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In homogeneous catalysis, himetallic cluster compounds, possibly as catalytic active species, are
expected to provide a synergistic effect for the catalytic activity because of the multi-centered
metal atoms simultanesusly invelved in the catabytic reactions, e. g. CO+H; into ethylene glycol or
olefin hydroformylaticn. In some cases, metal clusters are essily decomposed into lower-nuclear
subclusters as well as mononuclear species under the prevailing reaction conditions. On the other
hand, bimetzllic carbonyl clusters are used as a precursor to form a surface supported bimetallic
ensembles having a high dispersion and well-defind metal compositions. Comparing with the con-
ventionally prepared alloy catalysts, they exhibit a unique catalytic performance in effectively
promoting the catalytic activity and in modifying the selectivity in some typical catalytic reactions
such as CO -+ reaction and olefin hydroformylation. The catalysis by supported bimetallic clusters
is discussed in termns of their unigue structural properties, morphologies, metal compositions and
electronic interaction with metal oxides, carbon and polymers, which are studied by the different

physical techniques such as EXAFS, Masshauer, IR, NMR and XPS.
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Table 1 Hydroformylation of cyclohexene by Co andjor Ru catalysts®,

Run Catalyst Ru: Co Yield of CyCHO (%) Initial rate (Vo}®
1 Cox(COYs ' — 14 1.0

24 Rus{CO1z _ -— 3 0.3

3 Coz(COs+ Rus(COMa 0.34 32 3.6

4 Coa{CONe+ Rus(COhz 0.95 52 5.9

5 CoCO)e+Rus(CONz 3.2 62 8.4

6 Coa(COYs-+Rus(COz 8.9 100 27

a) Reaction conditiens: Co, 0.2mg atom ; cyclohexene, 80 mmol; THF, 10 m/; reaction temp.,
110°C ; reaction time, 4 h; CO/Hz=40/40 kgjem? (initial pressure at room temp.). b) The yield

of CyCHO is based on the starting cyclohexene by GC.

1. d) Ry, 0.6 mg atom,
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Table 2 Initial rates of hexanal formation and the rate constants in the reactions of
CHi(CH:)y COCo(CO)s with various metal carbonyl hydrides®.
[H-M] [RCOCo(CO)4] Rate Jc5?
Run | Metal carbony!l hydride (H-M)
& pooeM | 10%M Ms™? Mig™t

i® HCo(COu 3.79 1.85 1.5x10°% 2,1x1072
2 [{(PPhg}eN] [HRu(CO)] 2.07 1.87 3.0%x1078 T.8x1072
3 HCo(CC)s 2.11 2.08 1,4 %1077 3.1x1074
44 L{PPhs):N] [HRu{CONM] 2.55 2.49 5.8%10°¢ 9.2x10°%
5 [EtsN] [HRu(CON1] 2,81 3.08 1.4%10°7 1.6x10™
6 [EtaN] [HRus(COu1] 3.48 2.71 2.9x>1077 3. 1107
7 [PPhslz [ HaRusfCO2] 2.56 2. 68 2.9%1077 4. 21074
8 HRuCos (CO)g 1.49 1.60 1.8x107¢8 T, 4%1i075
9 HFeCoz (COhz 1.72 2. 20 2.9x107°8 7.8x=10"8

2) Reactions were carried out in dry CDClz under CO (1 atm).
b) k=Rate/[RCCCo(CO)] [H-M].

19°C and 21°C.

Reaction temperature was kept between
c¢) The NMR tube was sealed off at —196°C in

vacuo. d) At 0°C. e) Under Ny 1 atm.
Table 3 Isomerisation and hydrogenation of pent-l-ene*,
Catal c on(9%) Product proportions {%) of total Cs organics
atalyst source onversion(3% Pentane trans-Pent-2-ene cis-Pent-2~ene
[Au(PPhaCI] 0 _ _ _
[HsRus(CO)iz] 32.9 1.7 19.8 11.0
[{PhsP):N] [HsRugCO2] 7.9 — 4.5 3.4
[HsRus{ AulPPhs)} (CONM:] 71.0 1.4 51. 4 18.2
[H:Rui{Au(PPhs)} 2(CON2] 49, 6 1.1 33.1 16.3
[HaRus [Cu(PPha)} (COY] 20.4 0.3 18.5 10.7
[HzRus [Cu(PPha)} 2(CON2] 7.7 — 4,4 3.3

* Reaction conditions: catalyst source 2.0 mM ; pent-l-ene, 54 mM; solvent: CHoCl: 2.5 em?; 1 atm H..

35.0+0.2°C. 24 h.
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Table 4 Pent-1-ene hydroformylation data™

No. Catalyst Aldehydes Alcohols Time (h) Selectivity®

1 1 210 —_ 7 2.6
2 1 87.5 11.4 24 0.6
3 2 13.5 — 24 2.4
4 3 25.5 24 2.8
5 4 8.0 -— 24 3.2
6 5 2.4 — 24 e

7 6 89.4 1.2 24 1.4
8 Cox(CO 91.6 1.0 24 1.5

a) Yields based on pentene consumed.
¢) Hexanal only.
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Fig. 2 Heterometallic clusters possessing s
ligands.

Table 4 ITRT,

0. 01 mmol of cluster
1-pentene
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~40 atm COMH(1 : 1)
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Tahle § Curve-fitting results for RhCo catalysts supported onto y-AlQO:s
s les (metal wtd%) Rh-O Rh-Co Rh-Rh Co-0 Co-Co Co-Rh
mples {m . . -
amples tmetal Wi N RA| N RA) N RA| N RA| N RA| N RA)
1) RuCodCOM crystalt | D2 2.63] ~1 2.73 ~1 2.55| ~2 2.63
2) impregnation {4 wt%)* — — | ~2 2,66 ~1 2.73 — — | ~1 2,57 ~2 2,61
3) pyrolysis (2wt%) 1~2 2,14,  — — | ~1 2,641 2~3 1.96 — — — —
4y  Ha reduction (2 wt%) 1~2 2,20 ] 1~2 2,49 | 2~3 2,641 ~2 1.97|1~2 249 | 1~2 2.53
5} RhCos(COli2 crystal ; ~3 2.60 ~2 2.53| ~1 2,61
6) impregnation (4 wt%)* —_ — | 1~2 2.64 — e — e | 12 2,64 | ~1 2.61
7} pyrolysis {4 wt%) ~1 2.22 | 1~2 2.56 — — | 1~2 1,99 | 1~2 2,43 — —
8) He reduction (4 wt%) ~2 2.18' ~3 2.B8 — — | 1~2 1.98 | 1~2 2.43 — —
, [
9) Rh{COM+CodCOlz | _y o 18 s nes| ~2 n02| a1 ozes|
Hs reduction (2 wt%) |
10} Rh: Co=1: 1 salt{d wt%) — —_ | 4~B 2.58 | 1~8 2.67|1~2 2.05| 3~4 2.47 | i~2 2.82
11 Rh: Co=1: 3 salt{d wt¥%) — — i 4~ 2,89 | T~8 2.686 —_ — | ~10 2.48 — —

* In the case of the crystal and impregnated specimen,

other contributions attributed to Rh-O and Co-Q -

where the oxygen belongs to carbonyl ligands are found.
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Fig. 4 Fourier transform of E*y(£) of RhiCos-

(CON2f Al:Os, reduced with Ha at 400°C.

Amplitude

23

20

3 F

.
3
<
Uislance 7 A

Fig. 5 Fourier transform of A%y{k) of RhClis-
CoCle (1 = 1}/A}0s, reduced with He at 400°C.
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Fig. 6 “Raft structure” of a RhaCoz unit derived

from RhaCos{CO)se.
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Fig. 7 Surface composition of conventional
RhCls-CoClz supported catalyst.
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Table 6 The specific rates and normal-isomer selectivities in propene hydroformylation over
7n0-supporied Rha{COhz, RhzCox{CO)e, RhCosCON2 and Co4{CONz

Specific rates of® al- Normal-isomer®’
Catalyst® dehyde formation selectivity A%ﬁfrﬁg{){;‘E
. (mmol/gu hr at 160°C) (mole%) 2

Rho{CO)2-Zn0O 21 b84+2 10.5
RhzCon(CONz-ZnO 13 7023 12.8
RhCos{(COhz-ZnO 9 801 13.3
Cos(COMe-ZnO 1.2 902 17.9
(1 Rha(COMz+1 Cosl CON2)-ZnO

{0. 075 mmole) (0. 080 mmole) 1 62£3 13.6
{1 Rha(COna+ 3Co4 (CONe)-Zn0 .

{0. 040 mmole) (0. 12 mmole) 6 852 14.5

a) Carbonyl clusters (0. 156 mmel) were deposited on ZnO (20 g) from hexane solutioms. Pyrolysis at

160°C under evacuation.

b) Reaction conditions: CeHs: CO: Ha=18: 18: 20 emHg. The average cireulation rates of gas were

ca. 80 mifmin.

<) n-CeHCHO/(n-CsHCHO +is0-CsHCHO ) < 100(mole %),
cach supported catalyst were almost constant over the wide range of the reacticn temperature.

U, R

The total volume of the Pyrex glass reactor was 420 m/.
The normal-isomer selectivities observed cn
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Rhg—y Cox {CON2 / Zr02 {05 wi %)
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Fig. 8 Product distributions in CO-Ha reaction 1 atm pressure over
various cluster-derived catalysts of different metal composition.
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Fig. 9 CoHy Self-homologation on  AlQOssu-
pported Rus{COMe, FeRux{COhz, FesRu (COMa
and Fes{COhe (O, @), and impregnation Fe/Ru
catalysts (], B} at 523K ; C:H4=33 Torr;
metal = 6,010 % mol; metal/support = 1.5-3
wt%. Butene production was negligible on
both types of Fe catalysts.
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Table 7 Catalytic activity of the catalysts in CO hydrogenation at 523 K.

Catalyst i 2 3 4 5 ] 7
(NEta)s [ FesMn(CONs1/ALOs 0.97 2.3 0.16 12 35 9 0. 49
(NEts)z [Fe:Wn{CO)121/310: 1.33 17. 4 1.05 10 28 94 0.58
{(NEts)z [Fe:Mn(CONI/ MO 0.74 11.4 0,37 33 33 93 0.69
{(NEts)2 [Fe:Mn(CON]/TiOz 0. 55 5.0 0.11 5 27 84 0.57
{NEts)z [FeaMn(CON1/ZrOs 0. 45 0.6 0.06 5 34 98
Fea(COMe/ALOs 1.73 2.9 0.06 27 34 96 0.37
Fea(CO)12/S10: 3.70 1.1 0.32 37 40 T2 0,54
Fes(CO)efMgO 2,14 16.2 1.09 26 30 83 0. 56
Fes{(CONe/TiO2 2.10 0.1 0.12 32 34 85 . 44
FexfCONe/ZrOe 0. 98 2.8 0.59 48 25 | 83 <‘
[Fe(NOs)z-- Mn{NOs)21/ALOs 0,97 0.03 001 ‘ 26 35 E 94
[Fe(NOs)s+ Mn{NO3)21/Si0: 1.35 0.73 0.20 33 33 I 79
[Fe(NOs}s+ Mn(NOg)e]/ TiO, 0.55 inactive
[Fe(NOs)z+ Mn{INOa):1/Zr Oy 10.0 0,98 | 0.80 29 43 20
Mine(COo/TiO: 15 inactive* i

1--Fe content (wt. %); 2—activity (mol COxi0%g-at Fe™'s™!) (20h after starting the experiment);
3—CO converesion (%); 4—methane content {wt. %); 5—content of Cz2-+Cs hydrocarbons (wi. %); 6—
olefin portion in C:4Cs fracition (%) 7—a parameter from Schultz-Flory equation.

* For the first several hours an evolution of hydrocarbens, apparently from the carbon formed in the

Mn2(CO)o hydrocarbon, is observed.
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Fig., 10 Dependence of surface compositions (@),
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open symbols, and the Fe-only sample prepared
from Fe(NOs)s is indicated by a triangle.
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Table 8 Butane hydrogenolysis data.

Precursor % Turnover oa H/Ir H/ir
Catalyst type complex(es) Ethaone“’ frequency® Ea® before?? after®
[Irs] Ir(CO)ia 71.0 0. 69 45 1.8 1.8
[Wlra] CoWIrs(CON: 75.3 5.03 36 i.6 1.4
[Woelrz] CpaWalr{CO)p 49,2 0.86 32 1.5 0.8
[2W3z+Irs] CpeWaCO)s+H(1/2)r COMNe 70,4 0.28 48 1.6 1.3

a) Percent of ethane in products, the balance being methane and propane.
reacted X 10° per iridium per s, measured at 215°C.

range 200-230°C.

d) Chemisorption {irreversibly bound Hz) on freshly activated catalysts,

b) Molecules butane
¢} Apparent activation energy {kecal/mol) over
@) Che-

misorption on catalysts reheated in He to 500°C following butane hydrogenolysis.
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Fig. 11 Fragmentation of H:FeOss(COhs on
silica into the two metals.
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Fig. 12 L r. spectra in v{CO)region of HzRuOsa-
(COMs adsorbed from hexane solution, at room
temperature, onto 7-Al:QOs, previously dried
at AT3K under vacuum: {a) the initially
adsorbed material; (b} after heating at 473 K
under Ha+CQO (1 : 1) at atmospheric pressure;
{c) sample exposed to air after heating at
AT3 K under Hz+CO; and (d) material extra-
cted into a solution of PhsAsCl in CHoCls after
a H:+COC. treatment at 473K, The peaks
marked with{*) at 2085 and 2085cm™! are
attributed to a small amount of FlsRuOss(CO)1a.
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Fig. 13 1.r spectra in »(COjregion of [PhsAs]~
[sRuOes(CONsY : (a) in CHiClp solution
and (b) adsorbed onto y-Al:O: from ethanol
solution.
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Fig. 14 Product distribution in Fischer-Trepech
synthesis using SIL{CHz)sNHs*[FeCox{CO)2]"
as the catalyst precursor at 1, 20, and 40 bar
of CO-Hx1:1); ® total hydrocarbons; a,
alkenes. Conditions: Fixed bed reactor, 30 em?
catalyst volume, 500h~! space velocity, T
240°C, fresh catalyst, steady-state conditions
after 3 h, sampling period 3h.
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