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Iron-containing bimetallic catalysts were prepared from carbonyl clusters as precursors deposited
on Si0,. FeRh, and Fe,Rh; cluster-derived catalysts showed high activity and selectivity for forma-
tion of ethanol and methanol in CO hydrogenation. Fe,Pt;, FecPd,, and Felr, cluster catalysts gave
methanol in high selectivity, while Fe-rich Fe,Pt and Fe,Pd were not selective catalysts. The
RhFe cluster catalysts showed improved activity in hydroformylation of olefins; C,-alcohols were
substantially obtained from C;Hg + CO + H,. Mossbauer and EXAFS studies on the Fe,Rh,/SiO,
catalyst show that highly dispersed RhFe bimetallic particles are located on the SiO, surface, where
Fe atoms exist preferentially in the state of Fe’* even after H, reduction. FTIR spectra of CO
chemisorbed on Fe,Rh,/SiO, exhibit a low-frequency band possibly due to the C- and O-bonded
CO on Rh-Fe*" sites. Bimetallic promotion of alcohol production in CO hydrogenation and olefin
hydroformylation is proposed to originate from the two-site interaction of Rh—Fe** (or Pt—Fe’*,

Pd-Fe’*, Ir-Fe?*) sites with CO to enhance migratory CO insertion.

INTRODUCTION

The use of metal clusters as catalyst pre-
cursors is an important aspect of homoge-
neous and heterogeneous catalysis (/-8).
The chemical modification of solid surfaces
by using clusters has been investigated re-
cently for the sophisticated control of metal
particle sizes as small as 10 A and well-
defined metal compositions. The bimetallic
clusters offer prospects of synergistic effect
for the two metal components in many use-
ful catalytic reactions. Since Sinfelt re-
vealed by using EXAFS that alloys were
formed in the reforming catalysts such as
Pt—Ir and Ru—Cu on SiO, or Al,O; (9), bime-
tallic clusters grafted on solid surfaces have
attracted much attention, because they may
provide the advantage of obtaining highly
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dispersed bimetallic particles which are
managed at the molecular level (10-12). It
has been reported that the bimetallic cluster-
derived catalysts are active in the reactions
such as skeletal rearrangement of hydrocar-
bons (13-16), hydrogenation of carbon-car-
bon multiple bonds (16, 17), CO hydrogena-
tion (2, 14, 15, 18-23), hydroformylation of
olefins (24, 25), and reductive carbonylation
of nitro compounds (26).

In CO hydrogenation on salt-derived Rh/
SiO, catalysts, some additive metal tons
such as Mn, Ti, Zr, and Fe promote the
production of oxygenates including metha-
nol, ethanol, and acetic acid (27). In particu-
lar, Fe promotion on the salt-derived
Rh-Fe/SiO, (28, 29), Pd-Fe/SiO, (30), and
Ir-Fe/SiO, (31, 32) catalysts is remarkable
for enhancing alcohol production. EXAFS
(33), Mossbauer (34, 35), XPS (36), and
FTIR (37) studies of the Rh—Fe/SiO, cata-
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lysts suggested that this promotion was as-
sociated with Rh-Fe sites formed on the
SiO, support.

Accordingly, as tailored models for the
promoted Rh, Pt, Pd, and Ir, we have pre-
pared RhFe, PtFe, PdFe, and IrFe catalysts
from bimetallic carbonyl clusters deposited
on SiQ, (38-40). CO hydrogenation reaction
was conducted on the RhFe, PtFe, PdFe,
and IrFe catalysts. Hydroformylation reac-
tions of ethylene and propylene have been
carried out as a diagnostic reaction for mi-
gratory CO insertion which is an elementary
step in CO hydrogenation. The structural
properties of the catalysts have been studied
by means of Mossbauer, EXAFS, and FTIR
spectroscopies. In this paper, it is demon-
strated that the bimetallic sites derived from
carbonyl clusters are highly active for mi-
gratory CO insertion, and they provide high
activity and selectivity toward alcohols. The
origin of Fe promotion is discussed in terms
of the two-site interaction with CO.

EXPERIMENTAL
Catalysts Preparation

Synthesis of clusters and their deposition
onto SiO, were performed under an atmo-
sphere of purified nitrogen using standard
Schlenk and needlestock techniques (41).
Solvents were stored under N, after being
refluxed with and distilled from appropriate
drying agents (hexane, CaH,; THF, LiAlH,;
CH,CN, P,0,, followed by K,CO,; acetone,
4 A molecular sieves). Davison no. 57
(10-20 mesh, surface area = 280 m? g™
was used as a silica support for catalytic
reactions. The SiO, was heated at 320°C un-
der vacuum (1072 Pa) for 2 h and stored
under N,. When clusters are not stable in
solutions under N,, all manipulations were
carried out under CO. Carbonyl clusters
used in this work, references for their syn-
thesis, and solvents employed in deposition
of the clusters are listed in Table 1.

In a typical run, {[TMBA][FeRh; (CO),]
(42 mg) was dissolved in 10 ml of THF, and
4 g of SiO, was added to the solution under
N,. After 30 min of stirring, the sample was
evaporated to dryness at room temperature.
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The solid was oxidized in O, flow (1 x 10
Pa, 60 ml min~!) at 150°C for 2 h in a glass
tubing, followed by the reduction in H, flow
(1 x 10° Pa, 60 ml min~') at the programmed
temperature from 20 to 400°C (1.7°C min ")
and 400°C for 2 h. After cooling, the sample
was subjected to N, flow (1 x 10° Pa, 60 ml
min~ ") for 30 min at room temperature; then
2 g of the sample was transferred to a reactor
under air and reduced again in H, flow (1 x
10° Pa, 60 ml min~") at 400°C for 1 h prior
to flowing a reaction gas. The total metal
loading of this catalyst was 0.5 wt%. We use
the notation M, M’ /SiO,; the abbreviation
refers only to the metal composition of the
precursor cluster M, M’ (CO), deposited on
Si0,.

Salt-derived Rh, Rh—Fe, Pt, Pd, Pd—Fe,
and Ir-Fe/SiO, catalysts were prepared un-
der air by adding SiO, to ethanol solutions of
metal chlorides: RhCl, - 3H,0, RhCl, - 3H,0
+ FeCl;, H,PtCl, - 6H,0, PdCl,, PdCl, +
FeCl;, and IrCl,- H,O + FeCl;, respec-
tively. After 30 min of stirring, the sample
was evaporated to dryness using a rotary
evaporator. Subsequent H, reduction and
transference to the reactor were done as
above.

CO Hydrogenation Reactions

A CO hydrogenation reaction was con-
ducted at 250°C with a continuous flow
stainless steel reactor (inner diameter = 14
mm, 240-mm-long tubing), where 2.0 g of
the catalyst (total metal loading 2 wt%) was
charged. A gas mixture of CO and H,
(CO:H, = 1:2 molar ratio, 4.9 x 10° Pa)
was introduced into the reactor at a flow rate
of 90 ml min ! and a space velocity of 1000
h~'. Oxygenated products such as CH,OH,
CH,CHO, and C,H;OH were collected in a
water trap (50 ml of H,0) by bubbling the
effluent gas through it. Products were ana-
lyzed by gas chromatography. CO, CO,, and
C,~C, hydrocarbons were separated by us-
ing a Shimadzu GC-8AIT gas chromato-
graph with a thermal conductivity detector.
A column of 4 mm¢ X 1 m of active carbon
(60-80 mesh) was used for separation of
CH,, CO, and CO, at room temperature.
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TABLE 1

Catalyst Preparation of RhFe/SiO, (0.5 wt% of Metal) and PtFe, PdFe, and IrFe/SiO,

Precursor Ref. Weight Solvent SiO, Atmosphere Metal wt%
Rh(CO)}, 42 36 mg hexane (10 ml) 4g N, 0.5
[TMBAL[Fe;(CO), ) 43 93 mg THF (10 ml) 4g N, 0.5
[TMBA],[FeRh;(CO)c] 44 42 mg THF (10 ml) 4g N, 0.5
[NMe,J,[FeRh(CO);s] 44 26 mg THF (7 ml) 2g Co 0.5
[TMBAJ,[Fe,Rh(CO) ] 44 25 mg THF (7 ml) 2g N, 0.5
Fe;Rhy(CO),,C 45 23 mg THF (7 ml) 2g N, 0.5
Rh(CO);, + 32 +

[TMBAL[Fe(CO); ] — 11 mg THF (10 ml) 4g N, 0.5
[NEt,L,[Pt;,(CO)yyl 46 112 mg THF (15 ml) 4g N, 2
[TMBAJ[Fe;Pt;(CO);s] 47 158 mg CH;CN (15 ml) 4g N, 2
[TMBAL,[Fe,Pt(CO) ] 48 241 mg CH;CN (15 mi) 4g N, 2
[TMBAJ;[FesPdy(CO), H]1 48 85 mg acetone (10 ml) 2g N, 2
[TMBALL[Fe,Pd(CO) ] 48 257 mg CH;CN (15 ml) 4g N, 2
[TMBA][HIr(CO),|] 49 67 mg THF (10 mi) 2g CO 2
[TMBA),[Felr (CO);s] 50 75 mg THF (10 ml) 2g CO 2

4 TMBA = NMe;Bz.

C,-C, hydrocarbons such as ethylene and
propylene were separated on a column of 4
mm¢ X 4 m N,N-dimethylformamide/
Al O, (DMF 38%, 60-80 mesh) at room tem-
perature. The concentration of the gaseous
products in the off-gas was calibrated with
the external standard method using a 5-mi
sampler of gas. The analysis of the oxygen-
ates dissolved in the water trap were per-
formed on a Shimadzu GC-8APF gas chro-
matograph with a flame ionization detector
using a 4 mm¢ X 4 m Chromosorb 101
(60—80 mesh) column at 135°C, and acetone
was added as an internal standard. In each
gas chromatography, concentrations of the
products were calculated with an integrator
(Shimadzu Chromatopac CR-3A).

Hydroformylations of Ethylene
and Propylene

Hydroformylations of ethylene and pro-
pylene were carried out in vapor phase at
atmospheric pressure with a flow-mode
Pyrex glass reactor (i.d. = 14 mm, 240-mm-
long tubing), where 2.0 g of the catalyst was
charged. The metal loadings of the catalysts
were 0.5 wt% for RhFe/SiO, and 2 wt% for
PtFe, PdFe, and IrFe/SiO,. Gas mixtures of

C,H, (or C;H), CO, and H, (1:1:1 molar
ratio, total pressure 1 x 10° Pa) were intro-
duced into the reactor at a flow rate of 60 ml
min~"' and a space velocity of 670 h™!. The
oxygenated products such as aldehydes and
alcohols were collected by bubbling the ef-
fluent gas through a water trap (50 ml). C,H,
and C,H, were separated by using the
TCD-GC on a 4 mm¢ X 4 m Porapak Q
(60-80 mesh) column at 70°C. C;H, and
C;H; were separated on the 4 mm¢ X 4 m
DMF/AL,O; column at room temperature.
The analysis of the oxygenated products dis-
solved in the water trap was conducted by
the FID-GC. Propanal and 1-propanol were
separated on the 4 mm¢» X 4 m Chromosorb
101 column at 150°C. Butanal, 2-methylpro-
panal, 1-butanol, and 2-methyl-1-propanol
were separated on the same column at
155°C. Ethanol was added as an internal
standard and an integrator was used for cal-
culation of the concentrations of products.

Catalyst Characterization by >'Fe
Mossbauer, EXAFS, and
FTIR Spectroscopies

Aerosil 300 (surface area = 300 = 30 m®
g~ !, average particle size = 7 mu) was used
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Fi1G. 1. An apparatus for H, reduction of sample
disks (a) and a sealed cell for in situ EXAFS and Mss-
bauer (b).

as a silica support to prepare disks for spec-
troscopic studies, and the SiO, was treated
in vacuo at 320°C for 2 h. Carbonyl clusters
were deposited onto the SiO, under N,, the
sample was dried and oxidized by the same
method described as above, and the sample
was pressed into disks (20—-40 mg, 20 mmd)
under air. In Méssbauer and EXAFS study,
the disks were reduced in an apparatus (Fig.
1) by flowing H, (50-100 ml min~') at the
programmed temperature from 20 to 400°C
(1.7°C min~!) and 400°C for 2 h. Then the
atmosphere in the cells was substituted for
dry N, at room temperature. The sample
disks were transferred to an in situ cell in
the upper part; the lower part was attached
to a glass-joint under N,, and the cell was
sealed. In FTIR study the sample disk was
mounted into an in situ IR cell, and was
reduced in H, flow using the same tempera-
ture program as above. After H, reduction,
the atmosphere in the cell was evacuated.
The total metal loading of the sample in each
spectroscopy was 4 wt%.

Mossbauer spectra were obtained from
the disks in the in situ cell (Fig. 1) with
Kapton film windows on a Shimadzu MEG-
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2 or an Austin Science S-600 spectrometer
at 20°C. In order to determine Mossbauer
parameters and relative absorption areas,
the spectra were fitted by computer as linear
combination of Lorentzians with the least-
squares method. Isomer shifts are given rel-
ative to a-Fe.

EXAFS spectra were obtained at Beam
Line 10B in the Photon Factory (2.5 GeV,
90-150 mA) of the National Laboratory for
High Energy Physics (KEK-PF) with a
Si(311) channel-cut monochromator. Each
experiment was done in the transmission
mode on the disks in the in situ cell (Fig. 1)
at 25°C. Analysis of the EXAFS data was
performed with Program EXAFS! and
EXAFS2 (51). The EXAFS spectrum was
extracted using a cubic spline method and
normalized to the edge height. After conver-
sion of photon energy E into photoelectron
wave vector k, the k’-weighted EXAFS
spectrum was Fourier-transformed to r
space, and the inversely Fourier-filtered
data were analyzed with a curve fitting
method on the basis of the short-range sin-
gle-electron single-scattering theory (52) as
expressed by

K x (k) = 2 (K2N/ri®)Si(k)Fi(k)
exp( — 20 k)sin(kri + ¢i(k)),

where Ni, ri, Si(k), Fi(k), oi, and ¢i(k) rep-
resent a coordination number, an inter-
atomic distance, a reduction factor, a back-
scattering amplitude, a Debye—Waller
factor, and a phase shift, respectively. Table
2 summarizes the results of curve fitting
analysis for some standard Rh, Pd, and Fe
compounds, where the theoretical backscat-
tering amplitude F(k) and phase shift ¢(k)
functions were used (53). Interatomic dis-
tances are in good agreement with those
from crystallographic values. The theoreti-
cal functions were used for the analysis of
Fe—Rh and Fe—-Pd bonds in the cluster-de-
rived catalysts. To analyze Rh~Rh, Pd-Pd,
Fe—Fe, and Fe-O bonds in the catalysts, we
used the empirical backscattering amplitude
and phase shift functions directly obtained
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TABLE 2

Curve-Fitting Analysis of EXAFS Data for Standard Rh, Pd, and Fe Compounds

Sample Bond EXAFS X-ray crystallography

N HAY  AE(eV) XA R¢ N rA) Ref.
Rh foil Rh-Rh 5.4 2.68 —11.43 0.0035 0.059 12 2.690 54
Pd foil Pd-Pd 3.6 2.73 -13.33 0.0038 0.065 12 2.751 54
Fe foil Fe-Fe 1.7 2.40 -19.80 0.0017 0.004 8 2.482 54
Fe-Fe 5.0 2.81 —7.48 0.0055 0.004 6 2.866 54
[Fe(H,0)J**(aq.) Fe**-0 2.3 2.01 15.74 0.0016 0.070 6 2.07 55

¢ Coordination number.

¢ Interatomic distance.

¢ Inner potential correction.
4 o: Debye-Waller factor.

¢ R factor.

from the data of Rh, Pd, and Fe foils and
[Fe(H,0)J’* (aq.), respectively, where the
Debye—Waller factors of the standard com-
pounds were fixed at o, = 0.06. The empiri-
cal functions were used with the fixed inner
potential correction AE, = 0 in the analysis
of Rh-Rh, Pd-Pd, Fe-Fe, and Fe-0O.

Infrared spectra were obtained from the
disk in the in situ IR cell with CaF, windows
on a double-beam Fourier transform infra-
red spectrometer (Shimadzu FTIR-4100) at
a resolution of 2 ¢cm™~'. Generally, 25-50
interferograms were coadded to improve
signal-to-noise ratios.

RESULTS AND DISCUSSION

CO Hydrogenation on RhFe, PtFe,
PdFe, and IrFe Carbonyl!
Cluster-Derived Catalysts

The results of CO hydrogenation at 4.9 X
10° Pa are summarized in Table 3, where
the specific rates of product formation
are evaluated on mol X min~! X
(molg, prpar) . Catalytic reactions were
performed for 60 h after the beginning of
syngas flow. All the catalysts had initially
higher rates for hydrocarbons and lower
rates for oxygenates, but changed gradually
to oxygenates-producing catalysts. In each
case, the catalytic activity reached steady
state after 10~15 h on stream and remained

constant for subsequent 45-50 h. The rates
in Table 3 were estimated at steady state.
Rh,/SiO, prepared from Rh,(CO),, con-
verted the 0.5% of CO and produced meth-
ane in 97% selectivity. The selectivity to-
ward oxygenates in products was 3%;
acetaldehyde mainly was obtained and a
trace of methanol was produced, but ethanol
was not produced. Fe,/SiO, prepared from
an anion cluster [TMBAJ,[Fe;(CO),;] had no
catalytic activity under the conditions of
250°C and 4.9 x 10° Pa. On the RhFe bime-
tallic catalysts prepared from [TMBA],
[Fe,Rh(CO),] and [NMe J,[FeRh,(CO)s],
the CO conversion and the rates for oxygen-
ates were substantially increased. Notably,
the rate for ethanol was strikingly enhanced
on Fe,Rh,/SiO, and the selectivity toward
ethanol reached to 33%. The RhFe catalysts
improved the rates for methane as well, but
relative enhancement of rates for oxygen-
ates was much higher than that for methane.
Accordingly, the selectivities toward meth-
ane were decreased to 79 and 56% on FeRh,/
SiO, and Fe,Rh,/Si0,, respectively, which
was in contrast with the substantial increase
of the selectivities toward oxygenates such
as methanol and ethanol. A salt-derived
Rh-Fe/SiO, catalyst was prepared from Rh
Cl; - 3H,0 and FeCl;. The Rh-Fe/SiO, cata-
lyst showed higher rates and selectivity to-
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TABLE 4

Hydroformylation of Ethylene on SiO,-Supported Rh, RhFe, and Fe Carbonyl Cluster-Derived Catalysts?

Precursor/SiO, At ratio C,H, Specific rate of Selectivity, mol%
Fe/Rh  conv. (%) formation,? min~!
Oxygenates’ Alcohol?
CH, EtCHO + 1-PrOH

Rh(CO),; 0 <0.1 0.006 (1) 0.002 (1) 28 0
[TMBA][FeRhs(CO)sJ¢ 0.20 3 0.16 (30) 0.13 (62) 45 4
[NMe,J,[FeRh,(CO),s] 0.25 5 0.28 (53) 0.20 (96) 42 2
[TMBA][Fe,Rh(CO) 6l 0.5 5 0.30 (57) 0.18 (86) 37 3
Fe;Rh,(CO),,C 1.5 3 0.22 (41) 0.22 (110) 50 6
[TMBA1,[Fey(CO)y1] — 0 0 0 — —
Rh(CO);, + 0.26 0.7 0.039 (7) 0.036 (17) 48 0

[TMBAJ,[Fey(CO), ]
Rh,(CO),,/SiO; +

[TMBAJ,[Fe(CO),,1/SiO, 0.24 <0.1 0.003 (0.6) 0.001 (0.6) 27 0
[TMBAL,[Fe,Rh,(CO),}/ 0.5 7 0.046 0.14 75 28

9 Reaction conditions: catalyst 2 g, total metal loading 0.5 wt%, reaction temperature 135 * 2°C, flow rate C,H,
+ CO + H, = 20 + 20 + 20 ml min~!, total pressure 1 x 10° Pa, space velocity 670 h™!. Values in parentheses

are rates relative to Rhy(CO);,.
> mmol - (mmolg,)~! - min~.

“(EtCHO + 1-PrOH)/(C,H, + EtCHO + 1-PrOH) x 100.

4 1-PrOH/(EtCHO + 1-PrOH) x 100,
¢ TMBA = NMe;Bz

f Catalyst 2 g, total metal loading 2 wt%, total pressure 4.9 X 10° Pa, flow rate C,H, + CO + H, = 20 + 20

+ 20 ml min~",

ward oxygenates than Fe-free Rh,/SiO,, but
the selectivity toward ethanol was lower
than that on Fe,Rh,/Si0O, at the same Fe/Rh
ratio of 0.5.

Remarkable Fe-promotion for methanol
was observed on PtFe, PdFe, and IrFe clus-
ter-derived catalysts. Pt,/SiO, prepared
from [NEt,]J{Pt,,(CO),,] produced only
methanol, and the rate for methanol was
larger than that on a H,PtCl, - 6H,0-derived
catalyst. Fe;Pt;/SiO, (Fe/Pt = 1 atomic
ratio) prepared from [TMBA],[Fe,
Pt,(CO),s] gave higher activity for methanol
with the selectivity of 100%. Interestingly,
hydrocarbons and CO, along with methanol
were produced on the catalyst derived from
Fe-rich [TMBAY}, [Fe,Pt(CO),¢] (Fe/Pt = 4);
this poor selectivity may be due to the segre-
gation of the bimetallic cluster making
Fe metals active for hydrocarbons and
CO,, like the product distribution in
Fischer-Tropsch synthesis. Also, high ac-

tivity for methanol was achieved on the cat-
alyst derived from [TMBAJ[Fe,Pd,
(CO),H] (Fe/Pd = 1), and the methanol
selectivity was 79%, but the Pd-Fe/SiO,
catalyst prepared from PdCl, + FeCl; (Fe/
Pd = 1) gave lower selectivity toward meth-
anol. On the other hand, Fe-rich Fe,Pd/SiO,
(Fe/Pd = 4) from [TMBA],[Fe,Pd(CO)]
provided the activity and poor selectivity
similar to those on the Fe Pt/SiO, catalyst.

Iron is a very effective promoter for the
production of methanol in the IrFe cluster-
derived catalyst. The rate for methanol on
Felr,/Si0, prepared from [TMBA],
[Felr(CO),s] was dramatically enhanced by
a factor of over 200 times compared with
Fe-free Ir,/Si0,. In addition, the selectivity
toward methanol was as high as 90% but the
selectivity toward methane was suppressed
to0 9% on Felr,/SiO,. To determine the effect
of proximity of Ir and Fe in the precursor
compounds, two Ir-Fe catalysts were
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TABLE §

Hydroformylation of Propylene on SiO,-Supported Rh, RhFe, and Fe Carbonyl Cluster-Derived Catalysts®

Precursor/SiO, At ratio C;H¢ Specific rate of Selectivity, mol%
Fe/Rh  conv. (%) formation,” min~!
Oxygenates’ Alcohol’/ n-Isomer?
CHgy  n,i-PrCHO*
+ n,i-BuOH?

Rh,(CO),, 0 <0.1  0.001  0.0003 (1)
Rh,(CO),," 0 0.7 0.027  0.0038 13 0 75
[TMBA][FeRhs(CO)c]' 0.20 1 0.078  0.037 (13) 32 46 72
[NMe,],[FeRh,(CO),;] 0.25 2 0.12  0.075 (260) 38 42 74
[TMBA],[Fe,Rhy(CO)l 0.50 2 0.13 0.088 (300) 41 44 73
Fe;Rhy(CO),C 1.5 1 0.10  0.084 (290) 45 63 70
[TMBAL[Fe;(CO), 1 — 0 0 0
Rh(CO),, + 0.26 0.2 0015 0.010 34) 41 33 78

[TMBALIFey(CO)y ]

¢ Reaction conditions: catalyst 2 g, total metal loading 0.5 wt%, reaction temperature 162 + 2°C, flow rate C;H,
+ CO + H, = 20 + 20 + 20 ml min~', total pressure I x 10° Pa, space velocity 670 h~'. Values in parentheses

are rates relative to Rh,(CO),.
» mmol - (mmolg,)~! - min~".
¢ p-PrCHO = butanal, i-PrCHO
4 p-BuOH = 1-butanol, i-BuOH

I

2-methylpropanal.

2-methyl-1-propanol.

¢ (n,i-PrCHO + n,i-BuOH)/(C;Hg + n,i-PrCHO + n,i-BuOH) x 100.

£ (n,i-BuOH)/(n,i-PrCHO + n,i-BuOH) x 100.
¢ (n-PrCHO + n-BuOH)/(n,i-PrCHO + n,i-BuOH) X

100.

* Catalyst 0.5 g, space velocity 1000 h~!, total metal loading 4 wt%.

TMBA = NMe;Bz.

prepared from IrCl,- H,O + FeCl; and a
mixture of monometallic clusters [TMBA]
{HIr(CO),,]and [TMBAL, [Fe;(CO),,] at the
same Fe/lr atomic ratio of 0.25 as that of
[TMBAL[Felr,(CO),s). Both catalysts gave
larger rates for methanol than Ir,/SiO,, but
the relative enhancement of rates was much
lower than that with Felr,/SiO,. On the salt-
derived and the mixed monometallic clus-
ter-derived catalysts, methanol selectivities
were 60-80% and methane was substan-
tially produced in above 20% of selectivity.

Hydroformylation of Ethylene and
Propylene on RhFe, PtFe, PdFe, and
IrFe Cluster-Derived Catalysts

Since CO hydrogenation over supported
metal catalysts is composed of many ecle-
mentary steps, it is difficult to discriminate
between the influence of Fe on the individ-
ual elementary steps for alcohol production.

Sachtler and Ichikawa (27) have suggested
that alcohols are produced through surface
acyls formed by the CO insertion into
metal-alkyl bonds. Hydroformylation of
olefins on Rh/SiO, enabled them to observe
the specific influence of promoters on the
migratory CO insertion and on the H addi-
tion to surface alkyl group. Accordingly, to
unravel the promotive effect for production
of methanol and ethanol from syngas on Fe-
containing Rh, Pt, Pd, and Ir cluster cata-
Iysts, hydroformylations of ethylene and
propylene were chosen as diagnostic reac-
tions to evaluate the CO insertion.

Table 4 summarizes the results of hydro-
formylation of ethylene on SiO,-supported
RhFe cluster-derived catalysts. In all runs,
the activity reached steady state after 5h on
stream and remained constant for subse-
quent 55 h. The rates were estimated at
steady state. Under the conditions of 135°C



442 FUKUOKA ET AL.

TABLE 6
Hydroformylation of Ethylene on SiO,-Supported PtFe, PdFe, and IrFe Carbonyl Cluster-Derived Catalysts®

Precursor/SiO, At ratio C,H, Specific rate of Selectivity, mol%
Fe/M conv. (%) formation,” min~!

Oxygenates’  Alcohol ¢
C,Hq EtCHO + 1-PrOH

[NEtJ[Pt;(CO)y) 0 0.7 0.021 0.0056 (1) 2 8
[TMBAL[Fe;Pt,(CO);sl¥ 1.0 0.8 0.021 0.019 (3.5) 48 37
[TMBAL[Fe,Pt(CO), 4.0 <0.1 0.003 0.0043 (0.8) 61 50
PdCl, 0 9 0.20 0.0009 (1) <1 =

[TMBAJ;[FePd((CO),H] 1.0 55 1.8 0.035 (39) 2 79
[TMBAL,[Fe Pd(CO) ] 4.0 8 0.54 0.0041 (4.6) 1 91
[TMBA][HIr(CO),,)/ 0 0.3 0.0094 0.0003 (1) 3 70
[TMBAL[Felr, (CO)s}Y  0.25 0.4 0.012 0.0039 (13) 3 94

¢ Reaction conditions: catalyst 2 g, total metal loading 2 wt%, reaction temperature 135 = 2°C, flow rate C,H,
+ CO + H, = 20 + 20 + 20 ml min~', total pressure 1 X 10° Pa, space velocity 670 h™', Values in parentheses
are rates relative to Fe-free catalysts.

% mmol/mmolp py ;/min.

¢ (EtCHO + 1-PrOH)/(C,H, + EtCHO + 1-PrOH) x 100.

4 1-PrOH/(EtCHO + 1-PrOH) x 100.

¢ TMBA = NMe;Bz.

/ Reaction temperature 170°C.

TABLE 7
Hydroformylation of Propylene on SiO,-Supported PtFe, and PdFe Carbonyl Cluster-Derived Catalysts®

Precursor/SiO, At ratio C;H, Specific rate of Selectivity, mol%
Fe/M  conv. (%) formation,? min~!

Oxygenates® Alcohol/ n-Isomer®
CHy  ni-PrCHO®

+ n,i-BuOH?
[NEtJ,[Pt,5(CO),] 0 0.1  0.0035 0.001 (1) 21 41 74
[TMBALIFe,P(CO) 5" 1.0 0.4 0011  0.0074 (7.7) 40 97 60
[TMBAL[Fe,Pt(CO)] 4.0 0.4 00014 0.0014 (1.5) 51 88 50
[TMBAL[FePd(CO)H] 1.0 24 081 0.005 <1 98 41
[TMBALIFe,PA(CO)] 4.0 2 0.16  0.0007 <1 =100 0

¢ Reaction conditions: catalyst 2 g, total metal loading 2 wt%, reaction temperature 162 = 2°C, flow rate C;H,
+ CO + H, = 20 + 20 + 20 ml min~', total pressure 1 X 10° Pa, space velocity 670 h™!. Values in parentheses
are rates relative to [NEt],[Pt;5(CO)y4l.

b mmol - (mmolypy)~" - min~.

¢ n-PrCHO = butanal, i-PrCHO = 2-methylpropanal.

¢ n-BuOH = l1-butanol, i~-BuOH = 2-methyl-1-propanol.

¢ (n,i-PrCHO + n,i-BuOH)/(C;Hg + n,i-PrCHO + n,i-BuOH) x 100.

/(n,i-BuOH)/(n,i-PrCHO + n,i-BuOH) x 100

£ (n-PrCHO + n-BuOH)/(n,i-PrCHO + n,i-BuOH) x 100.

*TMBA = NMe;B,
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and 1 X 10° Pa, simple hydrogenation of
ethylene to ethane is predominant over hy-
droformylation on Rh,/Si0,; the selectivity
toward oxygenates, expressed by the per-
centage of (propanol + 1-propanol) to (eth-
ane + propanal + 1-propanol), is only 28%.
On Fey/Si0, derived from [TMBAJ,
[Fe;(CO),,], neither hydroformylation nor
simple hydrogenation occurred under the
reaction conditions.

The activity for hydroformylation was
greatly increased on the catalysts derived
from RhFe clusters with the metal composi-
tion of FeRh;, FeRh,, Fe,Rh,, and Fe;Rh,;
the rates for EtCHO + 1-PrOH were im-
proved by factors of 62—110 compared with
Fe-free Rh,/Si0,. The RhFe catalysts im-
proved the activity for the simple hydroge-
nation, but the relative enhancement of
rates for the simple hydrogenation was
lower than that for the hydroformylation.
The selectivity toward oxygenates was thus
substantially increased on the RhFe cata-
lysts: 28% on the Rh,/SiO,, 37-50% on the
RhFe/SiO,. A small amount of 1-PrOH was
obtained on the RhFe catalysts, although
Rh,/SiO, gave only EtCHO as an oxygen-
ate. To clarify the effect of the proximity of
Rh and Fe in the catalysts, a mixed Rh—Fe
catalyst was prepared by impregnation of
SiO, with a THF solution of Rh,(CO),, and
[TMBA]J,[Fe;(CO),,] at an atomic ratio of
Fe/Rh = 0.26. The Rh, + Fe,/Si0O, catalyst
gave much lower activity for the hydrofor-
mylation of ethylene than that from [NMe,],
[FeRh,(CO);s] (Fe/Rh = 0.25). In addition,
the two catalysts Rh,/SiO, and Fe,/SiO,
were mixed at the Fe/Rh atomic ratio of 0.24
and charged into the reactor. The resulting
Rh,/Si0, + Fe,/SiO, catalyst showed the
activity for hydroformylation and hydroge-
nation as low as that by Rh,/SiO,.

Hydroformylation of ethylene under high
pressure (4.9 x 10° Pa) on Fe,Rh,/SiO, de-
rived from [TMBA], [Fe,Rh,(CO),,] was
conducted in a stainless steel reactor. Com-
pared with the catalytic performance at 1 X
10° Pa, the simple hydrogenation of C,H,
to C,H, was effectively suppressed and the
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FiG. 2. ¥Fe Mossbauer spectra of Hy-reduced FeRhs/
SiO, (a) and Fe,Rh,/SiO, (b) catalysts at 20°C. H, reduc-
tion at 400°C for 2 h, isomer shifts relative to a-Fe.

selectivity toward oxygenates reached 75%
with considerable formation of 1-PrOH
(28% selectivity among oxygenates).
Likewise, Fe promotion for the formation
of oxygenates, in particular alcohols, was
observed in hydroformylation of propylene,
as shown in Table 5. At 162°C and 1 X
10° Pa, the rates of hydroformylation were
dramatically increased on FeRhs, FeRh,,
Fe,Rh,, and Fe;Rh,/SiO, catalysts, i.e., 130,
260, 300, and 290 times larger, respectively,
relative to the Rh(CO),,-derived catalyst.
The selectivity toward hydroformylation
was substantially increased on the RhFe cat-
alysts; 13% on Rh,/Si0,, 32-45% on RhFe/
Si0,. Additionally, C,-alcohols such as 1-
butanol and 2-methyl-1-propanol were also
obtained on the RhFe catalysts, while Rh,/
SiO, gave only aldehydes as oxygenates.
Interestingly, the selectivity toward normal
isomers of aldehydes and alcohols, i.¢e., (bu-
tanol + 1-butanol)/(butanal + 2-methylpro-
panal + I-butanol + 2-methyl-1-propanol)
x 100, was not affected by the Fe content
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TABLE 8

Mdssbauer Parameters of H,-Reduced RhFe, PtFe, and PdFe Bimetallic Cluster-Derived Catalysts at 20°C¢

Precursor/SiO, At ratio Iron 8" AC Peak area

Fe/M state (mm s~ (mm s~1) (%)

[TMBA][FeRhs(CO);s] 0.2 Fe? 0.15 — 12
Fe’* 0.37 0.82 88

[TMBA],[Fe,Rhy(CO) 4] 0.5 Fe? 0.17 — 27
Fe* 0.46 1.00 73

[TMBAJ,[Fe;Pt;(CO);s] 1.0 Fe' -0.06 — 35
Fet 0.72 0.76 65

[TMBAJ;[FePdi(CO),,H] 1.0 Fe?* 1.24 2.50 36
Fe* 0.35 0.43 64

[TMBAL[Fe,Pd(CO) ] 4.0 Fe? 0.59 — 14
Fe?* 1.16 2.15 86

? Total metal loading 4 wt%, H, reduction at 400°C for 2 h.

b Isomer shift relative to «-Fe.
¢ Quadrupole splitting.
4TMBA = NMe;Bz.

in precursor clusters. For example, the se-
lectivity was 75% on Rh,/SiO, and the RhFe
cluster-derived catalysts gave the normal
selectivities of 70-74%. This implies that
the CO insertion into metal-C;H, to form
metal-COC,H; occurs on Rh atoms, and Fe
does not impose such a steric hindrance
around Rh as is caused by PPh; in homo-
geneous hydroformylation with HRh
(CO)(PPhy), (56).

From these results of hydroformylations
of ethylene and propylene on the RhFe cata-
lysts, it is suggested that RhFe clusters pro-
vide Rh-Fe sites where Rh and Fe atoms
are in close proximity, and they are highly
active for hydroformylation, i.e., CO inser-
tion and successive hydrogenation to give
alcohols.

Tables 6 and 7 present the results of hy-
droformylation of ethylene and propylene
on PtFe, PdFe, and IrFe cluster-derived cat-
alysts. In ethylene hydroformylation (Table
6), PtFe, PdFe, and IrFe catalysts exhibited
substantial promotion for the rates of hydro-
formylation compared with Fe-free Pt, Pd,
and Ir catalysts, although the rates were
much smaller than those on RhFe/SiO, (Ta-
ble 4). The rates for ethane on Pd-based

catalysts were much higher than on Pt- or
Ir-based ones by a factor of 10-10%. Thus
Fe(Pd,/SiO, gave a modest rate for hydro-
formylation, but the hydrogenation of C,H,
to C,H, was greatly predominant with a 55%
of ethylene conversion at 135°C and 1 x 10°
Pa. Likewise in RhFe-catalyzed hydrofor-
mylation, selectivity toward alcohol was in-
creased on PtFe, PdFe, and IrFe/SiO, cata-
lysts. Also, the improved selectivity toward
alcohol was obtained in the hydroformyl-
ation of propylene on PtFe and PdFe cata-
lysts. The selectivities toward n-isomer was
74% on Fe;Pt;/Si0, and 41% on Fe,Pd,/
Si0O,, while the rates for hydroformylation
were very small.

TFe Méssbauer Spectroscopy

The valence states of Fe in RhFe, PtFe,
and PdFe cluster-derived catalysts were
studied by ’Fe Mossbauer spectroscopy.
The spectra of FeRh,/SiO, and Fe,Rh,/SiO,
at 20°C are shown in Fig. 2 and the Moss-
bauer parameters are summarized in Table
8. The isomer shifts and quadrupole split-
tings for FeRhs/SiO, and Fe,Rh,/SiO, are
very similar to those for the salt-derived
Rh-Fe/Si0O, catalysts previously reported
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FiG. 3. Fourier Transforms of Rh K-edge EXAFS k?
x (k) (a) and Fe K-edge EXAFS &* x (k) (b) of Fe;Rh/
Si0, at 25°C after H, reduction at 400°C for 2 h.

(35). In Fig. 2, two absorption bands were
observed and resolved into a singlet and a
pair of quadrupole doublets by the computer
fitting. The singlets at & = 0.15 mm s~ ! were
assigned to Fe’ alloyed with Rh, but it is
concluded that metallic iron was absent be-
cause the isomer shift was higher than that
of a-Fe (0 mm s !). The isomer shifts and
quadrupole splittings indicate that the dou-
blets are to be attributed to Fe**. Niemant-
sverdriet et al. assigned the similar doublet
in the salt-derived Rh—Fe/SiO, catalysts to
high spin Fe** of iron(Ill) oxides with high
dispersion (34). Bands of Fe * and Fe** were
negligible for FeRhy/Si0O, and Fe,Rh,/SiO,.

It is notable that Fe atoms of the RhFe
catalysts mostly exist in the state of Fe’*
even after H, reduction at 400°C. The ratios
of peak area of Fe’*/Fe® were 88/12 for
FeRhs/Si0, (atomic ratio Fe/Rh = 0.2) and
73/27 for Fe,Rh,/SiO, (Fe/Rh = 0.5). The
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Fe?* /Fe’ ratio decreased with increasing the
Fe/Rh atomic ratio of precursor clusters,
implying that Fe** was reduced to Fe® on
Rh in the Fe-rich bimetallic catalysts.

Similar proportions of Fe** and Fe® were
obtained for Fe;Pt,/Si0, which was a selec-
tive catalyst for methanol in CO hydrogena-
tion. The data for Fe,Pd,/SiO, show the
presence of Fe** and Fe?*, but the band
associated with Fe® was not observed. On
the other hand, Fe’* had a large contribu-
tion in Fe,Pd/SiO,; the relative peak areas of
Fe?* and Fe® were 86 and 14%, respectively.
The Fe** species, which was found in the
selective alcohol catalysts such as Fe,Rh,/
SiO, and Fe;Pt;/Si0,, was not observed in
the poorly selective Fe,Pd/SiO,.

EXAFS Spectroscopy

EXAFS analysis was performed on the
ethanol selective Fe,Rh,/SiO, after H, re-
duction at 400°C. Fig. 3 shows the Fourier
transforms of k*>-weighted EXAFS oscilla-
tion k* x (k) at Fe K-edge and Rh K-edge.
The results of the curve-fitting analysis are
summarized with the previous results for
salt-derived Rh—Fe/SiO, catalysts in Table
9. Since the EXAFS data of the cluster-
derived catalysts were quite similar to those
of the salt-derived catalysts, we could esti-
mate the contribution around Rh or Fe in
Fe,Rh,/Si0, according to the procedures of
analysis for the salt-derived Rh-Fe cata-
lysts (33).

In Fig. 3, the Fourier transform of k* x (k)
for the Rh K-edge EXAFS shows a strong
peak at about 2.3 A. From the curve-fitting
analysis of inverse Fourier transform of the
peak, it is assigned to Rh-Rh: the inter-
atomic distance (r) = 2.70 A, the coordina-
tion number (N) = 5.6. The contribution
of Rh-Fe interaction was not found in the
curve fitting of Rh K-edge data. In the Fou-
rier transform of k* x (k) for the Fe K-edge
EXAFS of Fe,Rh,/SiO,, a peak at ca. 2.2 A
is assigned to Fe—Rh from the curve-fitting
analysis: r = 2.54 A and N = 1.8. A shoul-
der peak at ca. 1.8 A is Fe-O (r = 1.99
A, N = 3.0), where O may be the surface
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TABLE 9

Results of the Curve-Fitting Analysis of k* x (k) of Hy-Reduced RhFe and PdFe Bimetallic
Cluster-Derived Catalysts®

Precursor/SiO, Fe/ Bond Nt rAy AEy(eV)! A o} (A% RS
Rh,Pd
[TMBAL[Fe,Rh,(CO);q] 0.5 Fe-O 30 1.9 5 0.0012 0.048
Fe-Rh 1.8 2.54 —-15.44 0.0052" 0.048
Rh-Rh 5.6 2.70 8 0.0030 0.005
RAC, - 3H,0 + FeCly 0.5 Fe-0 09 1.9 — — —
Fe—Rh 4.0 2.62 — — —
Rh-Rh 9.5 2.66 — — —
[TMBAJ];[Fe Pdy(CO),,H] 1.0 Fe-O 3.8 1.93 s 0.0005 0.003
Fe~Fe 0.4 2.50 8 0.0012 0.012
Fe-Pd 0.9 2.69 —-6.07 0.0034" 0.012
Pd-Pd 6.5 2.75 8 0.0008 0.042
PdCl, + FeCl;j 0.45 Fe-Fe 0.9 2.46 — — —_
Fe-Pd 9.0 2.62 — — —_
Pd-Fe 4.6 2.63 — — —_
Pd-Pd 7.7 2.76 — — —_

4 Total metal loading 4 wt%, H, reduction at 400°C for 2 h. The EXAFS spectra were obtained at 25°C under
N,. The errors were estimated to be 0.03 A for r and 0.4 for N.

¥ Coordination number.
¢ Interatomic distance.
“ Inner potential corrections.
e 0.2
/R factor.

— o} the difference of squares of Debye-Waller factors between samples and standard compounds.

¢ AE, is fixed at 0 eV when the empirical functions were used, see EXPERIMENTAL.

by ?,
{ From Ref. (33).
7 From Ref. (58).

oxygen of Si0,. There is negligible contribu-
tion of Fe-Fe. In comparison to Rh—-Fe/
SiO, (Fe/Rh = 0.5) prepared from RhClI; -
3H,0 + FeCl;, the contribution of Rh—Rh
is decreased but that of Fe-O is increased
for Fe,Rh,/Si0,, i.e., Rh—Rh: N = 5.6 for
Fe,Rh,/Si0,, 9.5 for the salt-derived
Rh-Fe/SiO,; Fe-O: N = 3.0 for Fe,Rh,/
SiO,, 0.9 for the salt-derived Rh—Fe/SiO,.
In addition, the total coordination numbers
around Rh and Fe in Fe,Rh,/SiO, are about
6 and 5, respectively, which indicates that
the average particle size is as small as 10 A.

The image of [TMBA],[Fe,Rh(CO),4] de-
posited on the silica surface of small parti-
cles of silicon was obtained by using high-
resolution transmission electron micros-
copy (57). The shape of one molecule of

cluster was hemispherical and its diameter
was less than 10 A at the metal loading of
2-4 wt%. Continued irradiation of electrons
imposed the aggregation of two or three mol-
ecules during the observation. The particle
size of the Rh-Fe/SiO, (Fe/Rh = 0.3) by
TEM is reported to be 25 A (33).

From the EXAFS and Méssbauer results
for Fe,Rh,/SiO,, we propose the following
structural model. Most Fe atoms are in the
3+ state and located between Rh and O to
form chemical bonds with the oxygen atoms
of SiO,. Since the contribution of Fe-Fe is
negligible and the total coordination number
around Fe is as low as 5, Fe atoms/ions are
highly dispersed. Thus Fe** ions anchor Rh
atoms onto the SiO, support to generate Rh—
Fe3* O bimetallic sites, and these Fe** ions
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FIG. 4. Fourier Transforms of Pd K-edge EXAFS k*
x (k) (a) and Fe K-edge EXAFS K x (k) (b) of FePd,/
Si0, at 25°C after H, reduction at 400°C for 2 h.

are stable and not reduced by H, at 400°C.
Minor amounts of Fe are in the state of Fe®,
which may be located on the Rh surface to
be subject to Hy-reduction in the presence
of the noble metal Rh.

EXAFS study was performed on H,-re-
duced Fe,Pd, and Fe,Pd/SiO, catalysts de-
rived from bimetallic clusters. Fourier
transforms of Pd and Fe K-edge EXAFS Kk’
x (k) of Fe,Pd/SiO, are shown in Fig. 4,
and the results of the curve fitting analysis
are summarized in Table 9. Two strong
peaks were observed at 2.1-2.8 A and
1.0-2.1 A in the Fourier transform of
EXAFS at the Fe K-edge. From the curve-
fitting analysis, the former peak is assigned
to the overlap of Fe-Fe (ra =250A, N =
0.4) and Fe-Pd (r = 2.62 A, N = 0.9), and
the latter to Fe-O (r = 1.93 A, N = 3.8).
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The large contribution of Fe—~O is consistent
with the preferential existence of Fe** and
Fe?* in the Méssbauer results of Fe Pdy/
Si0,. In the Fourier transform of EXAFS at
the Pd K-edge, a strong peak was obtained
at 1.9-2.8 A, which was assigned to Pd—Pd
(r = 2.75 A, N = 6.5). The contribution of
Pd-Fe and Pd-O was negligible. Although
Fe~Pd was found in the Fe K-edge EXAFS,
the contribution of Pd—Fe was not detect-
able in the Pd K-edge EXAFS.

By contrast, a large contribution of Fe—Fe
and Fe-O was observed in the EXAFS re-
sults of Fe,Pd/SiO,, but Fe—Pd was negligi-
ble. The absence of Fe-Pd is reasonably
reflected in the catalytic performance of the
Fe,Pd catalyst with a poor selectivity for
the oxygenates in CO hydrogenation. In H,-
reduced Pd-Fe/SiO, catalysts prepared
from PdCl, + FeCl;, Fe-O bonding was not
found and Fe atoms were proposed to be
uniformly distributed in the metal particles
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F1G. 5. FTIR spectrum of CO chemisorption on H,-
reduced Fe,Rh,/Si0,. H, reduction at 400°C for 2 h,
CO chemisorption at 25°C and 2.9 x 10° Pa for 30 min.
The background spectrum was obtained on the disk
which had been reduced with H, but not exposed to
CO, and was substracted from the CO-chemisorbed
spectrum.
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F1G. 6. Proposed mechanism for two-site activation of CO on M—Fe** (M = Rh, Pd, and Ir).

forming Pd-Fe® alloy (58). In contrast to
this salt-derived catalyst, the results of
Mossbauer and EXAFS on Fe Pd/SiO, im-
ply that Fe ions are highly dispersed and
located at the Pd-SiO, interface to anchor
Pd atoms, where Pd—Fe’?* sites are gener-
ated on SiO, similarly as in the case of
Fe,Rh,/Si0,.

FTIR Spectroscopy

FTIR studies were performed on the CO
chemisorption on Rh,, FeRhs, and Fe,Rh,/
Si0, after H, reduction at 400°C. The spec-
trum for Fe,Rh,/SiO, is shown in Fig. 5.
Two absorption bands at 2058 and 1806
cm™! are assigned to terminal and bridging
CO on Rh atoms. The relative intensities of
the bridging CO to terminal CO in the spec-
tra of FeRh/SiO, and Fe,Rh,/SiO, were
suppressed compared to Fe-free Rh,/Si10,.
This is possibly due to the isolation of Rh
sites with Fe® and/or Fe?*. Moreover, it is
notable that a low-frequency band appeared
at ca. 1630 cm™! in the spectra of FeRh/
SiO, and Fe,Rh,/SiO, (1628 cm ™! in Fig. 5).
This may arise from n>-CO with bonding of
C-Rh and O-Fe?** on Rh-Fe**/Si0O,. Such
a low-frequency band was not observed for
Rh,/Si0,. It was previously suggested that
similar bifunctional chemisorption of CO
occurred on salt-derived Rh-Mn, Rh-Ti,
and Rh-Zr/Si0O,, where a large reduction of
the CO frequency was induced (37). Shriver
et al. (59, 60) demonstrate that the stoichio-

metric formation of adducts between metal
carbonyls and Lewis acids arises from C-
and O-bonded CO, and the rate of the
methyl migration, i.e., CO insertion, to form
the acetyl complex in Mn(CH,)(CO); is
greatly increased by the adduct formation
with AIBr;, BF;, and y-AlLO;.

By combining the FTIR data with the
structural model suggested by Mossbauer
and EXAFS studies, it is conceivable that
Fe-promotion for alcohol production could
be explained in terms of the two-site activa-
tion of CO with Rh—Fe** to enhance the
migratory CO insertion into Rh—-H and
Rh-alkyl, and to enhance the successive hy-
drogenation to alcohols (Fig. 6). Electropos-
itive Fe3* contiguous to Rh atoms are lo-
cated at the interface of Rh and SiO, may
play a role not only in anchoring Rh atoms
without their aggregation but also in affect-
ing catalytic performances to promote the
oxygenate formation in CO hydrogenation
and olefin hydroformylation. Similar two-
site activation is suggested for the methanol
production on Fe;Pt;, FecPds, and Felr,
cluster-derived catalysts.

CONCLUSION

We have revealed the benefits of bimetal-
lic carbonyl clusters as precursors for the
preparation of tailored RhFe, PtFe, PdFe,
and IrFe catalysts. RhFe/SiO, catalysts de-
rived from clusters gave high activity and
selectivity toward oxygenates, particularly
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toward ethanol in CO hydrogenation.
Pt,Fe,, Pd¢Feg, and Ir,Fe clusters provided
the highly active catalysts for methanol from
CO + H,. The Fe-containing bimetallic cat-
alysts effectively promote migratory CO in-
sertion as judged by activity for olefin hy-
droformylation. This activity and selectivity
may be due to the two-site interaction with
C- and O-bonded CO on M-Fe** sites (M
= Rh, Pt, Pd, and Ir), which appear to be
generated from bimetallic clusters sup-
ported on SiO,.
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