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An iron dihydrido complex [(MesPNP™)Fe(H),(N,)] with a bulky tetramethylated PNP pincer ligand,
Me4PNP™ is an active catalyst for full hydrogenation of internal alkynes and alkenes, while its reactivity
with terminal alkynes leads to its deactivation via bis-acetylide complex formation. Such reactivity is dis-
tinctly different from that of the previously reported hydrido-borohydrido complex [(Me4PNP™)FeH(n2-
BH4)], which showed selective semihydrogenation of terminal alkynes, but was unreactive toward alkenes
and internal alkynes. This is also in contrast to the reactivity of the Fe" dihydride analogue with a classical,
CHy-arm PNP pincer ligand, [(C"2PNP)Fe(H),(N5)]l, which showed low conversion with internal alkenes
and quick degradation. A combined experimental and DFT study was employed to elucidate the differ-
ences in the selectivity of alkyne hydrogenation as a function of the complex structure and the ligand
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Introduction

The development of new catalysts based on Earth-abundant
and non-toxic metals such as iron as an alternative to precious
metal-based catalysts for hydrogenation is an important goal
toward sustainable and cost-efficient catalytic processes. Many
examples of structurally diverse first-row transition metal
hydrides have been reported as catalysts for hydrogenation of
alkenes and alkynes, many of which are supported by strongly
chelating, tridentate pincer ligands."™" In this regard, iron is
an ideal metal for catalysis, due to its low cost, comparatively
low toxicity, and high abundance.'>>*

The Chirik group reported the bis(imino)pyridine-ligated
[(*'PDI)Fe(N,),] complex (F*'PDI = 2,6-(2,6-Pr,CeH;N =
CMe),CsH;N), which forms an Fe® dihydrogen complex in
solution in the presence of H,, demonstrating catalytic activity
with a broad substrate scope, including olefins with diverse
functional groups and internal alkynes.”® Later, the same
group reported the dinitrogen cis-dihydride complex
[(C"2PNP")FeH,(N,)], which promotes hydrogenation of
1-hexene under 4 bar of H, with a conversion of more than
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as a function of steric congestion at the ligand.

98%, whereas only 10% of the cyclohexene was converted into
hydrogenated cyclohexane. The lack of reactivity in hydrogen-
ation of internal alkenes was attributed to the low stability of
the complex.>* Later, a different multidentate ligand, bis(aryli-
midazol-2-ylidene)pyridinyl, was introduced to produce
[(RCNC)Fe(N,),] (R = Me, Mes) complexes, which were active
catalysts for the hydrogenation of challenging trisubstituted
and tetrasubstituted alkenes.”® An acridine-derived pincer
complex [(*“RPNP)Fe(CH;CN)(n*-CH;CHCNBH;)], reported by
the Milstein group, hydrogenates internal alkynes very efficien-
tly at a high temperature of 90 °C.*® Jones and co-workers
reported the hydrogenation of styrene derivatives using the ali-
phatic pincer complex [(PN"P*")Fe(H),(CO)] (PN"P*" = NH
(CH, CH,PiPr,),) as a catalyst; in this work, while various
styrene derivatives were reduced with high conversion and
selectivity, nonpolar aliphatic alkenes such as 1-hexene were
unreactive even at increased temperature and pressure.”’
Subsequently, Gade and co-workers reported high-spin, bis
(phosphino)carbazole [(PNP)Fe(alkyl)] pincer complexes that
functioned as precatalysts for alkene hydrogenation: secondary
aliphatic alkenes, such as 2-pentene and 2-hexene, were hydro-
genated, while E-stilbene gave only 34% conversion after 3
days.”® The Turculet group reported a [(PSiP)Fe"(H)(N,),] pre-
catalyst for the hydrogenation of a variety of alkenes at a
higher H, pressure of 10 bar at 65 °C.>* Finally, Kirchner and
co-workers developed ("™M°PNP)Fe hydride cationic pincer com-
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plexes supported by an N-Me arm that catalyze the semihydro-
genation of internal alkynes.*°

Overall, previous work in the area by a number of groups
outlined above shows that modification of the pincer ligand
framework can be used as a strategy to achieve the desired
level of activity and selectivity. The caveat is that preparation of
a different ligand scaffold is required to achieve hydrogenation
of various substrates such as cyclic, acyclic (internal and term-
inal) alkenes, terminal alkynes, and internal alkynes. From a
practical point of view however, the ability to maintain the
same pincer ligand framework while modulating the iron
hydride activity by more convenient methods, such as choos-
ing different hydride sources during complex synthesis or pre-
catalyst activation, would provide a more convenient synthetic
approach to achieve the desired catalytic reactivity without
elaborate ligand modifications. Moreover, if significant
changes in the activity and selectivity are achieved, it would
provide important insight into reactivity control in iron
hydride catalysis.

In this work, we demonstrate that the reactivity and selecti-
vity of iron hydrides obtained from the same iron dibromide
precursor supported by the bulky Me,PNP"" ligand can be
controlled by the choice of the hydride source (Fig. 1).
Significantly enhanced reactivity is obtained, leading to full
hydrogenation of internal alkynes and hydrogenation of term-
inal and internal alkenes, when using the neutral [(Me,PNP™")
Fe(H),(N,)] complex obtained from iron dibromide and
NaHBEt; or LiHBEt;. This can be contrasted to a previously
reported hydride complex with the same ligand, [(Me,PNP™")
Fe(H)(n>-BH,)], obtained by treatment of iron dibromide with
NaBH,, which was selective toward terminal alkyne semihydro-
genation only, and was inactive towards alkenes and internal
alkynes. The presence of a sterically congested pincer ligand in
[(Me,PNP™")Fe(H),(N,)] plays a role, as the analogous non-
bulky analogue containing a classical, non-methylated CH,-
arm “"PNP ligand showed limited stability and a lack of reac-
tivity with internal alkenes. Therefore, both steric bulk and the
hydride source serve as convenient tools to control catalyst
selectivity and reactivity within the same family of structurally
similar Fe complexes.

obtained using Na(or Li)BHEt;

obtained using NaBH,

 Active with alkenes #¢ Inactive with alkenes

J Active with internal alkynes ¥ Inactive with internal alkynes

Active and selective in terminal

#¢ Inactive in terminal alkyne
alkyne semihydrogenation

hydrogenation

Fig. 1 Comparison of the reactivity of (Me4,PNP*)Fe hydride complexes
in catalytic hydrogenation of alkenes and alkynes at room temperature.
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Results and discussion

Synthesis of iron dibromide, dihydride, and dicarbonyl
complexes

[(MePNP*")FeBr,] complex 1 was obtained in 93% yield by stir-
ring equivalent amounts of a tetramethylated PNP pincer
ligand, Me,PNP'™", and anhydrous FeBr, at room temperature
(RT) overnight (Scheme 1). A similar synthetic procedure has
been previously used to prepare other iron(u) dihalide com-
plexes with pincer ligands.>"**> Paramagnetic complex 1 was
characterized by UV-vis, FT-IR spectroscopy, and single-crystal
X-ray diffraction (SC-XRD). Complex 1 shows a distorted penta-
coordinate geometry with P1-Fe1-P2, N1-Fel-Brl, and N1-
Fel-Br2 angles of 152.78(3)°, 127.45(5)°, and 123.31(5)°,
respectively. The geometry index (r5) of complex 1 is 0.42,
indicative of a geometrical intermediate between square pyra-
midal (with 75 = 0 expected for an ideal square pyramidal struc-
ture) and a trigonal bipyramidal structure (with 75 = 1 expected
for an ideal trigonal bipyramidal structure). The Fe-N distance
is 2.278(2) A, and the Fe-P distances are 2.4859(7) and 2.4755
(7) A. The magnetic moment of complex 1 was measured by
the Evans method in solution at RT, giving a ¢ value of 4.9up
in CD,Cl, solution, reflecting four unpaired d-electrons in a
high-spin complex. Treatment of complex 1 with 2.2 equiv. of
NaBHEt; or LiBHEt; under an atmosphere of dinitrogen
resulted in a diamagnetic, violet solution that contained
complex 2 [(Me,PNP'*")FeH,(N,)] (Scheme 1), which was identi-
fied by NMR spectroscopy. Cooling the pentane solution of 2
to —35 °C produced single crystals suitable for SC-XRD that
confirmed the presence of a coordinated dinitrogen ligand,
along with two hydride ligands (Fig. 2).

B
_
FeBr, (1 equiv) 'T‘
-

PPr, PiPr, THF, RT 'PrZP—/Fe\”—P'Pr

ligand overnight Br Br

| X
NaHBEtg/or LiHBEt, N/
(2.2 equiv.) H

'PrzP—Fe '—pipr, 'PrszFe ~——PiPr,
benzene-dg, RT Ny |
Br Br

N, atm.
1

N
| s
Na/Hg (2.5 equiv) N

|
iPr. P—Fe —PiPr, R i
2 2 Pentane, RT Pr2P Fi —P'Pr,
B’ “Br CO atm. oc co
1 3

Scheme 1 Synthesis of iron complexes with the Me4PNP'Pr ligand.
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Fig. 2 Structure of complex 2 with thermal ellipsoids at the 70% prob-
ability level for nonhydrogen atoms. Hydrogen atoms except for [Fe—]H1
and [Fe—]H2 are omitted for clarity. Selected internuclear distances [A]
and valence angles [°]: Fel-P1 2.1521(6), Fel-P2 2.1458(7), Fel-N1
2.004(2), Fe1-N2 1.794(2), Fe1-H1 1.547(10), Fe1-H2 1.520(10), P1-Fel—
P2 162.12(3), N1-Fel-P1 86.15(6), N1-Fel-P2 86.70(6), N1-Fel-H1
168.7(15), N1-Fel-H2 90.1(14), N1-Fel-N2 99.57(9), H1-Fel-H2 79(2),
and H1-Fel-N2 91.7(15).

Due to the product’s limited stability, characterization was
performed in situ just after mixing complex 1 with NaBHEt; or
LiBHEt; in benzene-ds. An almost complete conversion of iron
dibromide complex 1 to complex 2, [(Me,PNP)FeH,(N,)], in the
presence of either NaBHEt; or LiBHEt;, was established by
integration against mesitylene as an internal standard. The "H
NMR spectrum exhibited diagnostic resonances for the two
inequivalent hydrides that appear as two triplets of doublets
centered at —18.30 (Jy_u = 21 Hz, Jp. = 45 Hz) and —11.8 ppm
(Jtz-x = 21 Hz, Jpiy = 57 Hz). The appearance of two inequiva-
lent iron hydrides in the NMR spectrum suggests that the solu-
tion structure is analogous to the X-ray structure (Fig. 1) where
they are present in mutually cis-positions, with another coordi-
nation site occupied by dinitrogen. The *'P{"H} spectrum exhi-
bits a resonance at 123.7 ppm. Dinitrogen coordination to
complex 2 was also confirmed through infrared spectroscopy,
which exhibited an N=N stretch at 2007 cm™". This frequency
is lower than the N, stretch at 2016 cm™* reported for Chirik’s
complex [(C"*PNP™"FeH,(N,)] suggesting the presence of a
more electron-rich Fe center in arm-methylated 2.>*

We further attempted to obtain a stable Fe’-dicarbonyl
complex by treatment of complex 1 with 20% sodium
amalgam in pentane under a carbon monoxide atmosphere,
similar to the synthetic approach reported for the CH,-arm
CH2pNP*" ligand by Chirik and co-workers, which produced a
blue color solution after 12 h.>* Filtration followed by evapor-
ation of pentane provided a brownish-red solid (complex 3),
whose structure was confirmed by NMR, IR, UV spectroscopy,
and single-crystal X-ray diffraction. The CO peak is observed at
222 ppm in the "*C{'"H} NMR spectrum. The SC-XRD structure
of complex 3 features P1-Fe1-P2, N1-Fe1-C1, N1-Fe1-C2, and
C1-Fe-C2 angles of 164.971(18)°, 120.17(6)°, 119.81(6)°, and
120.02(7)°, respectively, where two carbonyls and a pyridine

This journal is © The Royal Society of Chemistry 2025
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nitrogen form an equatorial plane, and two phosphorus
donors are axial, with a slight bend towards the pyridine ring
(Fig. 3). The C-O bond distances in the carbonyls are 1.180(2)
A and 1.178(2) A, longer than the carbonyl C-O bond distances
in the analogous CH,-arm [(“"*PNP"")Fe(CO),] complex
reported by Chirik and co-workers (1.1734(11) A). The Fe-C
bond distances in 3 are 1.7417(15) A and 1.7438(16) A, slightly
longer than those reported in [(“"?PNP*")Fe(CO),] (1.7325(9)
A), but still within the range reported for Fe(0) dicarbonyl com-
plexes supported by PNP pincer ligands.**?

The geometry index (z5) of complex 3 is 0.75, exhibiting a
preference for the distorted trigonal bipyramidal structure.
The Fe-N distance is 2.0575(12) A, and the Fe-P distances are
both equal to 2.1873(4) A, which are only slightly shorter as
compared to a previously reported [("?PNP)Fe(CO),]
complex.”* Two intense carbonyl bands were observed in the
solid-state infrared spectrum at 1835 and 1774 cm™', as
expected for cis-dicarbonyl complexes. The CO stretching
vibrations in 3 are present at lower frequencies compared to
the nearly trigonal bipyramidal dicarbonyl complexes with a
CH,-arm [(“"?PNP"™")Fe(CO),] (1842 and 1794 cm™")** and
Kirchner's NH-arm and NMe-arm analogues [(""PNP"")Fe
(CO),] (1866 and 1816 cm™) [("°PNP")Fe(CO),] (1856 and
1802 c¢cm™') which exhibited CO stretches at even higher
frequencies.’®*® This reflects the more electron-rich character
of the Fe center that engages in stronger n-backdonation to
CO. The series of complexes arranged by back-donation can be
ranked as follows: Me,PNPI’" > CHZpNpIPr - NMepNpiPr o
NHpNP*', consistent with the Me,PNP™ ligand being the
strongest electron donor. Compared to other PNP-donor
pincer motifs, the CO stretching frequencies in 3 are similar to
those reported for square pyramidal and trigonal bipyramidal
Fe(0) dicarbonyl complexes with aliphatic PN*'P ligands (in the
range of 1884-1760 cm ');>**>*7 however, they are higher

Fig. 3 Structure of complex 3 with thermal ellipsoids at the 70% prob-
ability level for nonhydrogen atoms. Hydrogen atoms are omitted for
clarity. Selected interatomic distances [A] and valence angles [°]: Fe1-P1
2.1873(4), Fel-P2 2.1873(4), Fe1-N1 2.0575(12), Fel-C1 1.7417(15), Fel-
C2 1.7438(16), P1-Fel-P2 164.971(18), N1-Fel-P1 82.23(4), N1-Fel-P2
82.75(4), N1-Fel-C1 120.17(6), N1-Fel-C2 119.81(6), and C1-Fel-C2
120.02(7).
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when compared to a dicarbonyl with an anionic pyrrole-based
PNP ligand (1787 and 1731 em™').%®

Catalytic reactivity in hydrogenation

To study the reactivity of complex 1 in hydrogenation and opti-
mize its catalytic activity, we used styrene as a model substrate
under 1 bar of H, (1 bar) in anhydrous THF solvent at room
temperature. The paramagnetic iron(u)dibromide complex 1
and the dicarbonyl complex 3, [(Mes,PNP)Fe’(CO),], did not
produce detectable amounts of hydrogenated products
(Table 1, entries 1 and 2). We used freshly prepared complex 2
(obtained by mixing complex 1 and LiHBEt; immediately
before the catalytic trial) during the optimization. The in situ
prepared complex 2 was found to be very effective, with almost
complete conversion of styrene, giving a 99% yield of ethylben-
zene after 1 hour of reaction time in THF under 1 bar of H,
pressure (Table 1, entries 3 and 4). Using FeBr, with LiHBEt;
but without the Me,PNP ligand was not efficient, providing
only 40% of hydrogenated ethylbenzene after 4 h (Table 1,
entry 5). Different hydride sources such as NaHBEt;, NaBH,,
LiAlH,, and LiBH, were also screened during optimization of
the catalytic reactivity of in situ generated 2. NaHBEt; showed
comparable efficiency to LiHBEt; and afforded ethylbenzene
with 99% yield in 1.5 h (Table 1, entry 6). NaBH, and LiBH,
were ineffective and did not provide the hydrogenated product,
while using LiAlH, gave only 10% of ethylbenzene (Table 1,
entries 7-9). This result is not surprising considering that
BH,™ is not a good hydride transfer agent.”® Changing the
reaction solvent to benzene increased the reaction time to
1.5 h and 4 h with LiHBEt; and NaHBEt; additives, respect-
ively, giving 99% of the hydrogenated product (Table 1, entries
10 and 11).

The optimized conditions for styrene hydrogenation using
the in situ prepared catalyst [(Me,PNPiPr)FeH,(N),]| were then

Table 1 Initial optimization and comparison of pre-catalysts for styrene

hydrogenation®
catalyst, additive
solvent, RT

X
+ Hy

1 bar
Catalyst Additive Time yYield”
Entry (mol%) (mol%) Solvent (h) (%)
1 1(5) — THF 24 n.d.
2 3(5) — THF 24 n.d.
3 1(5) LiHBEt; (15)  THF 16 99
4 1(5) LiHBEt; (15)  THF 1 99
5 FeBr, (5) LiHBEt; (15)  THF 4 40
6 1(5) NaHBEt; (15) THF 1.5 99
7 1(5) NaBH, (15) THF 16 n.d.
8 1(5) LiBH, (15) THF 16 n.d.
9 1(5) LiAlH, (15) THF 16 10
10 1(5) LiHBEt; (15)  CeDs 1.5 99
11 1(5) NaHBEt; (15) Ce¢Ds 4 99

“Typical conditions: styrene (0.1 mmol) and catalyst (0.005 mmol),
additive (3.0 equiv. w.r.t. catalyst), solvent (0.5 mL), 1 bar of H,. ” NMR
yields were determined by integration against mesitylene as an
internal standard. n.d. - not detected.
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used to further explore the substrate scope and reactivity limit-
ations (Scheme 2). Substrates such as styrene, para-methoxys-
tyrene, para-fluorostyrene, and para-phenylstyrene gave hydro-
genated products with a 99% yield at 1 bar H, pressure within
1-2 h (Scheme 2, A1-A3, A5). para-Chlorostyrene gave 90% of
the hydrogenated product at 1 bar of H, (Scheme 2, A4). A
more electron-poor substrate, pentafluorostyrene, gave only
45% yield (Scheme 2, A6). An aliphatic terminal alkene,
1-octene, was nearly fully hydrogenated to octane (Scheme 2,
A7). When 1-octene was used under the same conditions but
without hydrogen gas, a mixture of internal octenes formed
according to NMR and GC-MS, suggesting repeated hydride
insertion and elimination reactions in the absence of H,.

The protocol was subsequently applied to internal acyclic
alkenes. p-Methylstyrene afforded >99% of propylbenzene after
16 h (Scheme 2, A8). The hydrogenation of Z-stilbene required
24 hours and 5 bar of H,, and led to only 52% of dipheny-
lethane, with the remaining product being (E)-stilbene
(Scheme 2, A9). Cyclooctene yielded 80% of cyclooctane, while
1,5-cyclooctadiene produced 47% monohydrogenated cyclooc-

Cat. 1 (5 mol%)
LiHBEt; (15 mol%)

/VRV + H R’
R 2 THF, RT RT
(1-5 bar)
MeO F Cl
A1 A2 A3 A4
. . 90%, 2 h
>99%, 1 h >99%, 1 h >99%, 1 h
— F __ /
PH S
AS A6 A7 A8
0,
99%, 2h 45%,24h  >99,16 h >99, 16 h
A9a A10 A11b
52% (49%), 24 h 80%, 24 h 53% (47%), 24 h

Scheme 2 Hydrogenation of alkenes catalyzed by in situ formed
complex 2. Typical conditions: alkene (0.1 mmol), H, (1-5 bar), cat. 1
(5.0 mol%), THF (0.5 mL), 23 °C. Yields were determined by 'H NMR
against mesitylene as an internal standard. ?Yield in parenthesis is for
isomerization of the starting material to (F)-stilbene. * Yield in parenth-
esis is for the product cyclooctene. A1-A8 were hydrogenated under 1
bar Hp, and A9-A11 were hydrogenated under 5 bar H,.
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tene and 53% dihydrogenated cyclooctane under 5 bar of H,
after 24 h (Scheme 2, A10, A11).

We also assessed the catalytic activity of 2 in the hydrogen-
ation of internal alkynes at 5 bar of H,. 1,2-Diphenylacetylene
produced 98% semihydrogenated stilbene (E/Z = 92/6) within
4 hours, with only 2% of the completely hydrogenated 1,2-
diphenylethane product present (Scheme 3, B1). Continuing
the reaction for 48 hours generated 52% of 1,2-diphenylethane
and 48% of (E)-stilbene, while no Z-stilbene was detected. The
hydrogenation of 1-phenyl-1-propyne provided 25% of semihy-
drogenated (E)-1-phenyl-1-propene and 68% of the completely
hydrogenated product in 24 h at RT (Scheme 3, B2). Silylated
internal alkynes resulted in moderate amounts of hydrogen-
ated products and were not particularly selective substrates
(Scheme 3, B3-B6). Substrates such as trimethyl( phenylethy-
nyl)silane and trimethyl(naphthalen-2-ylethynyl)silane pro-
vided 47% (E/Z = 38/9) and 26% (E/Z = 24/2) of the semihydro-

. LR
< Cat. 1 (5 mol%) AT
LiHBEt; (15 mol%
/ . H, 3 ( o) Z+/E
Ar THF, RT o
5 bar Ar/\/
full
<
= Z

alkene: 98%, Z/E = 92/6 alkene: 25%, Z/E = 0/25

full: 2% full: 68%
(4h) (24 h)
alkene: E = 48%

full: 52%

(48 h)

SiMeg P SiMes;
/
©/ I =

alkene: 26%, Z/E = 24/2
full: n.d.
(24 h)

alkene: 47%, Z/E = 38/9
full: 9%
(24 h)

SiMe, SiMe
74 //
| B6
o

alkene: 35%, Z/E = 35/0
full: n.d.
(24 h)

alkene: 5%, Z/E = 0/5
full: 65%
(24 h)

Scheme 3 Hydrogenation of internal alkynes catalyzed by in situ
formed complex 2. Typical conditions: (a) alkyne (0.1 mmol), H, (5 bar),
cat. 1 (5.0 mol%), THF (0.5 mL), 23 °C, 4-24 h. Yields were determined
by *H NMR against mesitylene as an internal standard.
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genated products, respectively, while 9% of the fully hydrogen-
ated product was observed for trimethyl( phenylethynyl)silane
after 24 hours (Scheme 3, B3, B4). Alkynes with heterocyclic
aryl groups, such as trimethyl(pyridin-3-ylethynyl)silane,
yielded only 5% of the hydrogenated E-isomer and 65% of the
fully hydrogenated product, whereas trimethyl(furan-3-ylethy-
nyl)silane afforded 35% of the semihydrogenated Z-isomer
product, while the fully hydrogenated product was not
observed (Scheme 3, B5, B6).

Interestingly, activity in hydrogenation of both terminal
and internal alkenes and internal alkynes contrasts with the
observations in our previous reports with the same PNP
ligand. For example, the monohydride complex 4, [(Me,PNP™")
FeH(n>-BH,)], was unreactive with styrene, which led to its suc-
cessful application for the selective semihydrogenation of
terminal alkynes. No hydrogenation was observed with
internal alkynes such as 1,2-diphenylacetylene and 1-phenyl-1-
propyne (Scheme 4).*%*!

Chirik and co-workers have previously reported the syn-
thesis and characterization of the classical CH,-arm
[(C"*PNP™")FeH,(N,)] 5, obtained by treatment of [(“"*PNP™")
FeCl,] with NaBHEt;, which showed low conversion in hydro-
genation of cyclohexene after 6-24 h, while it was an active
catalyst in hydrogenation of 1-hexene. The lack of activity in
the case of 5 was attributed to its low stability and catalyst
decomposition during the course of the reaction. To directly
compare the reactivity of 2 and 5, we evaluated their reactivity
under analogous conditions using cyclooctene as a model sub-
strate. Both the complexes were prepared in situ using LiBHEt;

P‘Pr2
NﬁFe_H —2 + No reaction
P H——B H
Py A
2 H
R = Ph or Me
2 (5 bar)
(3.0 m0|°/o ©/\
CD,Cly, RT
16h 81% 9%

(5.0 mol%) Pra

LiHBEt3 (15.0 mol%)
THF, RT, 16 h

5 bar
cat. = 1/ LiBHEt3: conversion of cyclooctene 80%

cat. = (*"?PNPP")FeBr,/ LIBHEt5: conversion of cyclooctene 12%

Scheme 4 Reactivity of previously reported complexes 4 and 5 in
hydrogenation of alkenes and alkynes.
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and the respective iron dibromide complexes (Scheme 4c).
When in situ generated 2 was used as the catalyst for cis-
cyclooctene hydrogenation, significant conversion (80%) was
achieved after 24 h as compared to complex 5, which led to
12% conversion under analogous conditions. Thus, one poss-
ible advantage of a tetramethylated ligand in 2 could be to
provide a more stable, catalytically active complex which allows
for continuous hydrogenation without catalyst degradation for
extended periods of time when compared to 5.

Considering that our previously reported monohydride
complex 4 was selective for semihydrogenation of terminal
alkynes, we then examined the reactivity of the dihydride nitro-
gen complex 2 in the analogous reaction. Surprisingly, the
attempted hydrogenation of phenylacetylene using in situ gen-
erated 2 resulted in only 7% of styrene after 5 hours under 5
bar of H, in THF (Scheme 5). Further extending the reaction
time to 24 resulted in the formation of 24% of styrene, 56% of
phenylacetylene trimerization products (a mixture of two
isomers, 1,2,4-triphenylbenzene and 1,3,5-triphenylbenzene),
and 16% of unreacted phenylacetylene (Scheme 5), confirmed
by NMR and GC-MS. When the filtered reaction mixture was
kept at —35 °C for crystallization, a new complex, [(Me,PNP)Fe
bis(phenylacetylide)] 6, was obtained and characterized by
SC-XRD (Fig. 4). We assume that this is an inert, off-cycle
species and its formation may explain the lack of activity in
terminal alkyne semihydrogenation.

Mechanistic investigation

To establish whether a radical hydrogenation mechanism
could be operative under these conditions, a radical clock
experiment was performed using (1-cyclopropylvinyl)benzene
as a terminal alkene substrate, which resulted in the formation
of non-ring-opened hydrogenation products exclusively in 40%
and 72% yields under 1 bar and 5 bar of H,, respectively. No
ring-opened product was detected by NMR spectroscopy and
GC-MS, arguing against a radical hydrogenation mechanism
(Scheme 6).**"** A homogeneity mercury drop test was per-
formed, which resulted in 99% yield of the ethylbenzene
hydrogenation product with styrene under the standard reac-
tion conditions. Using a substoichiometric amount of PPh;

Cat. 1 (5 mol%)
LiHBEt; (15 mol%)

=
+ Hy
5bar THF RT, 5h

NI

T

iProP —Fe — P/Pr,

A
6

SC-XRD

Scheme 5 Attempted terminal alkyne hydrogenation by complex 1.
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Fig. 4 Structure of complex 6 with thermal ellipsoids at the 40% prob-
ability level for nonhydrogen atoms. Hydrogen atoms are omitted for
clarity. Selected interatomic distances [A] and valence angles [°]: Fela-
Pla 2.2127(6), Fela—P2a 2.2326(7), Fela-Nla 2.0719(17), Fela-Cé6la
1.963(2), Fela—C71a 1.959(2), Pla—Fela—P2a 165.53(3), and C6la—Fela—
C71a 122.77(9).

Cat. 1 (5 mol%)
LiHBEt; (15 mol%)
+ H,
THF. RT, 24 1barH, 40 %

5barHy 72%

not determined

Scheme 6 Radical clock experiment.

(25 equiv. to Fe) to establish if a catalytically active hetero-
geneous iron catalyst is formed did not result in significant
suppression of the catalytic activity and produced 92% of the
hydrogenated product using styrene under standard
conditions.*>*’

2D Exchange Spectroscopy (EXSY) NMR experiments at
23 °C established the presence of cross-peaks between the two
hydride signals, indicative of an exchange process between the
two hydrides. Similar behavior was observed in the [(“"?PNP)
FeH,(N,)] complex with a non-bulky CH,-arm PNP ligand
reported by Chirik and co-workers. Such an exchange could
involve the formation of an iron(0) n>-dihydrogen complex fol-
lowed by quick n>-H, rotation, or the formation of a fluxional
five-coordinate Fe" dihydride formed via N, dissociation and

This journal is © The Royal Society of Chemistry 2025
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rebinding, similar to the exchange mechanism proposed for
[(C">PNP)FeH,(N,)].**

When in situ prepared 2 was exposed to 1 bar of D, for
1 hour in benzene-ds solution, both Fe-H peaks disappeared,
and *H NMR analysis revealed two peaks of Fe-D at —12.04
and —18.45 ppm, analogous to the parent complex. H/D
exchange could involve either the reductive elimination of H,
to produce an Fe(0) intermediate, or it can alternatively occur
through non-classical Fe"' polyhydride complexes, similar to
the mechanism proposed by Kirchner and co-workers for Fe
complexes with PNP ligands containing the N-Me arm.*®
Accordingly, our computational study allowed us to find a path
for hydride/hydrogen exchange via Fe polyhydrides with low
barriers of 2.0 and 2.5 kcal mol™", calculated respectively for
the twisted and bent conformations of the Me,PNP"" ligand in
these complexes (Scheme 7). An alternative hydride exchange
mechanism via Fe(0) was considered, but all attempts to opti-
mize an Fe(0)(n*-H,) intermediate were unsuccessful and con-
verged to Fe"" for both possible conformations.

DFT calculations were performed to gain further insight
into the reaction mechanism. In particular, we aimed to eluci-
date the reasons for the high catalytic activity of 2 in internal
alkyne hydrogenation, which leads to gradual semihydrogena-
tion, followed eventually by full hydrogenation (see above),
which contrasts with the lack of reactivity of monohydride
complex 4 with internal alkynes and the same ligand and
under the same reaction conditions. This study also suggested
that the tetramethylated, bulky Me,PNP ligand imposes
different structural preferences that are reflected in the stabi-
lity of some Fe(0) vs. Fe(u) intermediates as compared to the
classical CH,-arm PNP ligand.

Calculations were performed using the M06-L functional*®
and def2-tzvp basis sets® for all elements as implemented in
the Gaussian 16 package;’" all structures were fully optimized

e —F
H—H \ Ry
N—Fe! /
/ ' ( [ ™H
N——Fel'—H H H
| -
H TS-1 N pe M
- - -l
[(Me,PNPPFeH,(H,)] 7 4.6 H
bent L [(Me,PNPPFeH,(H,)]
L 20 w0
twisted - 1.7
0.0 >
-1.1
RS
~ N/ 1 ~
N—Fell = \ /LO—/)\
o P‘Fe”f_ or p—Pe—p
twisted bent
P =Pr,P

Scheme 7 Free energy profile for hydride/hydrogen exchange calcu-
lated for complexes containing PNP in two conformations: twisted
(shown in red, with CMe, carbons on opposite sides of the PNP(Fe)
coordination plane) and bent (shown in blue, with two CMe, carbons on
the same side of the PNP(Fe) coordination plane).
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in THF using the SMD model.”* This method, used in our pre-
vious work,*® showed good agreement of calculated and experi-
mentally determined bond lengths (Table S1) and has demon-
strated good performance for transition-metal complexes.>
We first calculated the reaction profile for the full hydrogen-
ation of 1,2-diphenylacetylene catalyzed by complex 2.
Although we have considered possible outer-sphere path-
ways that would not involve N, dissociation, no accessible tran-
sition states could be identified. Therefore, we hypothesized
that the reaction is initiated by dissociation of the dinitrogen
ligand to give intermediate complex Int1, and coordination of
diphenylacetylene (DPA) to give the intermediate DPA-co-
ordinated complex Int2a which is endergonic by 17.2 kcal
mol ™. Interestingly, Int2a is not the most stable isomeric
form, and it features a low-energy transition state (TS) for
reductive H-H coupling to form Int2b, which is slightly more
stable than Int2a by 0.9 kcal mol ™. Based on the H-H distance
and structural parameters, Int2b can be described as an Fe®
complex with an n*-coordinated dihydrogen ligand (Scheme 8).
To examine whether the preference for the Fe® form is
caused by the presence of a more sterically congested
Me,PNP"™" ligand, we compared the relative stabilities of struc-
tural analogues of these isomers with the classical CH,-arm
CH2pNPPT ligand, Int2a-CH, and Int2b-CH,. However, in this
case, the opposite trend was observed, with the Fe" form
Int2a-CH, being more stable than the H,-coupled Fe® form
Int2b-CH,, by 2.7 kcal mol™". The propensity of the Me,PNP"*"
ligand to favor the Int2b form may be attributed to significant
steric congestion between the Me and i-Pr substituents and co-
ordinated DPA, which pushes DPA away from the ligand, disfa-
voring a six-coordinate, octahedral environment at Fe", while a
nearly trigonal bipyramidal coordination at Int2b provides
steric relief from the repulsion caused by the Me and i-Pr
groups. The electronic differences at the Fe center exerted by
methylated Me,PNP'*" compared to CH,-arm PNP likely play a

Ph—— Ph
——
/ ) \‘:§/'\Ph
& Fel-H <« T
i 7 Fe\O
H Vg
H
Int2a Int2b
0.0 0.9
Ph—— Ph
T=——pn =,
¢ / n_ E—— Y < y“/\l\
Te H 7 Fe? H
H H
Int2a-CH, Int2b-CH,
0.0 +2.7
P =Pr,p

Scheme 8 Comparison of the free energies between the dihydride
complexes and dihydrogen complexes (in kcal mol™).
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Int1 & 1,2-diphenylethane

MO06L/def2TZVP/W06/SMD(THF)

Scheme 9 Gibbs free energy profile for the complete hydrogenation of diphenylacetylene catalyzed by 2.

much less important role in determining relative stabilities as
the C=C bond in coordinated DPA is only slightly elongated
in the DFT-optimized Int2b (1.307 A) compared to Int2b-CH,
(1.304 A), suggesting that the contribution of n-backdonation
to the coordinated alkyne is comparable. This indicates that
manipulation of the sterics above the plane of PNP pincer
ligands (e.g. through Me groups on the arms) can potentially
be used as a tool to tune not only catalytic activity, but also to
significantly change the energy of iron intermediates in
different oxidation states.

While Int2b did not allow us to identify a direct pathway to
the products, Int2a can undergo a low-barrier insertion to
give Int3, which then coordinates another equivalent of H,,
followed by C-H coupling through TS-3 to give a Z-stilbene
adduct Int5, with a barrier of 18.8 kcal mol™". Following a
similar mechanism, a second insertion to Z-stilbene and
C-H coupling lead to the fully hydrogenated product
1,2-diphenylethane. The barriers for the second reaction
where Z-stilbene is hydrogenated to diphenylethane are lower
than those for the hydrogenation of the alkyne (highest at
11.0 keal mol™"), consistent with the observation that the reac-
tion does not stop at Z-stilbene and continues to full
hydrogenation.

We also considered the isomerization from the Z-adduct to
the E-adduct, which may occur by the rotation of the C-C
bond in Int7. A transition state TS-7 that featured such a C-C
bond rotation could be identified, leading to Int9 which is an
analogue of Int7 with the phenyl groups pointing in opposite
directions (Scheme 10). The low barrier of TS-7 of +3.3 kcal
mol™" relative to Int7 suggests that the rotation can easily
proceed to form Int9, which can further undergo p-hydride
elimination to form an E-stilbene adduct and release
E-stilbene (Scheme 10).
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Scheme 10 Rotation of the C-C bond of Int7 to form Int9 and the
release of E-stilbene (Gibbs free energies relative to complex 1 + DPA +
2H,, Scheme 9).

Alternatively, Int9 may undergo H, insertion followed by
the final C-H coupling through TS-10 to give the fully hydro-
genated product (Scheme 11). The slightly higher barrier for
E-stilbene hydrogenation (7.5 kcal mol™) for TS-10 compared
to 6.7 keal mol™" for TS-6 is consistent with accumulation of
E-stilbene during the course of the reaction.

To gain insight into the differences in the reactivities of 2,
which was active in hydrogenation of internal alkynes and
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Scheme 11 Hydrogenation of the E-conformer Int9 to form 1,2-diphe-
nylethane (Gibbs free energies relative to complex 1 + DPA + 2H,,
Scheme 9).

alkenes, and monohydride complex 4, which was unreactive
with these substrates,’® we then calculated the first stage of
internal alkyne hydrogenation using monohydride 4 as a pre-
catalyst (Scheme 12). The free energies were calculated using
an SMD solvation model in THF for direct comparison with
complex 2. This mechanism parallels the one reported in
Kirchner’s work®® and our previous work.*°

AGggy (kcal mol )

Complex 4
0.0

H

/

H—B—H

R |;| \
4 N—Fe!'=H

H Int15 + Z-stilbene

P = PP

MO6L/def2TZVP/W06/SMD (THF)

Scheme 12 Gibbs free energy profile for the semihydrogenation of
diphenylacetylene catalyzed by 4.
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The first insertion step was characterized by a larger barrier
in the case of complex 4 as compared to 2, which could be due
to the different nature of this step: while insertion in 2 occurs
from an Fe-H fragment, in complex 4, the transition state
TS-11 involves the transfer of an H-atom from the coordinated
H, molecule and it must be accompanied by H-H bond
splitting.

An even higher barrier of 26.2 kcal mol™ is identified for
the C-H coupling step in complex 4 via TS-12, which is
7.4 keal mol™" greater than for complex 2, consistent with the
contrasting reactivity of complexes 2 and 4 towards internal
alkynes. This difference could be attributed to the more steri-
cally congested nature of bis(hydrogen) intermediate Int14,
formed by slightly thermodynamically unfavorable coordi-
nation of the second H, moiety to the initial product of inser-
tion, Int13. For comparison, coordination of another molecule
of H, is slightly favorable for Int3, the initial product of inser-
tion starting from complex 2.

Another possible factor contributing to the lack of reactivity
of 4 with internal alkynes and alkenes could be the presence
of BH, as a competitive ligand for the vacant coordination
site at iron, which allows only the least bulky substrate, a term-
inal alkyne, to successfully compete for Fe, while the N, ligand
served as a good leaving group in the case of 2.

The C-H coupling step barrier in the case of complex 4 is
also significantly higher than the highest barrier calculated
for phenylacetylene hydrogenation using 4 that was reported
in our earlier publication,*® explaining the high selectivity of
this complex towards terminal triple bonds as opposed to
internal triple bonds. The important difference when
comparing the energy profiles for the hydrogenation of DPA
(either with complex 2 or 4) and hydrogenation of phenyl-
acetylene with complex 2 is that in the case of DPA, the
highest barrier is an alkene-forming C-H coupling step. In
contrast, in the case of phenylacetylene and complex 4, the
highest barrier step was the first insertion to form a metal-
bonded vinyl intermediate. This is mainly due to a signifi-
cantly higher free energy for the 1,2-diphenylvinyl intermedi-
ates such as Int4 or Intl4, as compared to the analogous
2-phenylvinyl intermediates formed from the terminal alkyne
phenylacetylene.*® The destabilization of these 1,2-diphenylvi-
nyl intermediates is attributed to the significant steric repul-
sion between the Me and i-Pr groups of the ligand and an Fe-
bound phenyl-substituted vinylic carbon in a rigid 1,2-diphe-
nylvinyl ligand.

Overall, the DFT calculations showed that the significantly
higher reactivity of a dihydride precatalyst 2 compared to
monohydride 4 towards internal alkynes is consistent with sig-
nificantly lower barriers for the C-H coupling step in the for-
mation of the internal alkene adduct. The enhanced reactivity
of 4 towards terminal alkynes contrasts with its lack of reactiv-
ity with internal alkynes, which is likely due to significantly
destabilized vinyl intermediates which experience significant
steric repulsion between the rigid 1,2-substituted vinyl ligand
with the bulky Me and i-Pr substituents of the modified pincer
ligand.
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Conclusions

In summary, different catalytic activities were observed with
the same pre-catalyst, dibromide complex 1, using two
different hydride sources: NaBH,, which as reported earlier,
gives rise to a monohydride species 4, and Li or NaBEt;H,
which produced a dihydride nitrogen complex 2. Despite the
similarity of complex 2 to the reported analogue with the clas-
sical and poorly catalytically active CH,-arm PNP pincer, we
obtained sustained catalytic activity in mild hydrogenation of
terminal and internal alkenes as well as internal alkynes at
room temperature and low H, pressure (1-5 bar). This shows
that simple synthetic variations and the choice of the hydride
source can result in contrasting reactivity, as the previously
reported 4 allowed for the selective semihydrogenation of
terminal alkynes, but was unreactive with alkenes and internal
alkynes.

The computational study suggests that the presence of a
bulky, tetramethylated Me,PNP"™" ligand alters the energy
differences between Fe™" and Fe® redox states in the proposed
dihydride/hydrogen intermediates with coordinated internal
alkyne, favoring Fe’ formation over Fe", via H-H coupling
driven by steric repulsion caused by the Me and i-Pr groups of
the bulky ligand.

A DFT analysis of the reaction profile provided the rationale
for the higher reactivity of 2 towards internal alkynes, consist-
ent with a significantly lower overall barrier for internal alkyne
hydrogenation, with the highest barrier determined by the C-
H coupling step of the vinyl intermediate.

While the lack of reactivity of 2 with terminal alkynes was
not addressed through DFT studies, experiments confirm de-
activation of the dihydride catalyst due to the formation of a
paramagnetic bis-acetylide complex, which presumably does
not engage in further reactivity with H,, but may eventually
lead to the observed, undesired alkyne trimerization, which
was successfully suppressed with monohydride 4.
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