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Solution Synthesis of N,N-Dimethylformamide-stabilized Iron
Oxide Nanoparticles as an Efficient and Recyclable Catalyst for

Alkene Hydrosilylation

Ryusei Azuma,® Seiya Nakamichi,® Jungo Kimura,? Hiroki Yano,® Hideya Kawasaki,’® Takeyuki
Suzuki,! Ryota Kondo,® Yasuharu Kanda,! Ken-ichi Shimizu,¥ Kazuo Kato!® and Yasushi Obora*®

Dedication ((optional))

Abstract: Highly activated, monodisperse N,N-dimethylformamide
(DMF)-stabilized iron oxide nanoparticles (Fe;O; NPs) were
synthesized using Iron(lll) acethylacetonate as a precursor under
open air conditions. The resulting Fe,O; NPs were characterized
using various techniques (e.g. TEM, DLS, XRD, XPS, FT-IR, XANES).
The Fe,O; NPs exhibited efficient catalytic activity for the
hydrosilylation of alkenes, without the need for further additives.
Effective recycling process of the colloidal catalyst by extraction with
a hexane-DMF system was developed and multiple recycles of the
catalyst resulted in no significant loss of catalytic activity at least five
times.

Abundant transition metals, such as Fe, Co and Ni, are being
used increasingly frequently in catalysis as alternatives to
rarer metals. Various organic syntheses using more widely
available metal catalysts have been reported.™t! In particular,
iron catalysts have shown significant utility because they are
inexpensive, abundant in the earth, easy to handle and
exhibit low toxicity. As a result, they are currently being
developed for general catalytic reactions such as cross-
coupling, cycloadditions and polymerizations.

Organosilicon compounds are important intermediates in
various materials science, and are also used as reagents for
fine chemical synthesis.®4l Preparation of organosilicon
compounds therefore has high industrial value. A versatile
reaction introducing silicon groups into organic compounds
has been studied and is receiving significant attention.
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Hydrosilylation of alkenes is regarded as an efficient method
of obtaining organosilicon compounds.® Traditionally,
platinum complexes such as Speier'sl”l and Karstedt’s!!
catalysts served as efficient catalysts for hydrosilylation of
alkenes in the silicone chemical industry. However, although
platinum has high catalytic activity, it has some limitations,
such as being a rare metal, as well as its tendency to induce
side reactions. In 2004, Chirik and co-workers reported a well-
designed iron-pincer type catalyst, which shows remarkable
activities in the hydrosilylation of alkenes and alkynes.®l However,
the pre-catalysts are sensitive to air and moisture, and therefore
need careful preparation. Following the report by Chirik, iron
catalyst systems with organometallic co-catalysts as activators,
such as EtMgBr and NaBHEts;, were reported.'® Recently,
Nagashima and co-workers reported iron and cobalt complex-
catalyzed hydrosilylation of alkenes with alkyl isocyanides as
ligands.*Y Iron catalysts activated by alkylamines, such as
(iPr)2NEt or EtsN were also used for hydrosilylation of alkenes or
alkynes.d Others have also developed Ni and Co catalysts,
which provided practical approaches to catalytic hydrosilylation.
6d, 13]

Transition metal nanoparticles possess various specific
properties, which have been utilized across a wide range of
applications in biology, pharmaceuticals, electronics and
catalysis, amongst others.}¥l In particular, considerable
attention has been focused on nanoparticle catalysts.[*5]
Metal nanoparticles have been expected to show
enhancement of catalytic activity and low catalyst loading as
a result of their increased surface area compared with the
bulk metal. In general, metal nanopatrticles are synthesized
by the liquid phase reduction method, which requires
reducing and protecting agents.[*8 Our group has reported
a simple preparation method for DMF-stabilized metal
nanoparticles (Pd, Pt, Ir and Cu) using the DMF reduction
method.*”! Since DMF was both the reducing and protecting
agent, metal nanoparticles were easily synthesized in a one
step process and the resulting nanoparticles provided
sufficient catalytic activity for organic synthesis. Pd
nanoclusters (NCs) with a particle size of 1-2 nm, have
been demonstrated as a practical and recyclable catalyst for
Suzuki-Miyaura, Mizoroki-Heck and Migita-Kosugi-Stille
reactions.[*7217 Cuy NPs can be used for Sonogashira
coupling and O-arylation*’¢17d and Ir NCs catalyze B-
methylation of alcohols through hydrogen autotransfer.[7¢l
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Figure 1. Photographs of (a) a solution of DMF-protected Fe2O3 NPs and
(b) Light emitted by DMF-protected Fe2O3 NPs under black light irradiation
(365 nm)
There are recent reports with iron oxide nanocatalysts in
various organic reactions.®l

We report structural characterization of Fe.O; NPs
synthesized using the DMF reduction method, and a novel
recyclable catalytic system for hydrosilylation of alkenes
without any additives.

The DMF-stabilized iron nanoparticles were prepared using
a facile one step process. DMF (50 mL) was preheated to
140 °C in a flask fitted with a reflux condenser, and a solution
of Fe(acac)s; in DMF (0.5 mL, 0.1 M) was added. The DMF
solution was heated at 140 °C for 8 h under open air
conditions, after which highly dispersed iron nanoparticles
were obtained. The iron nanoparticles in DMF resulted in an
orange solution, which exhibited light-blue fluorescence
when irradiated with black light (365 nm) (Fig. 1).

The spectroscopic properties of the iron nanoparticles were
studied by UV-visible absorption and fluorescence
spectroscopies. The maximum absorption peak was
observed around 450 nm with UV excitation at 350 nm (Fig.
S1). These results demonstrated similar photoluminescence
to other metal nanoparticles synthesized using the DMF
reduction method.*"!
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Figure 2. (a) Transmission electron microscopy image of DMF-protected
Fe203 NPs; (b) particle size distribution of Fe2Oz NPs; (c) dynamic light
scattering of Fe203 NPs; (d) electron diffraction pattern of Fe2Os NPs.
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To establish the size of the Fe,Os; nanoparticles,
transmission electron microscopy (TEM) and dynamic light
scattering (DLS) measurements were carried out. The TEM
image and particle size distribution indicated that particles
were mainly 2-5 nm in size (Fig. 2a and 2b). And results of
DLS measurement showed the average particle size was 2.8
nm, which supports the TEM findings (Fig. 2c). The presence
of iron in the metal nanoparticles was confirmed by energy
dispersive X-ray spectroscopy (EDS; Fig. S2) and their
crystalline structure were identified as a-Fe,Os (corundum
type) by electron diffraction analysis (Fig. 2d).[*]

To establish the crystal structure of all NP phases, X-ray
diffraction (XRD) was carried out. The results revealed an
amorphous structure (Fig. S3).

Figure 3. In situ Fe K edge X-ray absorptoion near-edge structure (XANES)
spectra of Fe203 NPs, a-Fe20s, Fe(acac)s and Fe foil. Cell Length 2.0-3.5
mm. Concentration 250 mM (for Fe.Os NPs). (BLO1B1 beamline at Spring 8
(Hyogo, Japan) in transmission QXAFS mode.)

Figure 3 shows an X-ray absorption near-edge structure

(XANES) spectrum of DMF-protected iron NPs along with the
spectra of a-Fe;O; Fe(acac); and Fe foil. The iron NP
spectrum exhibited different absorption peaks to that of the
Fe(acac); precursor and almost overlapped with the a-Fe>O3;
spectrum, supporting the finding that DMF-protected iron
NPs had a similar structure to a-Fe;Os.
To gain an understanding of the interaction between DMF
molecules and the Fe,O; NPs, the catalyst was
characterized by FT-IR, 'H-NMR and X-ray photoelectron
spectroscopies. Excess DMF solvent was removed using a
high-vacuum pump (10° Pa) to ensure measurements were
representative of the NPs. Figure S4 shows FT-IR spectra of
DMF and Fe,Os; NPs. A strong peak at around 1670 cm™,
attributed to the v(C=0) stretching vibration of DMF, was
observed in both spectra, which indicates the presence of
DMF molecules on Fe;O3 NPs. In the *H-NMR spectrum of
Fe,O3 NPs, the signal at 8.11 ppm, close to the formyl proton
resonance of DMF at 7.92 ppm, indicates the interaction of
DMF molecules with Fe,O3 NPs (Fig. S5). XPS spectra at
Fe2p region of Fe,O3; and Fe,O; NPs were presented in
Figure 4. The curve fitting of their peaks indicated Fe?* and
Fed* states.l?03 At Fe2ps, level of Fe,Os, the peaks located
at 709.9 eV and 711.4 eV were assigned 2pz, of Fe?* and
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Figure 4. XPS spectra of Fe2p: (a) Fe20z3 and (b) Fe203 NPs.

Fe®* states respectively and Fe?*/ Fe3* peak area ratio was
0.5 (Fig. 4a, Table S1). A Fe2ps;, spectrum of Fe,Os NPs
(Fig. 4b) was deconvoluted into two peaks at 709.2 eV and
710.9 eV, were considerably overlapped the peaks of Fe;Os;.
However Fe?*/ Fe®* peak area ratio of Fe2p spectrum for
Fe,O3 NPs was 1.2, indicated more presence of Fe?* species
rather than bulk Fe»Os , which attributed to coordination of
DMF to the NPs (Table S1). To compare the chemical
composition of Fe,Os; NPs with Fe,O;, XPS wide scan
spectra were obtained (Fig. S6). Three principal peaks (C 1s,
O 1s and N 1s) were observed and their narrow scan spectra
were shown in Figrure S7. The N 1s peak was gained only
the spectrum of Fe,O3; NPs, may be attributed to DMF. The
O 1s peak at 532.3 eV (Fig. S7e) was also expected
coordination of DMF to the NPs.[20b.cl

The thermal stability of Fe,O3; NPs was examined by thermo-
gravimetric (TG) analysis (Fig. 5). The TG curve of the
Fe(acac)s precursor showed a sharp drop off around 220 °C,
whereas the weight loss of Fe,O3; NPs occurred gradually
from 100 °C. The results suggested that the catalyst was
different from the Fe(acac)s; precursor because it was
protected by DMF. To identify the protective molecules of the
catalyst, evolved gas analysis-mass spectrometry (EGA-MS)
was carried out (Fig. S8). At ~470 °C, NH3; was released from
Fe,O3 NPs and some ion fragments assigned m/z = 28 were
observed at 570 °C and 710 °C. These ion fragments were
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Figure 5. TG analysis of Fe203 NPs (blue) and Fe(acac)s (green).
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Table 1: FeOs NP-catalyzed hydrosilylation of alkenes with hydrosilanel®

¢t Fe,05 NPs

Alkene Silane Silylated product
1 2 — 3
RNASHPR o S gip,  pp S SPH,
R = CsH17 32 84% 3c 3d
R = CeHia 3b 84% 73% 71%
SiPhH, SiPhH,
O/ T™™S™ " SiPhH,
3e 3f 39
57% 68% 59%
0
CI S SiPH, L\\/\/\SiPth AcO” " SiPhH,
3h 3i 3j
59% 69% 39%

0
SiHPh i
)WSiPhHZ Cor o SHPR2 (L~ SiHMePh

3k 3l 3m
64% 56% 51%!

[a] Reaction conditions: alkene 1 (0.5 mmol), hydrosilane 2 (3 mmol), Fe203
NPs (0.1 mol %), THF 1 mL, 70 °C, 24 h. [b] 48 h.

expected to be N, or CO derived from decomposition
products of DMF. 21

Following characterization, Fe,O; NPs were used as a
catalyst for hydrosilylation of alkenes (Table 1). Various
alkenes were investigated by reaction with phenylsilane (3a—
3k). 1-Decene was used as a model substrate for the
catalytic system. The reaction proceeded smoothly and
resulted in quantitative production of hydrosilylation product,
with an isolated yield of 84% (3a) along with small amount of
diphenylsilane. The use of excess amount of hydrosilane
gave 3a in high yield under these conditions (Table S2). A
linear analogue of silylation product was also obtained in
excellent yield (3b). Aliphatic olefins bearing phenyl groups
were applied to the reaction and produced alternative
silylation products in high yields (3c, 3d). Cycloalkenes also
showed good reactivity (3e, 3f). The reaction also tolerated
functionalized alkenes (3g—3k). Notably, the silylation
selectively proceeded in the presence of carbonyl derivatives
because the C=0 group was unreactive (3j, 3k). (%1 If allyl
acetate is used for hydrosilylation, general platinum catalysts
often form r-allyl intermediates and produce decarboxylation
products. Secondary silanes could also be used, and
corresponding products were obtained in moderate yields
(31, 3m). However, the reaction was slow when tertiary
silanes were used. The reaction is believed to proceed
similar pathway reported in the literature.62.°1

The DMF-stabilized iron nanoparticle catalysts in this
system could be effectively recycled using a convenient
solvent extraction method. During catalyst regeneration, the
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Scheme 1. Recycling process for DMF-stabilized Fe2O3 NPs in the reaction of 1a with 2a under the same conditions as in Table 1

NPs in the DMF layer could be easily traced using UV
monitoring. The catalyst does not require preactivation
treatment for the next recycling step. Each cycle of the test
was carried out as described in Scheme 1. Separation and
recovery of the catalyst from the reaction mixture was
simple, requiring only three steps to regenerate the catalyst
for the subsequent run. After the reaction, the mixture was
evaporated to remove the THF solvent. Hexane (8 mL) and
DMF (2 mL) were then added and the catalyst was extracted
with hexane five times to thoroughly remove reaction
products and unreacted substrates. The catalyst remained
well dispersed in the DMF layer (A), which could be
observed by photoluminescence under black light
irradiation. Finally, the DMF was evaporated to leave only
iron nanoparticles (B). The subsequent run was conducted
under the same conditions as described in Table 1 using the
recovered catalyst. These processes were carried out in air,
which demonstrated the stability of the Fe,O3; NP catalyst.
The recycling test was performed five times. Black light
irradiation confirmed that the Fe,O3; NP catalyst was present
in the DMF phase, even in the last extraction following the
4th run, prior to the 5th run (Fig. S9). The recycling studies
are shown in Figure 6. Fe;O3; NPs maintained their catalytic
activity even after the 5th run, which resulted in silylation
product in high yield. Slightly decreased of the yield of 3a
was observed during the multiple recycling step owing to the
loss of some catalyst in the extraction step.
The catalyst retained their nano-sized particle size and

100 100
—~ 75
S 75 o
~ =}
< 2
™
< 50 50 B
25 25
0 0
1 2 3 4 5

Recycling (run)

Figure 6. Recyclability studies of the Fe2O3 NP catalyst for hydrosilylation.
Reactions were conducted under the same conditions as in Table 1.

@)

Figure 7. TEM images of Fe203 NPs (a) after reaction, (b) after the 5th run

showing similar photoluminescence characteristics before,
after, and recycling reactions (Scheme 1, Figure 7 and S9-
12). Therefore, DMF-stabilized Fe,O3; nanopatrticles remain
during the catalytic reaction, generating partially open sites
by liberation a portion of the DMF molecules that could act
as active catalysts in the reaction, as proposed in previously
reported DMF-stabilized Ir and Cu nanoparticles.[*’¢l Even
after the 5th run, the particle size was hardly changed (Fig.
S11). If the first step of the recycling studies (THF
elimination) was missed out, a red solution resembling bulk
Fe,O3; was obtained after the final step (Scheme, S3). The
NPs then showed no catalytic activity in the reaction. To
understand the considerable loss of catalytic activity, the
particle size was measured by DLS. This revealed a particle
size of 74-79 nm (Fig. S13), which suggests that the
preservation of particle size is important for successful
catalytic reaction.

In conclusion, we prepared DMF-protected iron NPs using
a simple DMF reduction method and they were
characterized as monodisperse a-Fe;Os NPs (2-5 nm) by
TEM, DLS, electron diffraction, XANES, and XRD analyses.
It was found that DMF molecules were present as a tightly
bound protective layer around the Fe,Os; NPs, which
affected their electronic interaction in FT-IR, *H-NMR, XPS,
TG and EGA-MS analyses. The synthesized DMF-protected
Fe>O3 NPs showed high catalytic activity for hydrosilylation
of alkenes, resulting in versatile silylation products, without
any additives. In addition, we proposed a simple, effective
recycling process of the colloidal catalyst by extraction with
a hexane-DMF system. No significant deactivation of the
Fe,O3; NP catalyst was observed and particle retained their
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size, even after the 5th run. Further investigation into the
detailed structure of the Fe-nanoparticle catalyst and its
further application in catalysis are currently in progress.
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monodisperse iron nanoparticles
(NPs) were synthesized by N,N-
dimethylformamide (DMF) reduction
method and their compositions were
identified a-Fe.Os. The NPs served as
an effective catalyst for alkene
hydrosilylation, which gave versatile
organosilicon compounds.
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