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Abstract

(7°-CsH)NiM;(p-H)5(CO)q ,L, (M =Ru, n=1, 2, L = PPh,, PCy;; M =Os,
n=1, 2, L= PPh,, PPh,H, PEt,, PCy;), M;(CO),, , L, M=Ru, n=1-3, L=
PPh,, PPh,H, PEt,, PCy;; M= Os, n=1, 2, L = PPh;) and related complexes have
been examined as catalysts under homogeneous conditions, for isomerization-hydro-
genation reactions of 1,4-pentadiene. All the clusters examined are active catalysts;
their activities depend on the nature and the number of the phosphine substituents
on the clusters. Attempts have been made to compare the effects on the catalytic
activity of the donor properties and basicities of the phosphines. Some intermediates
and/or side products have been isolated during the catalytic experiments; in
particular the PPh,H derivatives give phosphido-bridged bi- and tri-metallic com-
plexes. The latter also show catalytic activity.

Introduction
In previous papers we have described the behaviour of the tetrahedral clusters

(7°-CsHs)NiM,(p-H);(CO)y, (M = Ru, complex 1 [1}; M = Os, complex 2 [2]) as
heterogeneous catalyst precursors [3-9] and as selective homogeneous catalysts for

* For part I see Ref. 12.
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the hvdrogenation andor isomerization of alkvnes, alkenes. and linecar or ¢yclic
dienes [1,10,11}. The “intact” clusters. stabilized by the capping (Cp)Nu prefer-
entially promote hydrogenavon of the substrates, whereas. when homo-trimetallic
fragments, such as M (CO},. are formed mulosue coordination of the substrates
occurs and 1somerization predominates [16.11].

The substituted derivatives {4 -CoHONIOS H{(COY L (E = PPh.H. Plo-1olvi) )
are more active than the parent cluster [11]. This feature prompted us to undertake a
more detailed study of the effect of phosphine ligands on the title clusters under
homogeneous condinions.

Initially. we synthesized some new (97 -CyHONIM(u-Hi0COy, L M = Ru,
Os) phosphine derivatives as well as M;(CO),. L, (M = Ru, Os) complexes, and
studied their reactivities under conditions comparable with those used in the
atalvtic experiments described below: thermal modification and disproportionation
reactions, CO and phosphing displacement and formation of metallic fragments
were observed [12]. In particular. thermal modifications of the PPhLH substituted
complexes  were found 1o lead 1o phosphido-bridged  dervatives, such as
Ru (CON (p-PPh, ). and HRu . (CO) - p-PPh,y, [13]

We report here on catalvtic hvdrogenation and, or somernizatuon of 1 4-pentadi-

ene under homogeneous conditions i the presence of “phospbine medified”
(" -CHONIM ((p-H) . (COy, L, derivatives or “phosphine modified fragments”
M (COy, L, (M= Ru. C&) some nickel-containing complexes have alse been
examined. and the behaviour «+f the phosphido-bridged derivatives has heen studied.
The phosphine ligands choosen are characterized by different sieric effects,
donor--acceptor abilities, and busiciies (pA, valuest

We have found that all of the clusters and fragiments studied are active either in
hydrogenation or, mainly. i womerization. the phosphido-bridged complexes also
show a good catalytic activity. The observed activities are related 1o the nature and
number of the phosphine substituents on the clusters. and in particular to their pK,
values. Some reaction intermediates (or side productsi have heen wolated and
partially characterized.

In general the phosphine-substituted complexes are more active than the unsub-
stituted parent clusters, but isomerization rather than bydrogenation occurs. Phos-
phine modified orgasometaihic derivatives are currently used in industrially im-
poriant reactions such as hydroformylation and diene oligomerization {14] hecause
of their enhanced stability and. more especially, their selectivity. Recent develop-
ments have involved the use of water-soluble clusters of the tvpe Ru COy . L
(n=1, 3, L = tris(m-sulphonato-phenyhiphosphines {15] very similar to the “frag-
ments” considered in this work

Experimental

Phosphine-substituted and phosphido-bridged complexes huave been obtained and
purified as previously reported [12]. The solvents used in the catalytic experiments
were distilled over sodium. The H, and N, were high purity gases (SIAD. Bergamo)
and were dried before use.

The organometallic products in the solutions after catalyiic experiments were
analyzed where possible with o F&M 185 C. H, N Analyzer or a Perkin- Ehmer 303
AAS apparatus; some metal analyses were performed by T Pascher Laboratories
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Table 1

Catalyst concentrations and substrate/catalyst molar ratios used in the hydrogenation-isomerization
reactions of 1,4-pentadiene

Complex Concentration ( x 10~¢) Substrate /catalyst
{mmol /1) molar ratio
{Cp)NiOs; H;(CO)g (PPh;) 338 574
{Cp)NiOs,H4(CO)4(PPh, H) 3.61 537
{Cp)NiOs 1 H ;(CO) 4 (PCy3) 3.33 582
(Cp)NiOs H;(CO)5(PEL,) 3.85 504
(Cp)NiOs; H;(CO),(PELy), 5.58 348
{Cp)NiRu3H,(CO)4(PPh;) 4.36 445
{CpiNiRu; H;(CO)(PPh,) © 509 381
(Cp)NiRu;H4(CO)5(PPh;); 3.48 557
(Cp)NiRu; H;(CO)4(PCy;) 5.35 363
0s5(C0);,(PPh,) 3.50 554
05,(C0);p{PPh;), ¢ 7.27x1071 2668
0s,(CO);, 4.41 440
Ru3(CO);;(PPh,) 4.58 424
Ru,(CO),0(PPh5), 3.61 537
Ru,;(CO)y(PPh,), ¢ 27 76
Ru4{CO),o(PPh;); ¢ 2.41 805
Ru,4(CO)1o(PPh3), 1.517 1344
Ru;(CO)4(PPhy), 2.23 870
Ru;(CO),;(PPh, H) 5.01 387
Ru;(CO)yo(PPh,H), © 1.05 1848
Ru;{CO)o(PPh, H), 6.28 309
Ru,3(CO), (PCyy) 3.70 524
Ru;(CO)s(PEL;); 5.49 353
HRu;(CO);(PPh,), 3.79 512
Ru,(CO)¢(PPh,), 5.81 334
{CO),Ni(PPh,), 7.82 248

“ Reaction conditions: 1 atm H,, 2 ml octane solvent, 1-7 mg complex for each vial; always 0.200 ml of
substrate (1.94x10™* mmol). ® Under 1 atm of CO/H, (75,25 v/v). © Complexes very poorly soluble
in octane. ¥ In the presence of a 70.5 molar excess of PPh, with respect 1o the cluster. © Under 1 atm of
CO/H, (75/25 v/v). / Substrate cis-1,3-pentadiene (2.03 X 1073 mmol).

(Remagen, W. Germany). The 'H and *'P NMR spectra were obtained on a JEOL
JNM GX 270 FT spectrometer, and the IR spectra on a Perkin-Elmer 580B
spectrometer. The mass spectra were obtained by electron impact (70 eV) with a
Kratos MS 50 spectrometer fitted with a direct inlet system.

Homogeneous catalysis. GLC analyses of the reaction solutions

The reactions were performed in sealed glass vials (volume 25 ml), each contain-
ing an n-octane solution of the cluster and the substrate. Details are given in Table
1. The vials were filled with hydrogen to 0.9-1.0 atm by standard vacuum tech-
niques and then kept at 120° C for the appropriate time.

The organic products in the solutions after the catalytic experiments were
analyzed with a Carlo Erba 4200 FID gas-liquid chromatograph equipped with 2
m X 0.6 i.d. n-octane/Porasil C (80--100 mesh) columns, operated with N, (25
ml/min) as carrier gas and with the following temperature program: 75°C (10
min), then 20°C/min till 155°C, and a further 15 min at this temperature.
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Attempts to identify the organometallic products in the reaction solutions

The hydrogenation-isomerization solutions were alse checked by TLC prepara-
tive plates to detect decomposition of the catalysts and dentify intermediates or
side products. The degree of decomposition of the clusters after the catalyue
experiments, and the organometallic products observed (either Tullv or partially
characterized) are given in Table 2.

Full characterization of these complexes was difficult because of the small
amounts generally available. In a selected example a blank experiment was carned
out in order to confirm the identification of some compounds. Thus & 250 mi vial
was filled with a 50 ml solution (10 ml toluene. 40 ml octancy of Ru (COy,,,(PPh.H).
(300 mg. 0.314 mmol) with I mi of 1. 4-pentadiene under 0.9 atm H .. The vial was
then kept at 120°C for 1 b, TLC analysis of the solution revealed that considerahle
decomposition had occurred and showed the presence of seven products, two vellow
(complexes A, B), one purple (complex €), one deep green tcomplex Dy and one

Table 2

Decomposition {%) ¥ of the catalvst complexes and organemetallic derivatives 7 detected in the reaction
solutions

Complex Decomposition Organometaliic dervatives

(%)

s

(CpyN1Os  H (COY(PPh ) 13 parent complex (73% )
(CpINIOs (H (COY(PPh, H) a8 {(CpiyNiOs  H ((COyy (i

parent complox (4% 1

(OpMO0S H (OO (PPh U HDY S iy
(CpINIOs ;H(CO) o (PCyyh parent complex {9075
{Cp)NiOs \H,(CO)4(PEL ;) 3 parent vompiex (95}
(Cp)NiOs H ;(CO)y,(PEL, 3, 90 parent comples {105

(CpINiRu H (CO)(PPhy) 6} (CpsNIR g H (O ()
(CpINiRu-H ((COYV(PPh Ly (COSH 30 parent vcompies (i)
(OpNiRu L cC0h - PPR 1, (409
(CpINiIRuyHA(CO (PCya 3 pareni complex (355
(CpyNIRe OO PO
Ru;(COj,(PPh,) 35 Complex F oot
Ru(CO),,(PPh.), 30 Complex F (8%,
compiey £ (15%)
Ru (€O, (PPhy ), (excess PPhy) 100
Ru (COY(PPhy )y, (cis-1 3-pentadiene; 20 Complex H
Ru (€O} (PPhy), (CO/H ) 40 two unidentified products
Ru(CO),,(PPh . H) 40 Ru(COY (-PPh 1y

HRu COy - - PPy

complex J 3% eachs

Ru-(CO),(PPh,H}, 60 Unidentificd product:

complex J (in
Ru,(CO)y(PPh,H}, S0 HRu (U0 - PPh L HY L 1259
Rus(CO) | (PCys) &0 Comples Ko
Ru ;(CO(PEL L), T4 Complex Loy

one umdentified product

* Maximum decomposition observed. ” ldentified and tentatively identified. * Spectroscopic data, when
available, in Table 3. ¢ tr = rraces. © Not previously reported (see ref. 133
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deep red (complex E), together with considerable amounts of Ru,(CO)(u-PPh,),
and HRu,(CO),(u-PPh,), [13].

The physical, analytical, and spectroscopic properties of these and other
organometallic compounds found in the reaction solutions are shown in Table 3.

Results and discussion

This study was aimed at finding out whether “phosphine modified” clusters were
better catalysts than the unsubstituted parent derivatives. We found that this is
indeed, the case at least on the basis of the turnover data. Once this aspect had been
confirmed, the factors affecting the catalytic activities were studied; namely (a) the
number and nature of the phosphine substituents and their effects on the cluster
dimensions; (b) (in selected cases) the influence of CO and of free phosphine.
Finally the nature of the organometallic complexes present in the reaction solutions
was investigated, when possible, in order to throw light on the reaction patterns.

Behaviour of the (n°-CsH)NiM,(u-H);(CO), ,, L, derivatives

The results obtained in the presence of these complexes are listed in Table 4. The
clusters with M = Ru require very short reaction times and tend to decompose, so
that with longer reaction times the activity is lost; the monosubstituted PPh,
derivative is less active than the parent cluster, and the same is observed for its
osmium homologue. These two complexes represent the only exceptions to the
observation of greater activity of the substituted products. The complex with
M = Ru and two PPh; ligands is one of the most active, but when considering the
products, however, it is necessary to remember that isomerization to 1,3-pentadiene
is the main process, and that hydrogenation products represent only a small portion
of the total. This is observed for nearly all the catalysts examined (see also Table 7,
below); apparently, isomerization to 1,3-pentadiene is the first process, and is
followed by hydrogenation. Indeed, comparison of the behaviour of (Cp)NiOs;-
H,(CO), and of its PPh,H monosubstitution product towards cis-1,3-pentadiene
and 1,4-pentadiene shows that, in the case of cis-1,3-pentadiene, hydrogenation
occurs readily.

In the case of unsubstituted clusters, the presence of CO apparently inhibits the
activity [11].

Unfortunately, comparisons between osmium and ruthenium clusters can only be
made for PPh, and PCy, derivatives (PPh,H and PEt, are too reactive towards
(Cp)NiRu,H;(CO), [12]). Also noteworthy is the high activity of the PPh,H
derivatives of the osmium-nickel cluster, and activity is also high for the homo-
metallic osmium “fragments” discussed below (see Table 5, below).

Also of interest is that in the reaction solutions, especially for the ruthenium-nickel
clusters, we could find only insoluble decomposition products, or hetero-tetra-
metallic disproportionation derivatives; no M,(CO),,_,L, “fragments” were de-
tected. This confirms the catalytic role of the “intact” clusters.

Behaviour of the M;(CO),,_, L, “fragments”

The results obtained with homotrimetallic derivatives are listed in Table 5. We
have found that, once again, the phosphine-substituted derivatives are (without
exception) more active than the unsubstituted parent clusters: the ruthenium

(Continued on p. 121)
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Table 5
Hydrogenation-isomerization reactions of l4-pentadienc in the presence of clusters M aCOyL L
(M= Ru, Os: n=1-3)
Cluster Reaction  Turn-  Composition of the effluent gases (% Reference
time SVEr N [ 3
. pen-  l-pen-  Z-pen-  o-1003- unchanged
Loy tane  tene [GALEAN peala- sishstraie
diene
Ru,(COY,, 40 13 63 544
Ru (CO),,(PPhy) 0 167 16 R [N this work
20 173 2.8 R 54
40 223 tr 13 EAR 174
Ru-(CO),(PPh.), 0 208 t 2.5 ! this work
20 228 tr 7 573
40 250 tr 4.4 SA
Ru(CO),(PPh ) ¢ 10 66 10 06 13 us T ea this work
20 il4 1.1 (L8 6.6 gfl EAUN
40 141 T 0.9 %3 N3 Rid A
Ru 1((‘0)]4)(Pph}): ‘ 16 2 0.7 30 961 this work
20 a2 - 21 - 9.2 880
40 190 5.2 Ra BRI
Ru(COY, (PPh ), ¢ 10 103 ir 12 8§70 this work
20 35 - 0.4 - 437 Sod
40 422 0.5 ; 474
Ru ((CO),(PPh ), 1 293 tr 17 KRS [ this work
20 613 ty [N 6.8 574 e
40 631 tr 6.6 21 ST L
Ru(COy, (PPh,H) 10 142 tr 7.8 650 this work
20 229 tr 6.7 (.7 STR 3007
4 2580 tr 5.2 5.0 544 %
Ru,(COY,(PPh,H) . 10 170 tr 1.9 s Hhis work
20 493 tr 5.7 R TIA
40 636 tr 13.3 - 203 ERNE
Ru ((CO)y(PPh,H), 1G 21 0.1 1.3 SA EANE this work
20 54 0.3 36 4. B3]
i 1is (03 6.9 RIE [
Ru(CO(PCysy) i 284 - 2.3 - RN 435 this work
20 287 - 21 tr 528 45
40 229 R tr 352 424
Ru (CO),(PEL)4 10 195 1.3 : 44.5 this work
20 243 21 5.4 R
40 183 23 70 EATN
Reaction
time (h)
Os,(COY, i 54 1.6 9.6 this work
2 123 i 5 22

2
153 54 - 237

L
12
)
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Table S (continued)

Cluster Reaction Turn- Composition of the effluent gases (%) Reference
[ilme over pen- l-pen- 2-pen- cis-1,3- unchanged
(b tane tene tenes penta- substrate
diene
Os3(CO);,(PPh;) 1 39 tr 1.5 - 5.4 93.0 this work
2 158 tr 1.8 - 26.6 71.5
4 220 tr 1.9 - 37.6 60.4
0s5,(C0O)y(PPhy), 1 200 - 0.2 - 7.3 92.5 this work
2 243 tr 0.4 - 8.6 90.9
4 283 tr 0.8 - 9.7 89.4

“ ¢is-1,3-pentadiene as substrate. * When italicized, the same as the substrate. ¢ In the presence of a 70 to
1 molar excess of PPh,.  Under 1 atm CO/H, (75 to 25 v/V).

derivatives show turnovers comparable to those of the heterometallic Ru;Ni clus-
ters. Isomerization to cis-1,3-pentadiene is the main process observed, and this was
predictable in the light of previous experience [10,11].

The activity of the PPh, derivatives, either for M = Ru, or M = Os, increases with
the degree of substitution of the clusters; the same is true for the PPh,H derivatives
(M=Ru, n=1, 2), which again are considerably more active than the other
complexes. However, for n = 3, there is a sudden decrease of activity; this could be
explained in terms of either competitive formation of phosphido-bridged derivatives
[12] or of cluster fragmentation induced by the presence of several ligands.

In order to examine the effect of excess phosphine, of CO, and of use of
cis-1,3-pentadiene in place of 1,4-pentadiene, we carried out some experiments in
the presence of Ru;(CO),o(PPh,),. In the presence of excess PPh, considerable
inhibition is observed initially, but after longer times the turnovers are comparable
to those for the cluster alone; interestingly, the activity is considerably lower than
that of Ru;(CO)4(PPh;);.

In the presence of CO, the turnovers and, proportion of isomerization products
are increased; this contrasts with the “inhibition” observed for the (Cp)NiRu,H,
(CO)y L, complexes. However, the observed “inhibition” or isomerization could
also be due to a low P(H,) in the system, resulting in slow hydrogenation rates. The
possibility that the presence of CO might also favour formation of fragments of low
nuclearity cannot be ruled out, but, a trinuclear organometallic species was detected
in considerable amounts in the final reaction solutions.

Finally, cis-1,3-pentadiene gives mainly 2-pentenes rather than 1-pentene, the
turnovers being comparable for both of the substrates.

Behaviour of phosphido-bridged derivatives and of nickel-containing * fragments”

In the presence of 1,4-pentadiene, (Cp),Ni(CO), was found to be an active
hydrogenation catalyst [10]; by contrast (CO),Ni(PPh,), is totally inactive, al-
though it is known to be a very efficient system for the cyclo-oligomerization of
alkynes [14,16].

We previously found that the complexes Ru;(CO),,_,(PPh,H), undergo thermal
modification reactions [12] leading mainly to Ru,(CO)(p-PPh,), and



Table 6

Hydrogenation-isomerization of 1.4-pentadiene in the presence of phosphido-bridged complexes. or of
nickel-containing ** fragments”

Complex Reaction  Tum-  Composition of the effluent gases (% Reference

lmTe over pen-  l-pen-  2-pen-  cis-1.3- unchanged

\
tmin) tane  tene feris penti- suhstrate
diene

HRu (COV-{ u-PPhyy, 10 39 34 4.1 24 this work

20 95 tr 3% RS b

4¢3 240 1.2 137 1A RA7
Ru,(CO)(u-PPh;)» 16 (1.1 3.8 thix work

20 (1.3 77
40 0.3 36
(CpyaNi~(COy, 40 17 0.3 129 - [ i
(CO),;NiPPh ;) 1] - ir i G this work
20 - - tr - w Qa7
40 . - tr - i Q9.5

HRu (CO),;(u-PPh,), [13]. The latter derivatives were also identified in the blank
experiments described in the Experimental section. We thus tested these complexes
under catalytic conditions, and observed a considerable activity. In particular the
amount of hvdrogenation products is considerably high. Further studies are in
progress on these derivatives,

The results obtained in these experiments are histed in Table 6

Some thoughts on the factors which could influence the catalvtic behaviour of the
complexes

The above results show that: (1) with some exceptions. the phosphine-substituted
clusters show increased turnovers with respect to the unsubstitated parent clusters:
(i1) the activity increases when more than one phosphine s coordinated: and (i) the
activity depends on the pK, of the phosphine. Attempts o eorrelate the steric and
electronic properties of the clusters and of the phosphines with the observed
catalvtic activities are summarized in Table 7.

As shown in this table. 1somenzation 1s an important process for the
(Cp)NIMH;(CO),, L, clusters, and the main process for the trimetalbic derivatives,
Other points of interest: (i) during the reactions the (Cpy™NaM H(COy, L com-
plexes partly decompose to insoluble products, and partly disproportionate: {in the
homo-trimetallic derivatives tend to disproportionate. but. 1 the presence of
substrates, also give products in which hvdrocarbvls replace €O rather thao
phosphine ligands: (it1) the PPh,H derivauves give phosphido-bridged complexes.
some of which are sull cataivucally acuve: and (ivy formanon and reassembly of
metal fragments could occur during the disproportionation reactions. as well as
axial--equatorial isomerism [18].

The role of clusters

There are many cases known in which the apparent catalviic activity of clusters
under homogeneous conditions, 1s due to formation (and reassembiyvy of metal
fragments. Equilibria between phosphine-substituted clusters and fragments of
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lower nuclearity have been observed for ruthenium [17]. We previously showed that
(Cp)Ni can be displaced by ligands during long reaction times under catalytic
conditions [10,11]. By contrast, Ru(CO),(PPh,), is a precursor for the selective
hydrogenation of cyclododecatriene [19]; the formation of polymetallic species
could occur in the reactions.

In the reactions discussed here, however, we suggest that “intact” clusters act as
true catalytic species; evidence for this hypothesis had been found for the parent
complexes [10,11], and is indirectly supported by the following considerations: (a)
the (Cp)(NiM ;H,(CO),_, L, clusters, although giving some isomerization products,
generally give higher hydrogenation/isomerization ratios (Table 7) than the tri-
metallic clusters; this corresponds to what was found for the parent, unsubstituted
clusters. (b) The observed effect of the number of phosphine substituents cannot be
accounted for unless the phosphines favour the formation of metal fragments;
however, there are cases where coordinated phosphines tend to suppress the
dissociation of clusters [19]. (c¢) The organometallic derivatives isolated after the
catalytic experiments are still phosphine-containing substituted clusters. (d) It has
been found that tetrahedral H,Ru ,(CO),;L derivatives hydrogenate pentynes under
conditions even milder than those we used and apparently act as intact cluster
catalysts [20]; the formation of H,Ru,(CO),, L, (#n=0-3) complexes from
Ru,(CO),,.,L,, probably via formation and reassembly of fragments occurs at
80° C under 20 atm H, [21]. We could not detect such derivatives in our reaction
solutions.

The attachment of the phosphines could also influence the cluster size and
electron density, and hence the coordination of substrates, as discussed below.
Finally, the presence of phosphines and phosphites strongly lowers the acidity of the
hydride ligands, as shown by the pK, values [22].

The role of phosphines

A tentative explanation of the increased activity of phosphine-substituted clusters
[11] involved the possibility of ready release of the ligands and formation of free
coordination sites. However, the results obtained here do not support this hypothe-
sis; most of the organometallic products observed in the reaction solutions still
contain phosphine ligands, and reactivity experiments [12] have shown that un-
saturated hydrocarbyls displace CO more easily than phosphines in the complexes
under consideration. Also, the catalytic activity observed for (Cp)NiOs,H;(CO),_,L,
does not correspond to the order with which the phosphines displace each other
from the complexes [12].

Another effect of phosphines could be to modify the dimensions, as well as the
electron density on the clusters. Thus, for instance, the difficulties in obtaining the
(Cp)NiIM;H;(CO)4(PR ), derivatives could be ascribed to the reciprocal frans-in-
fluence between the (always axial) phosphines [23] and the stabilizing (Cp)Ni.
Unfortunately there are few studies dealing with these effects; in particular, the
“trans-effect” should be considered only for square-planar derivatives and, in some
instances, octahedral complexes. Comparable effects should be much more difficult
to evaluate in more complex structures. Quantitative measurements on
Cr(CO),(PPh;)L complexes [24] have shown that Cr—PPh, bonds are shorter when
there is a stronger donor ligand in trans position; apparently, however, transition
state effects dominate the reactivity of these monometallic complexes.
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X-Ray studies on trimetallic, phosphine-substituted clusters [25] show that the
average M-M bond lengths increase with the degree of substitution within a
common structural type, and that the ligands coordinate at equatorial sites even in
polysubstituted compounds, where they adopt a configuration which minimizes
steric interactions. Finally, for a given metal the M~P bond lengths increase with
decreasing w-acidity of the phosphine. It thus cannot be ruled out that the
phosphine can influence the coordination (and release) of the substrates by steric
and/ or electronic effects.

Unfortunately, few results are available for the tetrahedral complexes [2,23];
those that are, indicate that phosphines do not significantly affect the cluster
bonding parameters.

Finally, the electronic effects of the phosphines and their sterical effects should
be considered; the latter effects seem not to be important, in the example reported
here. On the other hand, the catalytic activities of the complexes seem to be related
to the pK, [26] of the phosphine ligands (Table 7). Examples of relationships
between phosphine basicities and their catalytic properties are well known, espe-
cially for monometallic species [14]. A good example is given by phosphine-modified
iridium catalysts, which, in the presence of triaryl-phosphines hydrogenate CO
mainly to give ethylene glycol, whereas with trialkyl-phosphines, with their more
powerful o-donor ability, methanol is obtained [27].

Some comments on the reaction pathways and on the role of the intermediate products

The catalytic activities observed for the complexes under consideration are
probably due to a combination of different effects; the presence of clusters as
catalytic species, although not unambiguously demonstrated, is probable, and the
organometallic products isolated in the reaction solutions favour this hypothesis.
Isomerization rather than hydrogenation is observed; this behaviour was found
previously and for the homo-trimetallic “fragments” [10,11]. By contrast, the
(Cp)NiM;H,(CO), clusters showed only hydrogenating properties; a possible ex-
planation of the different behaviour observed for their phosphine-substituted de-
rivatives is that isomerization of 1,4-pentadiene to 1,3-pentadiene occurs as a first
step, followed by hydrogenation. Indeed, in the presence of (Cp)NiOs;H4(CO)g-
(PPh,H) 1,3-pentadiene gives hydrogenation products [11].

Reaction paths similar to those proposed for the unsubstituted clusters probably
operate also for their phosphine-substituted derivatives [10,11]; the enhanced activ-
ity is, as discussed above, probably due to the electronic effects induced by the
phosphines, which favour either the release of CO ligands or of the coordinated
substrate molecule. A point worthy of mention is that with trimetallic derivatives
isomerization probably occurs via coordination to several sites; for equatorially
substituted complexes, especially, both sides of the cluster triangle are easily
accessible. By contrast the (Cp)NiM;H;(CO), ,L, complexes, which are generally
substituted in axial positions, offer very poor access to the basal metal triangle; with
these complexes, isomerization presumably involves one coordination site only.
However, the possibility of the presence of more than one coordination site cannot
be completely ruled out when account is taken of the fact that disproportionation
reactions can occur readily.

Unfortunately the thermal instability of the studied clusters [12] prevents kinetic
studies which might confirm the proposed reaction pathways.
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The organometallic intermediate and/or side products were identified by spec-
troscopy; their nature points to “intact” cluster catalysis, and indicates that loss of
phosphines is not essential for the catalytic activity of the complexes. The (tri-
metallic) hydrocarbyl substituted intermediates are of a type comparable with these
found for the unsubstituted clusters.

Behaviour of the phosphido-bridged compounds

These complexes have also shown catalytic activity, and, perhaps surprisingly.
hydrogenating power; the reaction patterns for these complexes are probably
different from those found for the derivatives considered carhier. and are under
active investigation. Possible processes involving the substrate during these reactions
could be: (i) insertion into M-H bonds (when available); (i1} insertion into M--F
(phosphido) bonds; and (iii), reversible metal-metal bond cleavage giving rise to
vacant coordination sites. The latter hypothesis is. in our opinmon. the most
probable, in the light of available knowledge on the chemistry of these derivatives.

Concluding remarks

The results discussed above indicate that * phosphine modified™ clusters are more
active in the isomerization of 1,4-pentadiene than their unsubstituted parent com-
pounds, and that the activity is related to the pK, values of the phosphines.
Noteworthy is the shift from hydrogenation to isomerization observed on going to
the substituted (Cp)NiM,H (CO), L, derivatives, from the (CpyNiM H (COj,
clusters. Unfortunately, the side reactions [12] observed for the complexes examined
prevent definitive statements about the reaction pathways,

The phosphido-bridged derivatives show good activities, and will he subject of
further investigations.
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