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Summary 

Various di- and poly-nuclear transition metal complexes have been investigated 
as catalysts for the metal carbonyl substitution reaction. The complexes [{( T$- 

C,H,R)Fe(CO),},] (R = H, Me, CO,Me, OMe, O(CH,),OH) and [{(n’-C,H,)- 
Ru(CO),},J are active catalysts for a range of substitution reactions including the 

probe reaction [Fe(CO),(CNBu’)] + Bu’NC + [Fe(CO),(CNBu’),] + CO. [{(n5- 
C,Me,)Fe(CO),},] is catalytically active only on irradiation with visible light. For 

[{~5-C,H,)Fe(CO), I21 and a range of isocyanides RNC (R = Bu’, C,H,CH2, 
2,6-Me&H,), catalyst modification by substitution with isocyanide is a major 

factor influencing the degree of the catalytic effects observed, e.g. [{(q*- 
C,H,)Fe(CO)(CNBu’)},] is app roximately 35 times as active as [($-C,H,),- 

Fe,(CO),(CNBu’)] for the [Fe(CO),(CNBu’)] + [Fe(CO),(CNBu’)2] conversion. 
Mechanistic studies on this system suggest that the catalytic substitution step 
probably involves a rapid intermolecular attack of isonitrile, possibly on a labile 
catalyst-substrate radical intermediate such as {[Fe(CO),(CNR)][($-C,H,)Fe- 
(CO),]} ; or on a reactive radical cation such as [Fe(CO),(CNR)] + generated via 
electron transfer between the substrate and the catalyst. Other transition metal 

complexes which also catalyze the substitution of CO by isocyanide in [Fe- 
(CO),(CNR)] (and [M(CO),] (M = Cr, MO, W), [Mn,(CO),,], [Re:(CO),,]) include 

[Ru,(W,,l, W4Ru4WO),21, W4(C0h21 W = Co, Ir) and [Co2VV81. These 
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[M3(W121 (M = Fe, Ru, OS), [M4(COhl (M = Co. IQ, [{(175-C5H5)Fe(C0)2}21 
and [{(v5-C5H5>Mo(CO>~ 121 were used as purchased from Strem Chemicals Inc. 
The isocyanides 2,6-Me,C,H,NC, C,H,CH2NC and Bu’NC were obtained from 
Fluka AG, Switzerland. The catalysts PdO and PtO, were obtained from Merck 
Chemicals, while 10% Pd/C and 10% Pd/CaCO, were purchased from Engelhard 
Industries. The complexes [Fe(CO),(CNR)] (R = Bu’, C,H,CHZ, 2,6-Me&H,) 

WI, W4Ru4(C%l 1131, [{(11’-C,H,Me)Fe(CO),),I, [((775-C,Me,)Fe(CO),},l, 
[{(q5-C,H,CO,Me)Fe(CO),},] [14], and [{(q5-C,H5)Ru(CO)z}z] [15] were all pre- 
pared by the published procedures or modifications thereof. The compounds 

]{($-C,H,OMe)Fe(CO), 121 and [{($-CSH,OCH,CH,CH,OH)Fe(CO), )2] were 
provided by Dr A. Eisenstadt, Weizmann Institute, Israel. 

Infrared spectra were recorded with a Perkin-Elmer 521 or a Jasco IRA 1 
instrument. All ‘H NMR spectra were recorded with a Bruker WPSO FT NMR 
spectrometer. 

A. The standard substitution reaction [Fe(CO),(CNBu’)] + Bu’NC + (Fe(CO),- 

(CNBu’),] + CO 
[Fe(CO),(CNBu’)] (1.0 mmol), the appropriate amount of catalyst (typically 0.1 

mmol, see Results and discussion), and benzene (10 ml), were combined in a 
two-necked, round-bottom flask. The mixture was heated to boiling in a 
thermostat-controlled oil bath pre-set at 100” C and then Bu’NC (1.1 mmol) was 
added. Samples were withdrawn at appropriate time intervals and the course of the 
reaction monitored by IR spectroscopy (2200-1900 cm-’ region of the spectrum). 
The end of the reaction was taken to correspond to the complete conversion of 
[Fe(CO),(CNBu’)] into [Fe(CO),(CNBu’),]. 

The substitution reactions [Fe(CO),(CNR)] + RNC -+ [Fe(CO),(CNR),] + CO 
(R = 2,6-Me&H,, C,H5CH2) were carried out in a similar manner. 

B. [M(CO),] + Bu’NC -+ [M(CO), _ ,,(CNBu’),] + nC0 (M = Cr, MO, W; n = 1-3) 
A procedure similar to that given in A above was used except that the 

complex/Bu’NC ratios were l.O/l.O, 1.0/2.0 and 1.0/3.0 in order to achieve 
mono-, di- and tri-substitution, respectively. 

Results and discussion 

[{($-CsH5)Mo(CO).gj2], [{(v5-C5H,)Fe(CO),}2] and related catalysts 
Addition of the complex [ {( $-C,H,)Mo(CO), } *] to the standard substitution 

reaction (1) [12] had no effect upon the rate of product formation. Instead, in both 

[Fe(CO),(CNBu’)] + Bu’NC + [Fe(CO)3(CNBu’)2] + CO (1) 

boiling benzene, and also when the reaction was attempted at room temperature, the 
initially red reaction solution turned yellow. On the basis of IR spectroscopy (and 
previous studies [7]) it has been established that this effect is to be attributed to the 
formation of the salt [(q5-C,H5)Mo(CNBu’),]t[(~5-C5H,)M~(C0)3]- arising from 
the disproportionation of the added [{(?I~-C,H,)Mo(CO),},] with the excess of 
isocyanide [16]. Similar results are observed in the case of the reaction (2) carried 

[Fe(C0)4(CNC,H,Me,-2,6)] + 2,6-Me,C,H,NC -+ 

[Fe(CO),(CNC,H,Me,-2,6),] + CO (2) 
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C,H,)Fe(CO),),] catalyzed substitution of CO by isonitrile on mononuclear iron 
carbonyl complexes using the reactions 

[Fe(CO),(CNR)] + RNC + [Fe(CO),(CNR)2] + CO 

(R = C,H,CH,, 2,6-Me&H,) 

(3) 

as probes. The addition of isonitrile to [Fe(CO),(CNR)] and [{($-C,H,)Fe(CO),},] 
(1.2/1.0/0.1 mole ratio, benzene, 80°C) led to mild catalysis, viz. with R = 
C,H,CH,ca. 40% reaction in 2 h and with R = 2,6-Me,C,H,, ca. 90% reaction in 2 
h. Spectroscopy (IR and ‘H NMR) and comparative TLC in each case confirm the 
occurrence of a reaction between the catalyst and the isocyanide ligand. In eq. 3 
(R = C,H,CH,) the formation of [($-C,H,)zFe,(CO),(CNCH,C,H,)] 1181 was 
confirmed. However, owing to the small quantities of catalyst present, other possible 

products e.g. [($-C,H5)2Fe2(C0)4_n(CNCH2C6H5)n] (n = 2-4) were not de- 
tected, although it is reportedly possible to synthesize the complex [{(q5- 
C,H,)Fe(CO)(CNCH,C,H,)},] by extended heating of [{($-C,H,)Fe(CO),},] in 
the presence of an excess of isonitrile * in benzene [20]. Furthermore, on the basis 
of recent findings [22,23], [{($-C,H,)Fe(CO),},] would be expected to participate 
in reaction (3) (R = 2,6-Me&H,) to give the fully substituted product [{ { $- 

C,H,)Fe(CNC,H,Me,-2,6),},] and this has been found to be the case. An rndepen- 
dent study using the latter complex as the pre-formed catalyst has established that it 
shows identical catalytic effects for reaction (3), further supporting this contention. 

A number of complexes related to [{(a’-C,H,)Fe(CO),},] have been investi- 
gated for catalysis using the reaction (1). Thus [{($-C,H,Me)Fe(CO),},], [{(a’- 

C,H,CO,Me)Fe(CO),},l, [{(715-C,H40Me)Fe(CO),}21, [{(r15-C,KWH2CH2- 
CH,CH,OH)Fe(CO),)},] and [{($-C,H,)RU(CO)~}~] gave reaction times of 30, 
IO, 4, 5 and 18 min, respectively. The complex [{(v5-C,Me,)Fe(C0)2},] was found 
to be catalytically inactive under the conditions used, although in the presence of 
visible light (500 W) a reaction time of 40 min for the complete conversion of 
[Fe(CO),(CNBu’)] to [Fe(CO),(CNBu’),] was recorded. 

At room temperature and in the dark, [{( $-C,H5)Fe(CO), }*] does not catalyze 
the conversion of [Fe(CO),(CNBu’)] to [Fe(CO),(CNBu’),] during a 4 h period, 
but in the presence of visible light (500 W, 4 h) approx. 20-30% conversion was 
found. A similar effect was found when [($-C,H5)2Fe,(CO),(CNBu’)] was used as 
catalyst. 

The addition of the organic free radical scavengers galvinoxyl and hydroquinone 
(10 mole% based on catalyst) to the mixture [Fe(CO),(CNBu’)]/Bu’NC/[{(n5- 
C,H,)Fe(CO),},] (1.0/1.2/0.1 mole ratio, benzene, 80 o C) resulted in an increase 
in the rate of the catalyzed reaction, thus on addition of galvinoxyl the substitution 
reaction was complete in 15 min, and in the presence of hydroquinone it was 
complete in 13 min (cf. the identical reaction in the absence of these additives 
requires 75 min to completion). These unexpected results could be related to similar 
promotional effects observed in the presence of metals and metal oxides (see below). 

* Recent studies carried out in these [21] and other laboratories [22] have shown the reaction between 

C,H,CH2NC and [{($-C,H,)Fe(CO),)2] to be particularly complex, a number of products being 

formed, including [($C5Hs)Fez(C0)4-n(CNR),,] (n = 1-3) and [($-C5H5)Fe(CNR)3]+[(q5- 

C,H,)Fe(CO)J. 



The crossover experiment\ 

(i) [Fe(CO),(CNBu’) f 2.GMeZC‘,,H,NC A [(~~-(‘iHi),F~_!((‘o):((‘NI~uL)] (I.()/ 

0.5jO.S mole ratio, bw.wne. X0 o (‘j 

(ii)[Fe(CO),((‘NC‘,,H;Me,--:~,(,)I - Ru’NC t [(q‘-CiHi )-Fc,((‘O):((-‘U(‘,,tl iMr,- 

7,6)] ( 1 .O,,‘(r./‘!).I! mole r:Itio, btxwent’ X0 o (~‘t 
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has been investigated with the aim of testing the feasibility of using such poly- 
nuclear metal carbonyl complexes as catalysts for the substitution of CO on other 
complexes containing a metal-metal bond. Indeed, [Ru,(CO),,] (reaction time 7 
min), [Ir,(CO),,] (8 min), [Co,(CO),,] (10 min) and [Co,(CO),] (10 min) were all 
found to catalyze the reaction (cf. the thermal unassisted substitution of CO by 

Bu’NC on [Mn,(CO),,] giving [Mn,(CO),(CNBu’)] requires 35 min to reach 
completion). 

Similarly, the formation of [Re,(CO),(CNBu’)] 

[Re,(CO)io] + Bu’NC + [Re,(CO),(CNBu’)] + CO (8) 

([Re,(CO),,]/Bu’NC/catalyst 1.0/1.2/0.1 mmol, benzene, 80 o C) 

was catalyzed by [Mn,(CO),,] ( reaction time 10 min), [Ru,(CO),,] (10 mm), 
[Ir4(CO),2] (5 n-k), [Co,(CO),,] (5 min) and [Co,(CO),] (5 min). These results are 
to be considered in the light of the fact that under thermal reaction conditions alone 
(benzene, 80°C 2 h) there is no evidence for the formation of either 
[Re,(CO),(CNBu’)] or other substitution products. 

Transition metals and metal oxides as promoters for dimer and cluster carbonyl 
substitution catalysts 

Transition metals and metal oxides have been shown [32] to be efficient catalysts 
for the substitution of CO by isonitriles on di- and poly-nuclear metal carbonyl 
complexes [33,34]. In an effort to synthesize highly substituted isonitrile derivatives 
of the complex [{( $-C,H5)Fe(CO), }*] for use as potential CO substitution cata- 
lysts (see above) materials such as metallic palladium, PdO and PtO, were consid- 
ered as possible catalysts for the substitution of CO by isonitriles on this, and 
related complexes. During our investigation we discovered that transition metals, 
metal oxides, and other related materials function as promoters for metal carbonyl 
substitution catalysts containing a metal-metal bond. The experiments discussed 
here were aimed at establishing the nature of the promotional effects observed for 
the catalyst combination transition metal or metal oxide/[ { ( $-C,HS)Fe(CO) 2 }*] 
and exploring the generality of these observations. 

In investigating the utility of the compounds [(r$-C,H,),Fe,(CO),_,,(CNBu’),] 
as catalysts for reaction (1) it was observed that [($-C,H,)zFe,(CO),(CNBu’)] 
obtained from the reaction [{($-C,H,)Fe(CO),},1+ Bu’NC + PtO, (l.O/l.O/O.l 
mmol ratio, benzene, 80 o C) *, gave a catalytic effect superior to that observed for 
either [{(n5-C,H,)Fe(CO),},] or [(TJ~-C,H~)~F~~(CO),(CNBU’)] as catalysts. Thus, 
a reaction time of approximately 20 min was observed, compared to the normally 
observed 75 min for the complexes [{(n5-C,H,)Fe(CO),},] and [(Y)‘-C,H,)~- 
Fe, (CO) 3 (CNBu’)] (see Table 1). 

This material was characterized by means of IR and ‘H NMR spectroscopy. The 
spectra obtained were identical to those of [($-C,H5)2Fe,(CO),(CNBu’)] synthe- 
sized under thermal conditions i.e. in the absence of any catalyst, and there was no 
evidence for the presence of impurities, which could account for the enhanced 

* [(95-C5H5),Fe,(CO),(CNBu’)1 was the sole product obtained from this reaction. Product purification 
was achieved using a short cellulose column to effect the removal of PtO, prior to the use of 
[(pS-C,H,)zFez(CO),(CNBu’)] as catalyst. 
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C,H,),Fe,(CO),(CNBu’)] concerning the use of the PtO, promoter have also been 
made for the catalyst [{(~5-C5H,)Fe(CO),},]. Thus, the use of the combination 
PtO,/[{($-C,H,)Fe(CO),},] (l.O/l.O mole ratio, total 10 mole 3% catalyst) in (1) 
gave a reaction time of 2 min (Table 1). Also, heating [{(~5-C5H5)Fe(CO),},] with 
PtO, (l.O/O.l mole ratio) in benzene (80 o C, 2 h) followed by removal of PtO, by 

means of a cellulose column, resulted in an activated [{( $-C,H,)Fe(CO), },I 
catalyst which gave a reaction time of 20 min for (1). The heating of [{(n5- 
C,H,)Fe(CO),},] alone in benzene (8O”C, 2 h) did not produce a catalyst that 
gave an improved substitution reaction as compared to commercially available 
[{(n5-C5H5)Fe(C0)2}z] viz. 75 min (Table 1). 

The use of [{(~5-C5H,)Fe(CO),},] and thermally synthesized [( $-C,H,),- 
Fe,(CO),(CNBu’)] as catalysts for reaction (1) (reaction conditions: benzene, 
25 o C, 4 h) in the presence of visible light and in the dark has been discussed above. 
Similar experiments carried out with [(n5-C,H,),Fe,(CO),(CNBu’)] heated for 2 h 
with PtO, in benzene * showed approximately 50% conversion of [Fe(CO),(CNBu’)] 
to [Fe(CO),(CNBu’),] when the reaction was carried out in the dark, and an 80% 
conversion in the presence of visible light (both experiments were carried out at 
room temperature and monitored for a 4 h period). Thus, although a rate increase in 
the presence of light is observed for both PtO, activated, and unactivated [(q5- 
C,H,),Fe,(CO),(CNBu’)], the activated catalyst shows an overall greater activity 
than standard i.e. unactivated [(~5-C5H,),Fe,(CO),(CNBu’)] under conditions of 
both light and dark, 

Reaction 1 carried out in the presence of PtO, activated [($-C,H5)2Fe,- 
(CO),(CNBu’)] as catalyst has been found to be inhibited by the organic radical 
scavenger galvinoxyl and hydroquinone (10 mole % based on catalyst). Reaction 
times for the complete conversion of [Fe(CO),(CNBu’)] into [Fe(CO),(CNBu’),] 
were found to be 50 and 60 min respectively. These reaction times should be 
compared with that of 20 min for the PtO, activated [(~5-C,H5),Fe,(CO),(CNBu’)] 
catalyst, and that of 75 min observed in the presence of standard (i.e. unactivated) 
[(~5-C5H,)2Fe,(CO),(CNBu’)], both performed in the absence of added radical 
inhibitors * *. 

Catalyst promotion - the removal of catalyst inhibitors 
The heating of [(q5-C,H5)2Fe,(CO),(CNBu’)] with PtO, followed by the re- 

moval of the heterogeneous catalyst by means of a short cellulose column has been 
found to result in an activated [(n5-C,H,),Fe,(CO),(CNBu’)] catalyst (Table 1). 
The use, however, of a silica gel or neutral alumina column to effect removal of 
PtO, and purification of [(~5-C,H,),Fe,(CO),(CNBu’)] has been found to result in 
some measure of catalyst deactivation. Thus, [(n5-C,H5)2Fe,(CO),(CNBu’)] and 
PtO, (l.O/O.l mmol ratio) were heated in benzene (80” C, 2 h). One half of the 
reaction mixture was then eluted through a short cellulose column, and the other 
half through a similar silica gel column. The two catalysts, comprising 
[(~5-C,H5)2Fe,(C0)3(CNBu’)] obtained by solvent removal from the two portions, 

* The PtO, was removed by use of a cellulose column prior to catalysis. 
* * It should be noted that the presence of galvinoxyl and hydroquinone in reaction (1) with commercial 

[((~s-C,H,)Fe(CO),)2] as catalyst resulted in promotion of the catalyzed substitution reaction (see 

above). 
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TABLE 2 

THE EFFECT OF METAL OXIDES ON THE HOMOGENEOUS CATALYSIS [{($- 

C,H,)Fe(CQ,l,l AND [(~5-C,H5)zFe2(CO),(CNBu’)1 u 

Catalyst ” 

[((115-C5H5)Fe(Co),)21 

Control 75 15 

Pto, 15 23 

PdO 20 4 

Fe,O, 90 45 

MnO, 50 80 

cue 90 30 

cu,o 90 30 

Co,O, 45 90 

U Judged using the standard substitution reaction [Fe(CO),(CNBu’)]+Bu’NC + [Fe(C0)3(CNBu’)2]+ 

CO - see text for details. ’ Reaction time (min) for the homogeneous catalysts. 

respective homogeneous catalysts investigated using reaction 1. The results of these 
experiments are summarized in Table 2. 

From these results it is clear that the heating of either [{($-C,H,)Fe(CO),},] or 
[($-C,H,),Fe,(CO),(CNBu’)] with the listed metal oxides has different effects 
with respect to catalysis. Thus, as is show-n for the heating of the metal oxides CuO 
and Cu,O with these materials, both activating and deactivating effects may be 
achieved. The latter effect probably arises in a similar manner (i.e. via metal or 
metal oxide assisted decomposition of the catalyst) as observed for silica gel. 
Generally, though, only PdO has a consistent positive activating effect similar to 
that observed for PtO, (Table 1). As in the case of the PtO, activated catalysts 
described above, the elution of either I’d0 activated [{( $-C,H,)Fe(CO), },I or 
[(q5-C,H,)2Fe2(C0)3(CNBuf)] through a silica gel column results in catalyst 
deactivation. 

Catalyst promotion - the effect of catalyst substitution 
The heating of [{(n5-C,H,)Fe(CO),},] with Bu’NC and PtO, (1.0/2.0/0.1 mole 

ratio, benzene 80 a C, 2 h) gives a reaction mixture that consists primarily of 

[(n5-C,H,)2Fe2(C0)3(CNBu’)] and [{($-C,H,)Fe(CO)(CNBu’)},] (approximate 
mole ratio 3/l). Solvent removal from this reaction mixture (without prior removal 
of PtO,) has been found to give a catalyst for the substitution of CO by Bu’NC in 
reaction 1 more active than the catalysts [{(n5-C5H5)Fe(CO),}2] and [($- 
C,H,),Fe,(CO),(CNBu’)], and their combinations with the heterogeneous catalyst 
PtO,. Due to the high catalytic activity shown by these catalyst combinations for 
the substitution reaction (1) the reactions 

[M(CO),] + nBu’NC + [M(co),_,,(cNBU’),,] + nco 

(M = Cr, MO, W; n = 1-3) 

(9) 

were utilized in order to obtain some measure of catalyst differentiation. 
Thus the catalyst mixture (containing both [(q5-C5H5)2Fe,(CO),(CNBu’)] and 

]{(n5-C5H5)Fe(CO)(CNBu’)]J) was investigated using reaction 9 and the results 
are summarized in Tables 3 and 4. Further, for purposes of comparison, reactions 
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substrate) such a prior metal oxide mediated modification must be an extremely 
rapid process. Such an interaction might well be operative for certain catalyst 
combinations, but, such a process appears unlikely for the catalyst combinations 

PtO, and PdO/[{($-C,H5)Fe(CO),},]. PdO and PtO, have been found to be only 
poor catalysts for the substitution of CO by Bu’NC on the complex [(TJ~- 
C,H,),Fe,(CO),(CNBu’)] i.e. both materials give only an approximately 20-30s 
increase in the formation of [{($-C,H,)Fe(CO)(CNBu’)},], monitored during a 4 h 
period (benzene, 80 o C) *. 

On the basis of these only moderate substitution effects, the enhanced catalysis 

observed in the case of the catalyst combinations PtO,/[{($-C,H,)Fe(CO),},] and 
Pt0,/[(q5-C,H,)2Fe2(C0)3(CNBut)] (see for instance Table 1) therefore cannot be 
satisfactorily explained. Thus, it may be deduced that a heterogeneous catalyst 
mediated substitution of the homogeneous catalyst partner and the removal of 
catalyst inhibitors cannot be the sole effects contributing to the observed catalyst 
promotion. No doubt, for such catalyst combinations the metal oxide exerts an 
activating effect by the removal of catalyst inhibitors, and possibly also a substitu- 
tional effect on the homogeneous catalyst partner, but it also appears to increase the 
reactivity of the homogeneous catalyst. 

Catalyst promotion - other effects 
The additional interaction postulated to occur between heterogeneous catalysts 

and homogeneous catalyst partners is illustrated by the use of transition metals and 
metal oxides in combination with other di-, and also poly-nuclear metal carbonyl 
catalysts. 

Thus, the catalyst combinations generated from heterogeneous catalysts (i.e. 
PtO,, PdO, Pd/C, Pd/CaCO, and activated carbon) and the homogeneous catalyst 

partners [M,(CO),,I W = Mn, Re), [Co,(CO),l, [M4(C0)121 CM = Co, 10, 
[M3(C0)i2] (M = Ru, OS), and [H,Ru,(CO),,] have been investigated using the 
substitution reaction (1). The results of these studies are summarized in Table 5. For 
the purposes of comparison, results for the homogeneous catalysts [{(n5-C,H,)Fe- 

(CO),},l, [{(175-C,H,Me)Fe(CO),},1 and [{(715-C,Mes)Fe(CO),},1 and the above 
heterogeneous catalyst partners have also been included. 

Generally, these studies indicate the ability of a heterogeneous catalyst partner to 
improve upon, or even induce, catalytic activity in a homogeneous complex catalyst. 
Thus for instance, the activity of [Mn,(CO),,] or [Ru,(CO),,] as substitution 
catalysts is greatly enhanced (at room temperature) by the presence of metallic 
palladium. More importantly, however, the presence of a catalyst partner such as 
PdO or metallic palladium may be used to induce catalytic activity in both 
[Re,(CO),,] and [Os,(CO),,], even at room temperature. It should be noted, 
however, that catalyst substitution effects are to be expected in certain instances e.g. 
[Mn,(CO),,], in the presence of palladium on carbon, undergoes a rapid substitu- 

* Bergwerksverband Type PK221 activated carbon, and zeolites (e.g. type 3A, 4A, 5A. 13X) have also 

been utilized as promoters for the homogeneous catalyst [{(q5-C,H,)Fe(CO),)2]. These materials 

have, however, been found to give no detectable rate increase in the formation of [(($- 

C,H,)Fe(CO)(CNBu’)),] from [($-C,H5)2Fe,(CO),(CNBu’)] and Bu’NC (benzene, 80 o C) moni- 
tored over a 4 h period. 



_ ’ 

8 3 c r-- :j -it, 



245 

TABLE 5 

THE EFFECT OF PROMOTED CATALYSTS OX THE REACTION [Fe(CO),(CNBu’)]+ Bu’NC + 

[Fe(C0)3(CNBu’)2]+C0 ” 

Homogeneous catalyst Control Promoter 

Ah B‘ PtO: h PdO ’ Pd/C ’ Pd/CaCO, ’ activated 

carbon ’ 

fM*z(Co),“l nr d 30 30(-30%)’ 30(-20%) 15 25 

[Rez(CO)IOl nr nc e nr nr nr 60 

[C%(CO),l nr 6 nr *r 15 38 

fco4(co),,l nr 4 nr nr 15 32 

[Ir,(CO)I;l nr 8 40 *r 60 ( - 60%) 42 

fR”,(CQ,,I nr 8 30( - 30%) 70 23 22 

Ps3K%l nr nc nr 35 12 23 

[H,R”,(CO),,I nr 35 nr nr 25 22 

[(($-C,H,)Fe(CO)z),] “r 75 30 ( - 10%) “r 50 60 ( - 40%) 

[((qs-C,H,Me)Fe(CO),)] “r 30 “r 25 45 

[((?I’-CSMe,)Fe(CO),)2] nr “c 30 ( -15%) i: 0 60 

12 

nc 

_ 
10 

nc 

20 
6 

8 

40 

’ Standard conditions. as described in the Experimental. ’ Room temperature reaction (20 o C). ’ Reac- 
tion carried out at 80 o C. ” “r = no reaction. ’ nc = no catalysis. ‘Approximately 30% reaction in 30 min. 

tion of CO by isonitrile at room temperature [32] *. On the other hand, however, 
both PtO, and activated carbon show little or no detectable activity for the 
substitution of CO by isonitrile on [Mn,(CO),,] [35]. yet show a promotional effect 
in combination with [Mn,(CO),,] in reaction (1). Conversely, PdO rapidly sub- 

stitutes CO by isonitrile on [Mn,(CO),,,] at room temperature, but shows only a 
mild ability to promote the catalyst [Mn?(CO),,,]. Thus, the use of both PdO and 
activated carbon as a catalyst promoter for [Mn,(CO),o] excludes in this case, the 
possibility of substitution on the homogeneous catalyst partner being the dominant 
factor in the catalyst promotion effect. 

At this stage, however, it is possible only to speculate about the nature of any 
additional interactions between the catalyst and the promoter. An interaction 
between the homogeneous catalyst and the heterogeneous surface clearly favours 
catalysis, and thus could conceivably be a process that results in the formation of 
catalytic intermediates. That such intermediates are radical species, formed for 
instance via a surface induced metal-metal bond cleavage of the homogeneous 
catalyst complex, has not been substantiated. Such a process would, for instance, be 
expected to result in the formation of the mixed metal dimer [(n’-C,H,),- 
FeMo(CO),] [36] from a mixture of [{($-C,H,)Fe(CO),},] and [{($- 
C,H,)Mo(CO),},] in the presence of PdO or PtO,, but this has not been observed. 
Similar observations have been made with the dimers [Mn,(CO),,] and [Re,(CO),,]; 
no evidence for the formation of the heterometallic species [MnRe,(CO),,,] [37] was 
forthcoming. Other possible catalytic intermediates generated by the surface could 

include the species [{(q5-C,H,)Fe(CO),}2]+ which may then catalyze CO substitu- 
tion via either a chain or a non-chain radical process. 

* Bergwerksverband Type PK221 
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