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An efficient additive free hydrogenation of alkenes with
molecular hydrogen is described. The pre-catalyst is a well-
defined bench stable Mn(l) alkyl complex bearing a NHC
phosphine ligand. These reactions are environmentally benign
and atom economic, implementing an inexpensive, earth
abundant non-precious metal catalyst. The catalytic process is
initiated by migratory insertion of a CO ligand into the Mn-alkyl
bond to yield an acyl intermediate which undergoes rapid

Introduction

One of the most important research goals in organic chemistry
is developing synthetic methods to obtain target molecules
efficiently and selectively. However, as sustainability is of
increasing importance, performing these reactions under cata-
lytic conditions utilizing mostly earth abundant non-precious
catalysts is pivotal.” Iron and manganese have herein been
proven to be promising candidates as they are not only
abundant in the Earth’s crust, but also inexpensive, non-toxic
and environmentally benign. In this context, the hydrogenation
of olefins, alkynes, carbonyl compounds and nitriles to obtain
valuable products is essential and needs to be performed as
atom-efficient and cleanly as possible.?*

In particular, iron, cobalt and nickel catalysts have been
extensively investigated over the last years for various hydro-
genation reactions.*® Low valent manganese(l) catalysts have
first appeared in 2016 and have been proven to be powerful
players in this field.'*'"

Mn(l) complexes were also found to be active for the
hydrogenation of non-polar unsaturated bonds such as olefins
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hydrogenolysis to form the active 16e Mn(l) hydride catalyst
[Mn(PC-iPr)(CO),(H)]. A range of mono- and disubstituted
alkenes were efficiently converted into alkanes in good to
excellent yields. The hydrogenation requires a reaction temper-
ature of 60°C. In all cases, a catalyst loading of 1 mol % and a
hydrogen pressure of 50 bar was applied. A mechanism based
on DFT calculations is presented which is supported by
experimental studies.

(Scheme 1).""“'>"% |nspired by these recent discoveries of

manganese catalyzed (de)hydrogenation and hydrofunctionali-
zation reactions, we describe the synthesis of a N-heterocyclic
carbene-based alkyl Mn(l) complex and its application in the
efficient additive-free hydrogenation of alkenes.

Results and Discussion

The new alkyl Mn(l) complex fac-[Mn(PC-iPr)(CO);(CH,CH,CH,)]
(2) was obtained by treatment of fac-[Mn(PC-iPr)(CO);Br] (1)
with Na (3 equiv) and subsequent addition of CH;CH,CH,Br in
73% isolated yield (Scheme 2). The alkyl complex is bench-
stable for at least 1 week in the presence of air. It was fully
characterized by 'H, *C{'"H} and *'P{'"H} NMR and IR spectro-
scopy, and high-resolution mass spectrometry. In addition, the
molecular structure was determined by X-ray crystallography. A
structural view is depicted in Scheme 2 with selected bond
distances and angles given in the caption.
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Scheme 1. Manganese Catalysts for the Hydrogenation of Alkenes.
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Scheme 2. Synthesis of fac-[Mn(PC-iPr)(CO);(CH,CH,CH,)] (2) and Structural
View of 2 showing 50% Ellipsoids (H Atoms Omitted for Clarity). [a] Selected
bond distances (A) and angles (°): Mn1-C2 1.796(2), Mn1-C1 1.799(2), Mn1-C3
1.810(2), Mn1-C4 2.026(2), Mn1-C5 2.180(2), Mn1-P1 2.3053(8), C3-Mn1-C4
172.76(9), C2-Mn1-C5 173.75(9), C1-Mn1-P1 169.87(8).

The catalytic performance of complex 2 was then inves-
tigated for the hydrogenation of 4-chlorostyrene as model
substrate. We tested the influence of various solvents, temper-
atures, and pressures. Optimization experiments are depicted in
Table 1. With a catalyst loading of 1 mol% at 50°C and a
hydrogen pressure of 25 bar in THF for 18 h, 1-chloro-4-ethyl-
benzene was obtained in 47% yield (Table 1, entry 1). Under
the same reaction conditions in the solvents toluene,
CICH,CH,Cl, and MeOH very low or no yields were achieved
(Table 1, entries 2-4). Upon increasing the hydrogen pressure to
50 bar and a reaction time of 24 h, 1-chloro-4-ethylbenzene was
obtained 95% yield (Table 1, entry 5). At 60°C under the same
conditions 1-chloro-4-ethylbenzene was formed in essentially
quantitative yield (Table 1, entry 6). The homogeneity of the
system was confirmed upon addition of one drop of mercury,
whereas no decrease of reactivity and selectivity was observed.
In presence of 1 equiv. of PEt; (with respect to substrate), only
traces of product formation could be detected, which indicates
an inner-sphere mechanism, due to coordination of PEt; at a
vacant side of the active species.

Having established the best reaction conditions, various
substrates have been tested to establish scope and limitations
(Table 2). A variety of monosubstituted alkenes, 1,1-disubsti-
tuted alkenes and cis- and trans-1,2-disubstituted alkenes were

Table 1. Optimization of the Reaction Conditions for the Hydrogenation of

4-Chlorostyrene.”
SN 2 (1 mol%)
>
Cl solvent, T, p(Hz), 18-24 h Cl

entry Pressure Solvent T T Yield

(°Q) (h) (%)
(bar)

1 25 THF 50 18 47

2 25 toluene 50 18 16

3 25 CICH,CH,CI 50 18 15

4 25 MeOH 50 18 -

5 50 THF 50 24 95

6 50 THF 60 24 >99

[a] Reaction conditions: 4-Chlorostyrene (60 pL, 0.5 mmol, 1 equiv), 2
(2.2 mg, 5 umol, 1 mol%), 0.5 mL solvent, 50-60°C, 25-50 bar H,,18-24 h,

yield determined by GC-MS.
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Table 2. Hydrogenation of Alkenes catalyzed by 2.

2 (1 mol%)
R » RN
THF, 60°C, 50 bar H,, 24 h 3
N
F Cl Br NH,
3a 3b 3c 3d 3f 3g 3h
>99 >99 (96) >99(77) >99 (96) 97 (95) 98 (91) >99 (84) >99 (90)

( OH
oY Q/\/\o/@\/HOM\)\/

3j 3k 3l 3m 3n
>99 (94) >99 (92) >99 (87) 99 (97) 99 (88) 91
HO.
| o
SgN A \Sli/\/
| oL
30 3p 3q 3r 3s 3t 3u
95 >99 >99 >99 (92) 73 >99 78
O N
@C @r ~N
/OD/\/
HO
J g
o
3v 3w 3x 3y 3z 3aa 3ab
>99 (85) cis 96 (96) 46 43 <1 <1 <1

trans 71

[a] Reaction conditions: alkene (0.5 mmol, 1 equiv), 2 (1 mol%), 0.5 mL
THF, 60°C, 50 bar H,, 24 h, yield determined by GC-MS, isolated yields in
parentheses.

hydrogenated affording the respective alkanes in good to high
yields. Tri- and tetrasubstituted alkenes could not be hydro-
genated. The catalytic protocol shows high functional group
tolerance, halides, amino and hydroxy groups, and ethers were
well tolerated. A number of aromatic terminal alkenes bearing
electron-withdrawing and electron-donating groups in the
para-position were successfully converted into the correspond-
ing alkanes with excellent yields (3a-3e). Styrene derivatives
bearing nitrogen containing functionalities such as 4-vinylani-
line and 4-vinylpyridine could also be hydrogenated with no
drop in reactivity (3f, 3 g). Sterically more hindered 2-chlorostyr-
ene was also fully reacted to 1-chloro-2-ethylbenzene, same as
N-Vinylcarbazole (3h, 3i). Aliphatic alkenes bearing thiophene
or methoxy moieties were successfully hydrogenated (3j-31).
Also hydroxy groups were tolerated and with the respective
alkanes being formed in high yields (3m-3o0). Allyltrimethylsi-
lane and allyltrimethoxysilane were also fully converted into the
corresponding alkanes (3p, 3q). In addition, 1,1-disubstitued
alkenes could be hydrogenated albeit with somewhat lower
yields (3r-3u). In the case of 3s, only the terminal double bond
was hydrogenated. Complete hydrogenation of internal alkenes
such as trans- and cis-stilbenes (3w) and cyclic substrates such
as 1H-indene (3v) were also achieved. N-Allylaniline (3x)
exhibited only moderate yield, same as the electron-rich 2,4,6-
trimethylstyrene (3y). On the other hand, in the presence of
ester-, phenol-, and nitro-groups the catalyst was inactive with
no conversion being observed (3z-3 ab).
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Table 3. Hydrogenation of Alkenes catalyzed by 4.

—

N $
&))—Mh—co
N /|
\p
P = PiPr, co
4 (1 mol%)
R > R
THF, 60°C, 50 bar Hy 24 h 3
3a
>99 98 99 30 3

[a] Reaction conditions: alkene (0.5 mmol, 1 equiv), 4(1 mol %), 0.5 mL THF,
60°C, 50 bar H,, 24 h, yield determined by GC-MS.
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Figure 1. Free Energy Profile Calculated for the Formation and Hydro-
genolysis of an Acyl Intermediate. Free Energies (kcal/mol) are Referred to
fac-[Mn(PC-iPr)(CO);(CH,CH,CH;)] (2) (A in the calculations).
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Figure 2. Free Energy Profile Calculated for the Hydrogenation of Propene.
Free Energies (kcal/mol) are Referred to fac-[Mn(PC-iPr)(CO);(CH,CH,CH,)] (2)
(A in the calculations).
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For comparison, we also tested the alkyl Mn(l) complex cis-
[Mn(PCP-iPr)(CO),(CH,CH,CH,) (4)"® bearing a tridendate PCP
pincer ligand as a catalyst for the hydrogenation of alkenes
(Table 3). As terminal alkenes are concerned the activity of this
catalyst is similar to 2 with conversions of 99, 98 and 99%,
respectively, for styrene, 4-allylanisole and a-vinylbenzylalcohol
(3a, 31, 30). With 1,1-disubstituted and 1,2-disubstituted
alkenes such as a-methylstyrene (3r) or 1H-indene (3v) the
conversion dropped drastically to 30 and 3 %, respectively. This
effect may be attributed to the more sterically demanding
tridentate PCP-iPr ligand which makes coordination of disub-
stituted alkenes more difficult.

The reaction mechanism was explored in detail by means of
DFT calculations,”"” with styrene taken as substrate and 2 (A in
the calculations) as pre-catalyst. The free energy profiles
obtained are depicted in Figures 1 and 2. The free energy
profile for the initiation process, where the active catalyst is
formed, is depicted in Figure 1. The first step is the migration of
the CH,CH,CH; ligand in complex A to the carbonyl C-atom of
an adjacent CO ligand. This occurs in an easy step with a barrier
of only 11.6 kcal/mol producing intermediate B, an acyl species
stabilized by an agostic C—H bond. Addition of dihydrogen
affords complex D bearing a k*H, ligand. Coordination of H,
has a barrier of 5.7 kcal/mol from the pair of molecules in C to
TS, and a free energy balance of AG=—1.7 kcal/mol, to the
dihydrogen complex D. Finally, H-atom transfer from dihydro-
gen to the C-atom of the acyl ligand produces E, a C—H o-
complex of butanal. This last step has a barrier of only 1.6 kcal/
mol and is exergonic with AG=—4.6 kcal/mol. The catalytically
active species F results from ligand exchange from butanal to
one molecule of styrene which is thermodynamically very
favorable with AG=—5.1 kcal/mol. Experimentally, n-BuOH was
detected by 'H and "C{'H} NMR spectroscopy (see ESI,
Figures S2 and S3) as n-butanal is hydrogenated under the
reaction conditions.

The free energy profile calculated for the catalytic reaction
is depicted in Figure 2. Starting point is the hydride olefin
complex F which is the active species of the catalytic reaction.
In the first step of the reaction the hydride migrates to the
internal olefin C-atom resulting in an alkyl complex stabilized
by a C—H agostic interaction in intermediate G. This is a facile
step with a barrier of 5.9 kcal/mol and a free energy balance of
AG=0.7 kcal/mol. The following step corresponds to dihydro-
gen coordination restoring a saturated coordination environ-
ment around the metal in intermediate I. The overall barrier for
H, coordination from intermediate G to the dihydrogen
complex | is 8.3 kcal/mol, going over the less stable transition
state along the path, TSy, 14.3 kcal/mol above the separated
reactants. In the last step of the mechanism H-atom transfer
from the dihydrogen ligand to the alkyl C-atom (a formal
protonation) regenerates a hydride and forms the final product
ethylbenzene that remains weakly coordinated as a C—H o-
ligand in intermediate J. This last step has negligible barrier
(1.9 kcal/mol) and is strongly exergonic with AG=—17.1 kcal/
mol. Closing of the catalytic cycle brings J back to F with
liberation of propane and coordination of a new styrene
molecule in a favorable process with AG=—11.4 kcal/mol. The

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH
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overall barrier for the catalytic cycle is AG*=9.0 kcal/mol,
measured from F, the hydride/styrene complex, to TSy, the
transition state for H, coordination.

Conclusions

In sum, an efficient additive-free manganese-catalyzed hydro-
genation of alkenes to alkanes with molecular hydrogen is
described. The most efficient pre-catalyst is the alkyl Mn(l)
complex fac-[Mn(PC-iPr)(CO);(CH,CH,CH,)] which is air-stable for
several weeks in the solid state. The catalytic process is initiated
by migratory insertion of a CO ligand into the Mn-alkyl bond to
yield an acyl intermediate which undergoes rapid hydrogenol-
ysis to form the active 16e~ Mn(l) hydride catalyst [Mn(PC-
iPr)(CO),(H)]. We were able to hydrogenate a range of mono-
and disubstituted alkenes to afford alkanes in good to excellent
yields with high functional group tolerance. The hydrogenation
of both monosubstituted, 1,1-disubstituted and 1,2-disubsti-
tuted alkenes requires a reaction temperature of 60°C. In all
cases, a catalyst loading of 1 mol % and a hydrogen pressure of
60 bar was applied. DFT calculations disclosed a typical inner
shell mechanism with all reacting fragments coordinated to the
metal. The path involves protonation of the internal C=C carbon
atom followed by hydride insertion into the Mn—C bond of the
resulting alkyl. In comparison to the previously reported olefin
hydrogenation pre-catalyst fac-[Mn(dippe)(CO);(CH,CH,CH,)1,M"'?
the present pre-catalyst fac-[Mn(PC-iPr)(CO);(CH,CH,CH,)] exhib-
its similar reactivities. In fact, the electron donating properties
of both bidentate ligands are very similar based on their almost
identical v¢, stretching frequencies (see supporting informa-
tion).

Experimental Section

General Information. All reactions were performed under an inert
atmosphere of argon by using Schlenk techniques or in a MBraun
inert-gas glovebox. The solvents were purified according to
standard procedures. All alkene-substrates were purchased from
Sigma-Aldrich, Acros Organics, TCl or BLDpharm and used as
purchased without further purification. Complex cis-[Mn(PCP-
iPr)(C0),(CH,CH,CH,)] (4) was synthesized according to literature."

The deuterated solvents were purchased from Eurisotope and dried
over 3 A molecular sieves. 'H, *C{'H} and 3'P{'H} NMR spectra were
recorded on Bruker AVANCE-400 and AVANCE-600 spectrometers.
'H and "C{'H} NMR spectra were referenced internally to residual
protio-solvent, and solvent resonances, respectively, and are
reported relative to tetramethylsilane (=0 ppm). *'P{'H} NMR
spectra were referenced externally to H;PO, (85%) (5=0 ppm).
Preparative flash column chromatography was conducted manually
using glass columns packed with silica gel 60 (Merck, 40-63 pum).

High resolution-accurate mass data mass spectra were recorded on
a hybrid Maxis Qg-aoTOF mass spectrometer (Bruker Daltonics,
Bremen, Germany) fitted with an ESI-source. Measured accurate
mass data of the [M]" ions for confirming calculated elemental
compositions were typically within +5 ppm accuracy. The mass
calibration was done with a commercial mixture of perfluorinated
trialkyl-triazines (ES Tuning Mix, Agilent Technologies, Santa Clara,
CA, USA).
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GC-MS analyses were conducted on a ISQ LT Single quadrupole MS
(Thermo Fisher) directly interfaced to a TRACE 1300 Gas Chromato-
graphic systems (Thermo Fisher), using a Rxi-5Sil MS (30 m,
0.25 mm ID) cross-bonded dimethyl polysiloxane capillary column
at a carrier flow of He 1.5 mL/min.

General Procedure for Hydrogenation of Alkenes. Inside an argon
flushed glovebox, a screw cap vial (8 mL) was charged with catalyst
(2.2 mg, 5 umol, 1 mol %), alkene (0.5 mmol, 1.0 equiv.) and solvent
(0.5 mL). The vial was closed, transferred out of the glovebox and
was flushed several times with hydrogen gas in an autoclave. It was
subsequently put under hydrogen gas at a given pressure while
stirring for a specified time at given temperature. Afterwards the
reaction mixture was allowed to reach room temperature, depres-
surized and exposed to air to quench the catalyst. The sample
(2 pL) was analyzed via GC-MS. After exposing the sample to air for
1 h, the solution was filtered through a thin pad of silica with
diethylether. The solvent was then removed in vacuo to yield the
pure product, which was characterized by 'H- and "C{'"H} NMR
spectroscopy. If purification was not possible, n-dodecane was
added as standard to the GC-MS sample to determine the yield.

Syntheses.  fac-[Mn(PC-iPr)(CO);(CH,CH,CH;) (2). fac-[Mn(PC-
iPr)(CO);(CH,CH,CH5) (1) (250 mg, 0.52 mmol, 1.0 equiv.) was dis-
solved in dry THF (15 mL) and Na (36 mg, 1.56 mmol, 3.0 equiv.)
was added and the mixture was stirred at room temperature for
24 h. Then 1-bromopropane (639 mg, 5.20 mmol, 10 equiv.) was
added and the solution was stirred for another 15 min. The solution
was then decanted and the precipitate was extracted with n-
pentane (7x20 mL). The combined organic phases were taken to
dryness and the resulting orange powder was washed with cold n-
pentane (3 mL) and dried, yielding 167 mg of 2 (73%) as a beige
solid. 'H NMR (600 MHz, C,D,): 5=6.98-6.91 (m, 1H, aromatic CH),
6.91-6.85 (m, 1H, aromatic CH), 6.62 (d, J=7.8 Hz, TH, aromatic CH),
6.49 (d, J=8.0 Hz, 1H, aromatic CH), 3.62 (s, 3H, N-CH,), 3.51-3.39
(m, 2H, N-CH,-P), 2.45-2.34 (m, 1H, P-CH(CH5)), 2.10-1.99 (m, 1H,
Mn-CH,-CH,-CH;), 1.87-1.74 (m, 2H, P-CH(CH,), superimposed by
Mn-CH,-CH,-CH;), 1.29 (q, J=7.3 Hz, 3H, P-CH(CH,)), 1.22 (t, J=
7.1 Hz, 3H, Mn-CH,-CH,-CH;), 1.06 (dd, /=158, 6.8 Hz, 3H, P-
CH(CH,)), 0.86 (dd, J=11.3, 10.5 Hz, 3H, P-CH(CH3)), 0.70-0.60 (m,
1H, Mn-CH,-CH,-CH;), 0.44 (q, J=6.9 Hz, 3H, P-CH(CH,)), 0.38-0.28
(m, 1H, Mn-CH,-CH,-CH;) ppm. *'P{'"H} NMR (243 MHz, C,Dy): 6=
104.6 ppm. *C{"H} NMR (151 MHz, C;Dy): §=228.4 (CO), 227.1 (CO),
222.7 (d, J=41.2 Hz, N-C-N), 136.8 (aromatic C), 133.4 (d, /=7.2 Hz,
aromatic C), 122.2 (aromatic CH), 109.7 (aromatic CH), 109.2
(aromatic CH), 44.2 (N-CH,-P), 44.1 (N-CH,-P), 34.7 (N-CH,), 30.6 (Mn-
CH,-CH,-CH;), 25.1 (P-CH(CH,)), 25.0 (P-CH(CH;)), 24.8 (P-CH(CH,)),
24.7 (P-CH(CHj)), 22.3 (Mn-CH,-CH,-CH;), 19.9 (d, J=4.3 Hz, P-
CH(CH,)), 18.8 (t, J=5.5 Hz, P-CH(CHs)), 18.7 (P-CH(CH;)), 17.4 (d, J=
1.7 Hz, P-CH(CH;)), 13.2 (Mn-CH,-CH,-CH,), 13.1 (Mn-CH,-CH,-CH,)
ppm. IR (ATR, cm™"): 1965 (CO), 1882 (CO), 1852 (CO). HR-MS: m/z
calcd for CgH,sMNN,O5P [M-C;H,1* 401.0821, found 401.0821.

X-ray Structure Determination. Data of 1 (CSD 2352079) were
collected at T=200K in a dry stream of nitrogen on a STOE
STADIVARI diffractometer system equipped with a Dectris Eiger
CdTe hybrid photon counting detector using Cu-Ko radiation (A=
1.54186 A). X-ray diffraction data of 2 (CSD 2352080) were collected
at T=100 K in a dry stream of nitrogen on a Bruker Kappa APEX I
diffractometer system using Mo-Ka radiation (A=0.71073 A). Data
were reduced to intensity values with SAINT and an absorption
correction was applied with the multi-scan approach implemented
in SADABS."® Data were reduced with X-Area and an absorption
correction was applied with the multi-scan approach implemented
in LANA."™ The structures were solved by the dual-space approach
implemented in SHELXT?” and refined against F* with SHELXL.*" H
atoms were placed at calculated positions and refined as riding on
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their parent atom. Molecular graphics were generated with the
program MERCURY.??

Computational Details. Calculations were performed using the
GAUSSIAN 09 software package™ and the PBEO functional, without
symmetry constraints. That functional uses a hybrid generalized
gradient approximation (GGA), including 25% mixture of Hartree-
Fock® exchange with DFT"” exchange-correlation, given by
Perdew, Burke and Ernzerhof functional (PBE).”® The optimized
geometries were obtained with the Stuttgart Effective Core
Potentials and associated basis set (SDD)*® for Mn, and a standard
6-31G(d,p)*” for the remaining elements (basis b1). Transition state
optimizations were performed with the Synchronous Transit-
Guided Quasi-Newton Method (STQN) developed by Schlegel et
al*® following extensive searches of the Potential Energy Surface.
Frequency calculations were performed to confirm the nature of
the stationary points, yielding one imaginary frequency for the
transition states and none for the minima. Each transition state was
further confirmed by following its vibrational mode downhill on
both sides and obtaining the minima presented on the energy
profile. Solvent effects (THF) were considered in all calculations
(PBEO/b1 geometry optimizations included) using the Polarizable
Continuum Model (PCM) initially devised by Tomasi and co-
workers? with radii and non-electrostatic terms of the SMD
solvation model, developed by Truhlar etal”® The electronic
energies (E,;) obtained at the PBEO/b1 level of theory were
converted to free energy at 298.15 K and 1 atm (Gy,;) by using zero
point energy and thermal energy corrections based on structural
and vibration frequency data calculated at the same level.

Supporting Information Summary

The authors have cited additional references within the
Supporting Information,”®*” which includes X-ray crystallo-
graphic data for 1 and 2 (CCDC 2352079 and 2352080) (CIF),
synthetic procedures, 'H, *C{'H}, and *'P{H} NMR spectra of all
compounds, crystallographic data and complete computational
details, and cartesian coordinates for DFT-optimized structures
(XYZ).
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