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Iron nanoparticles prepared by reducing FeCl; with three
equivalents of EtMgCl in THF are effective catalysts for
the hydrogenation of alkenes and alkynes under moderate
conditions.

For the hydrogenation of olefins and alkynes, palladium or
nickel-based heterogeneous catalysts are state-of-the-art.
Homogeneous catalysts are almost exclusively used for
asymmetric hydrogenation reactions. We were interested in
the development of new non-chiral homogeneous hydrogenation
catalysts to enable continuous hydrogenation processes in
microreactors. In principle, it would be possible to use Pd,
Pt, Rh, Ru or Ni nanoparticles (NPs) as catalysts, since these
have been used extensively for hydrogenation reactions.'
However, the first four metals are rather expensive, and most
transition metals are highly toxic, necessitating the removal of
the catalyst to very low ppm levels for pharmaceutical
applications. In view of the above, we wanted to explore the
use of a homogeneous iron catalyst. In the past, Fe(CO)s has
been used as a poorly active hydrogenation catalyst.> More
recently, the groups of Budzelaar,® Chirik* and Casey’ have
developed homogeneous iron complexes that show interesting
properties as hydrogenation catalysts. Beller et al. have
developed the use of iron complexes as transfer hydrogenation®
and asymmetric hydrosilylation catalysts.” Morris and
co-workers recently reported an iron-based asymmetric transfer
hydrogenation catalyst.®> Fe-NPs have been used for different
applications, including magnetic fluids,® catalysts for carbon
nanotube formation,'® magnetic resonance imaging (MRI)
contrast agents,'""'? nickel-iron batteries, catalysts and sorbents
for environmental remediation,'>'* and as catalysts for C—C
bond formation.'>!® A number of synthetic methods for
their preparation have been reported, such as the thermal
decomposition of iron carbonyl complexes,'” the hydrogenation
of iron amides'® and the chemical reduction of iron salts.'*°
Commonly used NaBH, leads to a colloidal material containing
some boron.?! Heterogeneous iron catalysts are well-known
and used industrially in the Haber-Bosch and in Fischer—
Tropsch reactions. There are also several publications on
the use of heterogeneous iron catalysts for the hydrogenation
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of olefins, dienes, and alkynes at high temperatures and
pressures.*?

In addition, a finely divided iron catalyst, prepared according
to the Raney®™ method by leaching away aluminum, has been
used for the hydrogenation of alkynes.?> However, hydro-
genation with soluble Fe-NPs has not been reported to date.

Herein, we report the use of Fe-NPs as catalysts for the
selective hydrogenation of alkenes and alkynes using molecular
hydrogen. The Fe-NPs were prepared, as reported by Bedford
et al., by reducing a solution of FeCl; with 3 equiv. of EtMgCl
in Et,0 or THF.'**# TEM showed the presence of NPs with an
average size of 2.67 + 0.60 nm (Fig. 1). EDX showed the
presence of iron, magnesium and chlorine. Presumably, the
NPs are stabilised by MgCl, and possibly by THF. Finke**
recently revealed that even BF, ™ is a better stabiliser of NPs
than ethereal solvents. It thus seems highly likely that the
chloride ions of MgCl, will bind to the outer rim of the
Fe-NPs. The Fe-NPs prepared in this manner were tested in
the hydrogenation of olefins. The conversions under various
reaction conditions are listed in Table 1.

The results indicate that Fe-NPs in THF are active catalysts
for the hydrogenation of norbornene (Table 1, entries 1, 2 and 4),
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Fig. 1 A TEM micrograph of Fe-NPs and a histogram showing their
particle size distribution.
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Table 1 The hydrogenation of olefins catalysed by Fe-NPs”

Olefin/Fe
Entry  Olefin (mol/mol)  t/h Conv./ (%)
1 Norbornene 20 0.5 100
2 Norbornene 20 0.5 100
3¢ Norbornene 20 0.5 3
4 Norbornene 200 15 100
5 1-Hexene 20 15 100
6 cis-2-Hexene 20 15 100
7 trans-2-Hexene 20 15 22
8 1-Octene 20 15 100
9 2-Methyl-1-pentene 20 15 100
10 2,3-Dimethyl-2-butene 20 15 0 (0)
11 Cyclohexene 20 15 22 (100)
12 Cyclooctene 20 15 11 (100)
13 1-Methyl-1-cyclohexene 20 15 0 (0)
14 1-Phenyl-1-cyclohexene 20 15 0(0)
15 trans-Stilbene 20 15 6 (100)

“ Reaction conditions: 5 mol% Fe-NPs, 1 mmol olefin, THF (3 mL),
r.t. All hydrogenation products are known, were identified by GC, and
characterised by comparison with authentic samples and spectral
data. ® Pressure of H, was 1 bar. ¢ Presence of 1% (v/v) of H,O.
4 Values in parentheses were obtained at 100 °C.

terminal olefins (Table 1, entries 5 and 8), cis-disubstituted
olefins (Table 1, entry 6) and I,l’-disubstituted olefins
(Table 1, entry 9), even at room temperature and hydrogen
pressures as low as 1 bar. trans-Olefins (Table 1, entry 7 and
15) and cis-cyclic olefins (Table 1, entries 11 and 12), other
than norbornene, could be hydrogenated, but at a lower rate;
full conversion was nevertheless obtained at 100 °C. At room
temperature, tri- (Table 1, entries 13 and 14) and tetra-
(Table 1, entry 10) substituted olefins did not react. Increasing
the temperature to 100 °C did not change this to a large extent;
only non-cyclic tri-substituted olefins could be hydrogenated
under these conditions. This clearly offers possibilities for the
selective hydrogenation of substrates containing more than
one differentially-substituted double bond.

To substantiate the involvement of Fe-NPs as active
hydrogenation catalysts, we performed a number of control

Table 2 The hydrogenation of alkynes catalysed by Fe-NPs”

5 mol% Fe-NPs

e — — 1
R— Hy (10-20bar) R' R2 Y Bl gl
THF, 25 °C 1 2
Entry Olefin p(Hp)/bar t/h  Conv. (%) Select. (1:2)
1 1-Hexyne 20 15 100 0:1
2 1-Octyne 20 15 100 0:1
3 1-Hexyne 10 0.5 100 1:0.6
4 1-Octyne 10 0.5 100 1:0.6
5 3-Hexyne 10 0.5 100 0:1
6 3-Octyne 10 0.5 100 0:1
7 3-Hexyn-1-ol 10 0.5 0 —
8 3-Hexyn-1-ol 20 15 100 0:1
9 4-Pentyn-1-ol 20 15 43 1.3:1
10 2-Methyl-3- 20 15 56 2:1
butyn-2-ol

¢ Reaction conditions: 5 mol% Fe-NPs, 1 mmol alkyne, THF (3 mL),
r.t. All hydrogenation products are known, were identified by GC and
characterised by comparison with authentic samples and spectral data.

experiments. Thus, when using any of the following as
catalysts: MgCl,, EtMgCl, FeCl;, EtMgCl/MgCl and
FeCl;/MgCl,, no reaction was obtained. In fact, the addition
of an extra equivalent of MgCl, to the pre-formed Fe-NPs
only served to retard the hydrogenation of norbornene.

The catalyst is very sensitive to water (Table 1, entry 3). The
presence of even 1% of water in the reaction mixture strongly
retarded the reaction. We assume that water oxidises the NPs
to Fe(m) or Fe(in) species. Similarly, the presence of air
completely inhibited the reaction, presumably for similar
reasons. The catalyst loading could be reduced to 0.5 mol%,
but a longer reaction time was required to achieve full
conversion (Table 1, entry 4).

Experiments were also carried out to investigate the fate of
the catalyst after the hydrogenation had finished. Thus,
norbornene was added successively to the reaction mixture
after the previous hydrogenation had finished. It was found
that up to five consecutive additions of substrate resulted in
full conversion without compromising the activity of the
catalyst. This bodes well for continuous applications.

Interestingly, traces of positional isomers were observed,
along with the hydrogenated product, in the hydrogenation of
trans-2-hexene. Since we also found that the Fe-NPs serve as
an isomerisation catalyst for l-octene in the absence of
molecular hydrogen, it appears that the isomerisation
proceeds via an allylic mechanism rather than via the
B-hydride elimination of an iron alkyl complex.

Next, we examined the hydrogenation of alkynes (Table 2).
The catalyst was found to be active for the hydrogenation of a
variety of alkynes, with good to excellent conversion under
mild reaction conditions. Terminal alkynes were easily
converted to the corresponding alkanes within 15 h at 20 bar
pressure (Table 2, entries 1 and 2). The selectivity to the alkene
increases by decreasing the reaction time and H, pressure
(Table 2, entries 3 and 4).

The hydrogenation of internal alkynes only furnished
alkanes (Table 2, entries 5 and 6). Introducing a hydroxyl
group onto the alkynes seemed to retard the hydrogenation
reaction (Table 2, entry 7), although 3-hexyn-1-ol was
completely converted to the corresponding alkane at high
pressure after a long reaction time (Table 2, entry 8). Under
these conditions, 4-pentyn-1-ol and 2-methyl-3-butyn-2-ol
were also converted by 43 and 56%, respectively. In
these cases, more alkene than alkane was formed (Table 2,
entries 9 and 10).

As we wanted to gain more insight into the selectivity
change to the cis-alkene over time, we monitored the progress
of the hydrogenation of 1-octyne over a 5 h period (Fig. 2).

Interestingly, we observed an induction period of about
10 min. Thus far, we have no explanation for this.
Disappointingly, almost immediately after the hydrogenation
commenced, 1-octene and octane were produced in a fixed
ratio of 1 : 0.6. Only after 2 h did this ratio diminish. In a
similar experiment performed at substrate/catalyst = 200, the
alkene/alkane ratio did not improve (Fig. 3).

In this experiment, we also explored the effects of pressure
and temperature on the rate of the hydrogenation. Increasing
the pressure from 5 to 30 bar raised the turnover frequency
(TOF) from 5 to 14 h~!. Raising the temperature from r.t. to
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Fig. 2 The conversion of 1-octyne into 1-octene and octane.
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Fig. 3 The effect of pressure and temperature on the rate and
selectivity of 1-octyne hydrogenation.

80 °C at 30 bar had a stronger effect on the rate and led to an
increase in the TOF to 118 h™'. Although the rate was
somewhat lower than that achievable with currently used
palladium- and nickel-based catalysts, the catalyst cost is
significantly reduced.

In conclusion, Fe-NPs prepared from FeCl; and EtMgCl
in THF are an economic and non-toxic catalyst for the
hydrogenation of olefins and alkynes. Work is in progress to
expand the application of this catalyst to the hydrogenation of
other substrates.

We thank the European Union for their financial support
of this research, which was carried out as part of the
Research Training Network (R)evolutionary Catalysis
(MRTN-CT-2006-035866).
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