCl, (2-Co), depicted with 50%
thermal ellipsoids probability level (hydrogen atoms are omitted for
clarity). Selected bond distances (A): Col-P1 2.3313(6), Col-N1 2.0416
(19), Col-Cll 2.2177(6), Col-Cl2 2.2118(7). Selected bond angles (°):
P1-Col1-N1 91.82(5), P1-Col-Cl1 110.70(2), P1-Col-Cl2 112.12(3),
Cl1-Co1-ClI2 113.87(3), Cl1-Col1-N1 111.16(6), Cl2-Co1—-N1 115.19(6).

Catalytic transfer hydrogenation of nitriles

Having a series of aminophosphine PN complexes of Mn(),
Fe(u), and Co(u) in hands, we then tested their catalytic activi-
ties in the TH of nitriles with ammonia borane (NH;BH;; AB)
as the hydrogen source. Compared to alcohols, which are typi-
cally employed in the TH of carbonyl compounds,’? the use of
AB in the TH of nitriles eliminates the necessity of a base co-
catalyst’ and prevents possible amine-carbonyl condensation
side-reactions, expected for transformations in alcohol
media."” To compare the catalytic activities of the prepared
complexes, PhCN was chosen as a model substrate, and the
results of these catalytic trials are shown in Table 2. The reac-
tions were performed in the presence of 5 mol% of pre-cata-
lysts using 3 equiv. of AB. Based on the literature precedents,*
three solvents, toluene, hexanes, and 2-propanol, were chosen
as reaction media. Depending on the solvent, the conversion
of PhCN was determined by '"H-NMR using mesitylene as an
internal standard, followed by quenching the reaction mix-
tures with MeOH and HCI. The yield of the resulting benzy-
lammonium chloride (4) was determined by "H-NMR in D,O
using NaOAc as an internal standard. Notably, very low conver-
sions of PhCN (max. 7%) were observed under catalyst-free

16864 | Dalton Trans., 2024, 53, 16861-16870
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Table 2 Evaluation of catalytic activities of aminophosphine complexes
of Mn(), Fe(), and Co(i) in TH of PhCN with AB?

QCEN NH3BH3 HCl in Et,0 ©/\NH3C|
catalyst (x mol%)
solvent, T, °C 4
Entry Cat. (mol%) Solvent T,°C/t,h  Conv.”%  Yield,” %
1 — PhMe  60/24 ND? 3
2 1-Mn (5) PhMe  60/24 ND? 64
3 1-Fe (5) PhMe  60/24 >99 9
4 1-Co (5) PhMe  60/24 62 60
5 — Hex 60/24 ND? 2
6 1-Mn (5) Hex 60/24 ND? 62
7 1-Fe (5) Hex 60/24 >99 97°
8 1-Co (5) Hex 60/24 >99 85
9 2-Co (5) Hex 60/24 >99 81
10 — 'PrOH  80/24 ND“ 7
11 — 'PrOH  60/24 ND“ 6
12 1-Mn (5) 'PrOH  80/24 45 14/
13 1-Fe (5) 'PrOH  80/24 0 0
14 1-Co (5) 'PrOH  80/24 ND? 258

¢ Conditions: PhCN (0.24 mmol] AB (O 72 mmol; 3 equiv.), C =
0.12 mol L™, Determlned by '"H-NMR in the presence of mesitylene
as an internal standard. °Reactions were quenched with MeOH and
then with HCl. NMR yields of benzylammonium chloride (4 ( ) in D,O
were determined using NaOAc as an internal standard. ND = not
determined. ©12% with 1 mol% of 1-Fe (24 h, 60 °C); 3% at 25 °C
(24 h, 5 mol% of 1-Fe); 54% when the reaction was conducted for 6 h
(5 mol% of 1-Fe, 60 °C). /10% of Bn,NH,Cl were also detected by
TH-NMR. € 17% of Bn,NH,Cl were also detected by 'H-NMR.

conditions (entries 1, 5, 9, and 10). In contrast, catalytic reac-
tions in PhMe at 60 °C using 1-Mn, 1-Fe, and 1-Co selectively
afforded benzylamine products (entries 2-4). Among all tested
complexes, 1-Fe proved the most effective providing >99% con-
version of PhCN in 24 h at 60 °C with 94% yield of the benzy-
lammonium salt (entry 3). Pre-catalysts 1-Mn and 1-Co
afforded 64% and 60% of BnNH;Cl (Bn = benzyl), respectively
(entries 2 and 4). For 1-Co, trace amounts of dibenzylamine
hydrochloride were also detected by "H-NMR.

In less polar hexanes, 1-Mn revealed a similar catalytic
activity compared to the reaction in PhMe (entry 6 vs. entry 2);
whereas complexes 1-Fe and 1-Co proved more -effective
affording 97% and 85% of BnNH;Cl in 24 h at 60 °C, respect-
ively (entries 7 and 8). Noteworthy, lowering the loading of 1-
Fe to 1 mol%, reducing the reaction time to 6 h, or reducing
the reaction temperature to 25 °C resulted in significantly
lower yields of benzylamine hydrochloride (max. 54%).

Interestingly, the iminophosphine derivative 2-Co was also
active in the TH of PhCN with AB in hexanes, showing an 81%
yield of BnNH;ClI (entry 9 vs. 85% for the 1-Co-catalyzed reac-
tion in entry 8). This result coupled with a lack of the reactivity
for tertiary aminophosphine ligand 3 (vide infra) suggests a
possible in situ hydrogenation of the imino moiety of 2-Co to a
corresponding secondary aminophosphine derivative under
TH conditions. Similar hydrogenation of iminopyridine
ligands in Ru complexes has been previously reported by Keith
and Chianese et al.'®

On the other hand, the reduction of PhCN in 2-propanol
was found to be sluggish and afforded only max. 25% of

This journal is © The Royal Society of Chemistry 2024
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BnNH;Cl (entries 12-14 for 1-Mn, 1-Fe, and 1-Co, respectively).
Moreover, in 2-propanol, the reactions were found to be less
selective resulting in mixtures of BnNH;Cl with the secondary
amine derivative, Bn,NH,Cl (entries 11 and 13).

Encouraged by the high catalytic activity of 1-Fe as the first
example of an iron system for TH of nitriles, we further
explored the scope of nitrile substrates in 1-Fe-catalyzed TH
reactions (Scheme 4). To our delight, the system was found to
be compatible with both electron-rich (5, 6, 14) and electron-
deficient (7-13) aromatic nitriles, as well as with aliphatic sub-
strates (15-17), selectively affording the corresponding hydro-
chloride salts of primary amine products. Among 4-halobenzo-
nitriles (7-9), the 4-bromosubstituted derivative showed the
lowest conversion of the substrate (40%) and afforded only
10% of 4-Br-C¢H,CH,NH;Cl (9) suggesting catalyst de-
activation via C-Br bond cleavage.'® The 1-Fe-catalyzed TH of
methyl 4-cyanobenzoate, 4-cyano-N,N-dimethylbenzamide and
2-cyanothiophene was found to be chemoselective, albeit

3 NH3BH;
1-Fe (5 mol%) 1. MeOH (exc.)

R—C=N R NHCI
hexanes, 60 °C, 24 h 2. HCl in Et,0

17 substrates

Substrate scope?

NH,CI /©/\NH3CI /©/\NHSCI
Me,N

4, 97% (>99%) 5, >99% (>99%) 6, 54% (60%)

NH,CI /©/\NH30I /©/\NH30|

7" 98% (>99%)

QQ

8, 71% (91%) 9, 10% (40%)

NH3CI NHCI NHCI
Me,N
Fac 2

10°°, 69% 110¢, 76% 12°¢,90%

NH,CI
\ Nl /©/\NH30| /@/\/

13,67% 145¢ 21%9, 20%8
98%" (>99%°)

X
©/\/\NH3CI ©/\/\NH301 A~ NHC

16, 29%9 17°, 63%, 69%" 18°, 82% (>99%)
(from E-cinnamonitrile)

15°, 87% (>99%)

Scheme 4 Scope of 1-Fe-catalyzed transfer hydrogenation of nitriles.
2 Conditions: nitrile (0.24 mmol), AB (0.72 mmol), C = 0.12 mol L.
Yields of hydrochloride salts after quenching the reactions mixtures with
MeOH and then with HCl are shown (see the ESI for details), deter-
mined by *H-NMR in DO using NaOAc as an internal standard. Conv. of
nitriles are shown in parentheses, determined by *H-NMR taken directly
from reaction mixtures using mesitylene as an internal standard.
2100 °C, 24 h. € Conv. was not determined due to the partial solubility
of substrates in hexanes. 948% of hydrochloride salts resulting from
partial/complete reduction of the nitro group were detected. € 64% of
the product of complete reduction of both CN and NO, groups of the
substrate (p-ClHsN-CgH4-CH,NH3Cl) was observed. 6 equiv. of AB
were used. 928% of 3-phenylpropylamine hydrochloride was detected.
h With 4 equiv. of AB.
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required elevated temperatures (100 °C) for completion (11-13
in Scheme 4). In contrast, the TH of 4-nitrobenzonitrile with
AB turned out to be not selective and afforded only 21% of the
desired 4-nitrobenzylamine hydrochloride (14) in a mixture
with products of the nitro group reduction. Increasing the con-
centration of AB in the reduction of 4-nitrobenzonitrile
resulted in 64% of p-CIH;NCsH,CH,NH;Cl as a product of the
complete reduction of both cyano and nitro groups (20% of
4-nitrobenzylamine hydrochloride (14) were detected by
"H-NMR). Despite the lack of nitro vs. nitrile selectivity, these
observations suggest that 1-Fe could be also utilized in the TH
of nitro compounds.®® Such reactions are currently under
investigation in our laboratories and will be reported in due
course.

Generally, compared to benzonitriles, the 1-Fe-catalyzed TH
of aliphatic nitriles required more forcing conditions (100 °C,
24 h); however, almost quantitative conversions of the sub-
strates and good yields of the corresponding primary
ammonium salts were observed (15-18; Scheme 4). In no case,
the formation of secondary amine derivatives was detected.
Notably, similar to 4-nitrobenzonitrile, the 1-Fe-catalyzed TH
of E-cinnamonitrile was found to be non-chemoselective. At
60 °C with 3 equiv. of AB, only 29% of the corresponding
hydrochloride salt 16 was detected, along with 28% of the fully
reduced product, 3-phenylpropylamine hydrochloride 17.
Increasing the temperature of the reaction to 100 °C resulted
in the formation of 63% of 17. A similar yield of 17 (69%) was
also observed when the reaction was conducted with 4 equiv.
of AB for 24 h at 100 °C (Scheme 4).

Mechanistic aspects of transfer hydrogenation reactions

To shed some light on the mechanism of TH reactions, we per-
formed a series of control experiments as well as DFT calcu-
lations"* of the 1-Fe-catalyzed reduction of PhCN with AB.
First, the release of H, from AB in the presence of 5 mol% of
1-Fe was observed by the "H-NMR spectroscopy (6 4.47 ppm
in CeDg *")."® Second, considering the paramagnetic nature of
1-Fe, the possibility of the generation of a metal hydride
species was tested by the treatment of the structurally related
diamagnetic 1-Mn derivative with AB and LiBHEt;
(Scheme 5a). The stoichiometric reaction of 1-Mn with AB in
CsDs was monitored by NMR (Fig. S24 and S25 in the ESIY).
Immediately after mixing 1-Mn and AB, the formation of H,
was observed in the "H-NMR spectrum. Leaving the reaction
mixture for 18 h resulted in further H, release and the for-
mation of trace amounts of several hydride species, the major
of which was tentatively assigned to (PN")Mn(H)(CO); (1-MnH)
and characterized by the upfield 'H resonance at &y
—6.97 ppm (doublet) with a *J;_p coupling constant of 33.9 Hz.
The small value of the observed *f;_p coupling constant
suggested a mutually cis-arrangement of the Mn-bound
hydride and the phosphine arm of the coordinated PN* ligand
in 1-MnH. The subsequent heating of this sample at 60 °C for
6 h revealed the generation of small amounts of another
hydride species (6;; = —7.61 ppm, broad singlet) and the for-
mation of p-aminodiborane (ADB; g = —27.5 ppm) and bora-
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Scheme 5 Mechanistic control experiments.

zine (B3N3Hg; 8g = 29.9 ppm) as products of dehydrogenation
of AB.>?

Analogously, the room temperature reaction of 1-Mn with
LiBHEt; in C¢Dg was monitored by NMR for 21 h (Fig. S26 and
S27 in the ESIf). Immediately after mixing, the release of H,
was observed giving rise to a characteristic resonance at &y
4.47 ppm in the 'H-NMR spectrum.?! Similarly to the reaction
with AB, the formation of several hydride species was detected
within 6 h at room temperature. However, compared to the
reaction of 1-Mn with AB, the major product herein gave rise
to a slightly downfield shifted hydride resonance at &y
-3.93 ppm (d, >Jyp = 59.1 Hz) in the 'H-NMR spectrum,
coupled to the *'P-resonance at §p 63.1 ppm in the *'P{"H}-
NMR spectrum. Interestingly, the initial formation of trace
amounts of the same hydride complex was also seen in the
"H-NMR spectrum taken from the reaction of 1-Mn with AB
after 6 h at room temperature; however, unlike in the reaction
of 1-Mn with LiBHEts, this species was not the major hydride
product (Fig. S24 and S26 in the ESI}). Leaving the reaction of
1-Mn with LiBHEt; for 21 h at room temperature and releasing
the H, pressure resulted in the generation of the hydride
complex 1-MnH (6 6.97 ppm, d, *Jy_p = 33.9 Hz), previously
observed upon the treatment of 1-Mn with AB (vide supra).
Notably, the decomposition process via the release of the PN
ligand was also suggested based on the *'P{"H}-NMR analysis
of the reaction mixture (Fig. S27 in ESIt). Interestingly, the for-
mation of 1-MnH was also detected in the "H-NMR spectra
recorded directly from the reaction mixture during 1-Mn-cata-
lyzed TH of PhCN with AB in C¢Dg at 60 °C (Fig. S28 in the
ESIT), suggesting the intermediacy of the hydride species in
the TH catalysis.

To get some insights into the role of the aminophosphine
ligands, three comparative experiments were conducted for the
Fe-catalyzed reduction of PhCN with 3 equiv. of AB in the pres-
ence of PN" (1), PN"™* (2) and PN™*? (3) ligands (Scheme 5b).
The iron bromide pre-catalysts were generated in situ from
FeBr, and the corresponding ligand (1, 2 or 3). Thus, the
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addition of AB to PhCN in the presence of 5 mol% of FeBr,
and 5 mol% of the ligand 1 in PhMe resulted after 24 h at
60 °C in 85% of benzylamine hydrochloride 4. These obser-
vations correlate well with the previously discussed catalytic
activity of 1-Fe (Table 1, entry 3). Replacing ligand 1 with the
iminophosphine ligand 2 resulted in 59% of BnNH;CL On the
other hand, the analogous reduction of PhCN with AB using
5 mol% of FeBr, and 5 mol% of the PN™** ligand 3 afforded
only about 3% of BnNH;Cl. Such a drastic difference in the
reactivity of the secondary aminophosphine ligand 1 vs. the
tertiary aminophosphine ligand 3 suggests that the acidic NH
proton in the amine arm of the ligand is crucial for catalytic
turnover. For iminophosphine derivative 2, which showed
intermediate activity compared to ligands 1 and 3, the in situ
reduction of the imine group to the corresponding secondary
amine functionality could be suggested, and similar trans-
formations have been previously documented in the litera-
ture.'® Likely, the TH reactions proceed via a metal-ligand
cooperative pathway that involves the NH proton transfer from
the PN ligand and the formation of the metal amide species
(Scheme 6)."** Moreover, poor catalytic turnover observed for
the tertiary aminophosphine ligand 3 could also rule out poss-
ible metal-centered hydroboration routes*® and the routes that
involve a proton transfer from AB.*"**

To test possible inner-sphere (a stepwise hydride and
proton transfer route A; Scheme 6) vs. outer-sphere (a con-
certed route B; Scheme 6) pathways” of the 1-Fe-catalyzed TH
we turned to DFT calculations'" of the 1-Fe-catalyzed reduction
of PhCN with AB. Geometries were optimized using the M06-L
functional™ and the def2-SVP basis set," followed by single-
point calculations performed at the PBEO-D3BJ/def2-TZVPP
theory level.”>™'® Based on experimental observations for the
reaction of the related 1-Mn with AB (vide supra) and the litera-
ture precedents for activation of metal halide pre-catalysts with
AB to generate a catalytically active metal hydride species,****
the reaction of 1-Fe with AB likely produces the hydride catalyst
akin to 1-FeH in Scheme 6.%° In the inner-sphere mechanism,
considering the unsaturated nature of 1-FeH, the coordination
of PhCN to the iron centre can generate the intermediate Int-1,
and this process was found to be endergonic by 4.8 kcal mol ™
(route A, Scheme 6). The subsequent migratory insertion of the
nitrile into the Fe-H bond of Int-1 to generate the imido inter-
mediate Int-2 has an associated barrier of 12.4 kcal mol™*
(TS-1) but was determined to be exergonic by 13.6 kcal mol ™.
Int-2 can then undergo a proton transfer from the PN* ligand
to the imide substituent (see TS-2, 11.4 kcal mol™"), affording
an imine and an iron amide intermediate Int-3. This process
turned out to be slightly endergonic by 5.1 kcal mol™'. The
overall barrier for the inner-sphere reduction of PhCN to the
imine intermediate was calculated to be 17.2 kcal mol™;
however, a slightly lower Gibbs free energy barrier of 12.7 kcal
mol " was observed using M06-L/def2-SVP."°

Despite the coordinative unsaturation of 1-FeH, the outer-
sphere mechanism of the reduction of PhCN (route B,
Scheme 6) to PhnCH=NH seems somewhat more favorable,
showing a barrier of 11.6 kcal mol™ (10.6 kcal mol™" using

This journal is © The Royal Society of Chemistry 2024
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free energies are shown in kcal mol™; values in parentheses reflect Gibbs free energy barriers). 2 The value of —14.6 kcal mol™ is the calculated
Gibbs free energy for the overall reaction of PhCN with AB to produce PhACH=NH and NH,BH,.

MO06-L/def2-SVP; compared to 17.2 kcal mol™' using PBEO-
D3BJ/def2-TZVPP and 12.7 kcal mol™" using M06-L/def2-SVP
for the inner sphere pathway) with an asymmetric concerted
transition state TS-3. However, the observed energy values
difference for the inner- vs. outer-sphere routes does not allow
for complete differentiation between the two possible reaction
pathways, and both mechanisms seem possible under the
applied reaction conditions (>60 °C, 24 h; Scheme 4). Notably,
a small difference in barriers for inner- and outer-sphere
mechanisms is in line with our previous findings that 1-Fe is
more stable than the coordinatively saturated 1-Fe'
(Scheme S1t). Moreover, both routes presented in Scheme 6
share the same catalyst regeneration step by the dehydrogena-
tion of AB with an amide intermediate Int-3. This latter trans-
formation was found to be practically thermoneutral but
showed the highest Gibbs free energy barrier of 19.5 kcal
mol " (20.7 keal mol™" using M06-L/def2-SVP'). Interestingly,
the dehydrogenation of AB was also suggested to proceed via
an outer-sphere pathway (see route B in Scheme 6);*’ although,
a highly asynchronous transfer of the proton and the hydride
to nitrogen and iron, respectively, was found, with the highest
transition state TS-5 and a barrier of 18.7 kcal mol™ being
associated with the release of NH,BH, from a low energy boro-
hydride intermediate Int-4.

After the first hydrogen transfer cycle (Scheme 6), the pro-
duced primary imine intermediate PhC(H)=NH can be
reduced to benzylamine via analogous mechanisms, or in a
catalyst-free fashion. The possibility of the catalyst-free reac-
tion was tested in the reduction of N-benzylideneaniline with 2
equiv. of AB, showing a 25% yield of N-benzylaniline hydro-
chloride under both 1-Fe-catalyzed and catalyst-free con-
ditions." Based on these observations and considering a well-

This journal is © The Royal Society of Chemistry 2024

known greater reactivity of primary vs. secondary imines, one
could suggest that the reduction of PhC(H)=NH with AB may
not necessarily require the catalyst.

Conclusions

In summary, a series of aminophosphine PN complexes of
Mn(i) (1-Mn), Fe(u) (1-Fe), and Co(u) (1-Co) were prepared and
tested as pre-catalysts in the reduction of nitriles with AB.
Among all investigated systems, the iron complex 1-Fe showed
the greatest catalytic activity, presenting the first example of an
iron catalyst for TH of nitriles and a rare example of an iron
TH catalyst beyond the reduction of carbonyl compounds. The
system was found applicable to a wide scope of substrates,
including aromatic and aliphatic derivatives, selectively
affording primary amines and tolerating ester, carboxamide,
and thiophene functionalities. Based on a series of control
experiments as well as DFT calculations, the 1-Fe-catalyzed TH
of nitriles was suggested to proceed via a hydride metal-ligand
cooperative mechanism, enabled by the NH proton transfer
from the secondary aminophosphine PN" ligand. Further
studies of the catalytic activity of 1-Fe in the TH of other unsa-
turated N-containing organic molecules (such as nitro com-
pounds, N-heteroarenes, etc.) are currently undergoing in our
laboratories.

Experimental section

General experimental methods, complete experimental, spec-
troscopic, computational details, and crystallographic data for
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1-Mn, 1-Fe, 1-Co, and 2-Co are described in the ESLft cis-
FeBr,(CO), ° and the iminophosphine PN"™F ligand 2 *® were
prepared according to the literature procedures.

Preparation of PN ligand 1

2-(Diphenylphosphino)benzaldehyde (1 g, 3.44 mmol), aniline
(336 mg, 3.61 mmol), and NaBH(OAc); (2.18 g, 10.32 mmol)
were mixed in dichloroethane (DCE) (80 mL), and the resulting
mixture was stirred at room temperature for 24 h. After the reac-
tion was completed, 40 mL of saturated NaHCO; solution was
added portionwise to the mixture. The solvent was evaporated,
25 mL of degassed water was added, and the product was
extracted with CH,Cl, (3 x 7 mL). The organic fraction was col-
lected and dried over Na,SO,. The solvent was pumped off result-
ing in a white solid product, which was dried in vacuum
(677.4 mg, 64%). 'H-NMR (500 MHz; CDCl3; 6, ppm): 7.51-7.48
(m, 1 H, aromatic); 7.39-7.27 (m, 11 H, aromatic); 7.19 (t, J = 7.4
Hz, 1 H, aromatic); 7.10 (t, J = 7.8 Hz, 2 H, aromatic); 6.95-6.91
(m, 1 H, aromatic); 6.67 (t, J = 7.3 Hz, 1 H, aromatic); 6.41 (d, J =
8.1 Hz, 2 H, aromatic); 4.50 (s, 2 H, CH,N(H)Ph); 3.94 (br s, 1 H,
NH). PC{'"H}-NMR (126 MHz; CDCl; 8, ppm): 147.8 (s); 143.4 (d,
J=23.1Hz); 136.4 (d,J = 9.7 Hz); 135.9 (d, J = 14.9 Hz); 134.1 (d, J
= 19.8 Hz); 133.7 (s); 129.21 (s); 129.18 (s); 129.0 (s); 128.8 (d, ] =
7.1 Hz); 128.3 (d, J = 5.3 Hz); 127.6 (s); 117.5 (s); 113.0 (s); 47.0 (d,
J = 23.4 Hz); *'P{'"H}-NMR (202.5 MHz; CDCls; §, ppm): —15.3 (s,
1 P, PPh,). NMR data are consistent with those previously
reported in the literature.*

Preparation of PN ligand 3

[Me,NH,|Cl (252.8 mg, 3.10 mmol) and NEt; (432 pL,
3.10 mmol) were added one by one at room temperature to a
solution of 2-(diphenylphosphino)benzaldehyde (300 mg,
1.03 mmol) in 5 mL of MeOH. The reaction mixture was
stirred overnight at room temperature forming a yellow sus-
pension. The mixture was cooled to —5 °C, and NaBH,
(101.6 mg, 2.69 mmol) was added portionwise during 1 h.
When the addition of NaBH, was complete, the reaction was
stirred at room temperature overnight. The solvent was
pumped off; the residue was redissolved in 25 mL of benzene
and filtered through a short column of silica gel. Removal of
benzene in vacuum yielded a yellowish oil of ligand 3
(151.3 mg, 46%). 'H-NMR (500 MHz; CDCl;; 8, ppm):
7.44-7.46 (m, 1 H, aromatic); 7.28-7.33 (m, 7 H, aromatic);
7.22-7.27 (m, 4 H, aromatic); 7.14 (t, J = 7.5 Hz, 1 H, aromatic);
6.86-6.92 (m, 1 H, aromatic); 3.60 (s, 2 H, CH,NMe,), 2.06 (s, 6
H, NMe,). *"P{'"H}-NMR (202.5 MHz; CDCls; §, ppm): —14.77 (s,
1 P, PPh,). C{"H}-NMR (126 MHz; CDCls; 5, ppm): 144.2 (d, J
=22.2 Hz); 137.9 (d, J = 10.2 HZ); 136.8 (d, J = 15.2 HZ); 134.0
(s); 133.8 (s); 129.1 (d, J = 5.4 Hz); 128.7 (s); 128.5 (d, J = 6.9
Hz); 128.4 (s); 127.2 (s); 62.3 (d, J = 17.9 Hz); 44.8 (s). NMR
data are consistent with those previously reported in the
literature.°

Preparation of (PN")MnBr(CO); (1-Mn)

A solution of ligand 1 (93.6 mg, 0.255 mmol) in 10 mL of
PhMe was added at room temperature to Mn(CO)sBr (70.0 mg,
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0.255 mmol) in 10 mL of PhMe. The resulting mixture was stirred
at 80 °C for 24 h to give an orange suspension. The solvent was
pumped off; the residue was dried in vacuum and recrystallized
from CH,Cl,y/hexanes to give an orange solid (106.3 mg, 71%).
'H-NMR (500 MHz; C¢Dg; 8, ppm): 8.30 (br s, 2 H, aromatic);
7.30-7.36 (m, 2 H, aromatic); 6.86-7.10 (m, 13 H, aromatic);
6.78-6.82 (m, 1 H, aromatic); 6.56-6.61 (m, 1 H, aromatic); 5.02
(d, ] =10.1 Hz, 1 H); 4.23-4.33 (m, 1 H); 3.60 (dd, J = 12.0, 3.9 Hz,
1 H). *'P{'"H}-NMR (202.5 MHz; C¢Ds; 8, ppm): 38.3 (s, 1 P, PPh,).
3p{'"H}-NMR (202.5 MHz; CDCl;; 6, ppm): 37.9 (s, 1 P, PPh,). °C
{"H}-NMR (126 MHz; CDCly; 6, ppm): 223.3 (br s, CO); 222.7 (br
d,J = 21.9 Hz, CO); 212.6 (br d, J = 36.2 Hz, CO); 153.5 (s); 138.7
(d,J = 16.1 Hz); 136.1 (d, J = 9.7 Hz); 133.5 (s); 132.8 (d, ] = 10.3
Hz); 131.7 (s); 131.41 (s); 131.37 (d, J = 6.3 Hz); 130.7 (s); 130.4 (d,
J = 6.0 Hz); 129.8 (s); 129.1 (d, J = 9.3 Hz); 128.9 (d, J = 9.7 Hz);
121.5 (s); 118.6 (s); 59.8 (d, J = 10.7 Hz). IR (nujol; selected
stretches, cm™): 1897 (CO), 1941 (CO), 2023 (CO). Elem. analysis
(%): caled for CygH,,BrMnNO;P: C 57.36, H 3.78, N 2.39; found:
C: 57.26, H 3.48, N 2.77.

Preparation of (PN")FeBr, (1-Fe)

A solution of ligand 1 (136 mg, 0.37 mmol) in 20 mL of PhMe
was added at room temperature to FeBr, (79.8 mg, 0.37 mmol)
in 10 mL of PhMe. The resulting mixture was stirred at room
temperature for 24 h, the solvent was pumped off to give a
brown residue which was dried in vacuum and recrystallized
from CH,Cl,/hexanes to give a brown solid (168.3 mg, 78%).
The produced compound is paramagnetic, . = 5.3pp (deter-
mined by Evans method” in CHCl; with a CDCl; insert). Elem.
analysis (%): caled for C,5H,,Br,FeNP: C 51.50, H 3.80, N 2.40;
found: C: 51.11, H 4.17, N 2.19.

Preparation of (PN*)CoCl, (1-Co)

A solution of ligand 1 (100 mg, 0.27 mmol) in 20 mL of THF
was added at room temperature to anhydrous CoCl, (35.3 mg,
0.27 mmol). The resulting mixture was stirred at room temp-
erature for 24 h. The solvent was pumped off; the blue residue
was dried in vacuum and recrystallized from CH,Cl,/hexanes
to give bright blue crystals of 1-Co (57.1 mg, 42%). The pro-
duced compound is paramagnetic, g = 4.19up (determined
by Evans method” in CHCl; with a CDCl; insert). Elem. ana-
lysis (%): caled for C,5H,,Cl,CoNP: C 60.39, H 4.46, N 2.82;
found: C: 60.02, H 4.77, N 3.01.

Preparation of (PN"™")CoCl, (2-Co)

The reaction was done analogously to the preparation of 1-Co.
A yellow solution of ligand 2 (93.1 mg, 0.237 mmol) in 5 mL of
THF was added at room temperature to anhydrous CoCl,
(30.8 mg, 0.237 mmol). Immediately after mixing, the color of
the mixture turned green and then, within 10 min of stirring
at room temperature, to dark blue. The resulting mixture con-
tinued to stir at room temperature for 24 h. The solvent was
pumped off; the obtained residue was dried in vacuum and
recrystallized from CH,Cl,/hexanes to give blue crystals of 2-Co
(69.5 mg, 56%). Elem. analysis (%): calcd for C,,;H,4Cl,CONP:
C 61.97, H 4.62, N 2.68; found: C: 62.13, H 4.92, N 3.05.
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General procedure for catalytic TH reactions

In a typical procedure, AB (22.2 mg, 0.72 mmol; 3 equiv. to the
substrate) and the metal pre-catalyst (either 1-Mn, 1-Fe or 1-
Co) (0.012 mmol; 5 mol% to the substrate) were weighed in a
10 mL Supelco headspace vial. A nitrile substrate (0.24 mmol)
in a corresponding solvent (PhMe, C¢Ds, hexanes, or ‘PrOH)
was added to the vial to achieve a 0.12 mol L™ reaction
mixture. The vial was equipped with a magnetic stirring bar
and sealed under argon with a magnetic screw cap having
PTFE-faced butyl septa. Depending on the substrate and the
solvent used, the resulting mixture was left with stirring for
24 h either at 60 °C, 80 °C, or 100 °C (oil bath). After the reac-
tion completion, mesitylene (0.1-0.2 equiv. to the substrate)
was added as an internal standard, and the mixture was trans-
ferred to an NMR tube and submitted for '"H-NMR analysis.
Conversions of substrates were calculated (where possible) by
the integration of substrate resonances against those for mesity-
lene. Then, the reaction mixture was quenched with 5 mL of
MeOH (5 mL; 3 h of stirring at room temperature) (this step was
omitted for reactions performed in ‘PrOH). The obtained metha-
nol solution was filtered through a Celite pad, and the solvent
was pumped off. The residue was dissolved in Et,O (5 mL), and
HCI (1 mL of a 1 M solution in Et,O) was added. After continuous
stirring for 3 h at room temperature, the formed precipitate was
allowed to settle, the solvent was decanted, and the precipitate
was washed with Et,0O (3 x 5 mL), dried in vacuum, weighed, and
dissolved in D,O. The resulting solution was submitted for NMR
analysis using CH;COONa (0.12 mmol) as an internal standard.
Yields of the produced amine hydrochlorides were determined by
"H-NMR. The reactions with lower/higher loadings of AB and/or
the pre-catalyst and control experiment at lower temperatures
and/or in the absence of a metal pre-catalyst were performed ana-
logously. Conversions of substrates and yields of the hydro-
chloride salts can be found in Scheme 4. NMR data for amine
hydrochlorides and the corresponding NMR spectra can be found
in the ESL{
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