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METAL CLUSTERS XN CATALYSIS. THE REAefltViT’Y OF ALKYNE- 
AND VINYLIDENE-SUBSTITUTED HOMU~ AND HETERO-METALLJC 
CLUSTERS TOWARDS MOLECULAR HYIIRQGEN IN HOMOGENEQUS 
CONDITIONS 

The reactivity of alkyne- and vinylidene-substituted clusters towards molecular 
hydrogen in homogeneous conditions has been studied by means of GC and 
CC/MS techniques. The reactivity of the homo- and hetero-metallic cluster frames 
(containing nickel and one of the iron triad metals) is discussed, as well as that of the 
coordinated ligands. Under hydrogen the cluster cures are modified, sometimes as a 
part of a catalytic cycle The products obtainable frum the coordinated smaff. 
molecules seem to depend mainly on the overall electronic situatiun uf the clusters or 
on the C-C distances in the alkynes, and to a lesser extent on the number of 
coordinating metal centres. In sume instances it was observed that when both free 
alkynes and substituted clusters were present, only the coordinated alkynes were 
hydrogenated. 

Selective hydrogenation of dkenes and alkynes under homogeneous conditions in 
the presence of metal clusters has been recently repurted; Pt.&To, clusters selectively 
catalyse hydrogenation of phenylacetylene to styre~le fl]. In the presence of 
Ru,(CU),, styrene is hydrogenated to ethylbenzene and alkyne-substitutcd butterfly 
clusters have been identified as intermediates 121. The hydrogenation of alkynes to 
alkenes in a catalytic cycle based on HRu,(CO),(PPh,) has been described [33, The 
mechanism of the hydrogenation of ethylene to ethane catalyzed by H,Ru,(CO),, 
has been discussed (41, Finally, a full hydrogenation cycle, starting from 
hexafluorobutyne and leading to cis- and tranr-hexafluorobutene catalyzed by 
osmium clusters, has been established f5], 

We previously found that t-butylalkyne is hydrogenated to neohexane in the 
presence of HRu,(CU),C,Ru [6] and that the heterometallic derivative (q- 
C,N,)3Ni@3(CQ)9r complex l9 and (rt-Cs~5)WiM3(CU)9(~~~), (M = Ru, cum- 
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plex 2a, M = OS, complex 2b) selectively hydrogenate t-butylacetylene and t-butyl- 
ethylene under homogeneous conditions [7]. The mechanism of, and the inter- 
mediates in the latter reactions were not established, but it was suggested that 
possible intermediates could be the vinylidene substituted butterfly clusters (q- 
C,H,)NiM,(p-H)(CO),(C=CHR) (M = Ru, R = Bu’ complex 3a [8]; M = OS, R = 
Bu’, complex 3b [9]. The complex with M = Ru, R = Pr’ complex 3e has also been 
characterized [lo]). 

The use of H, instead of N, as the reaction atmosphere considerably increased 
the yields of 3a and 3e, and was critical for the synthesis of 3b. The presence of 
molecular hydrogen was shown to influence markedly both the yields and the nature 
of the vinylidene- and alkyne-substituted heterometallic clusters containing nickel 
and one metal of the iron triad; an example of this behaviour is the synthesis of 
(q-C,H,),Ni,Ru,(CO),(C,Ph,), complex 4, which was not obtained under N, ill]. 
Furthermore, the yields of the “spiked triangular” (+&H,),Ni,M,(CO),- 
[CC(H)C(=CH,)(CH,)] (M = Fe, complex Sa [12]; M = Ru, complex 5h [13]) and of 
the “square planar’” isomer (?I-C,H,),Ni,Ft;(CO),IHC,C(=CH,XCH,)], complex 
6 [12] are hydrogen dependent. This led us to suspect that the above clusters play a 
role as intermediates in the selective hydrogenation of alkynes in homogeneous 
conditions. 

The role of clusters in homogeneous catalysis is still under discussion. Only a few 
examples of true cluster catalysis have been reported, whereas several examples of 
catalysis by the decomposition products have been found. On the other hand, the 
multi-site coordination of small molecules on several metal centres, such as are 
present in clusters, has been used as a “model” for the chemisorption (and 
“activation”) of the same small molecules on surfaces 1141. For these reasons, we 
considered it to be of interest to study the reactions of clusters substituted with 
alkynes and vinylidenes towards H,, under the same conditions as are used for the 
reactions of clusters 1 and 2 with alkynes. 

The clusters chosen for this study are listed in Table 1; the structures of the 
mjority of them have been determined by X-ray methods. The table also gives the 
C-C bond lengths where these are available. 

We studied both the reactivity of the cluster frames towards H, and the 
hydrogenation products obtained from the coordinated ligands. The variation in the 
behaviour of a given alkyne in different coordination environments was also 
investigated. 

Experimental 

The clusters listed in Table 1 were made as reported in earlier papers (see 
references in the table) and were recrystallized before use. The hydrocarbon solvents 
(Carlo Erba pure grade) were distilled from sodium and stored over molecular 
sieves; before use they were saturated with dry nitrogen. The organometallic 
derivatives produced in the reactions were separated by preparative TLC plates 
(Kieselgel G or PF Merck; eluants: mixtures of ethyl ether and light petroleum). 
High purity diphenylacetylene (muka), fruns-stilbene (Fluka) and diphenylethane 
(bibenzyl, schilling) were used as GC standards. rrans-Stilbene contained trace 
amounts of the &-isomer and of ~ph~yle~~e (GC/MS evidence); this was 
particularly useful for the identification of cis-stilbene in the GC chromatograms. 
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Hydrogenation experiments 
These were performed in sealed glass vials of 100 or 50 ml volume, each 

containing either 10 or 5 ml of a 10 mM heptane solution of the complex. After 
freezing, the vials were evacuated and the solutions were then allowed to reach room 
temperature. Hydrogen (SIAD, ultrapure grade) (0.9 atm) was then introduced and 
after refreezing the vials were sealed off. They were then kept in a thermostated oven 
at 120 f 2°C. After the reaction, the solutions were examined either by GC/MS to 
identify the organic products, and by TLC (followed by IR or mass spectrometric 
analyses) to identify the organometallic species. The gas content of the vials was not 
investigated. 

For some hydrogenations smaller vials, 25 ml in volume, were used; these were 
filled with 2.5 ml of a 10 mM heptane solution of the complex and 0.9 atm of 
hydrogen, by the procedure described above. The organic products were analysed by 
CC and the organometallic products by TLC. 

Bhnk tests. ~e~a~l~c powah as catalysts 
In all the experiments we observed the formation of metallic powder in varying 

amounts, and this was especially noticeable in the longer runs. Elemental analysis of 
these powders (Perkin-Elmer 303 Atomic Absorption Spectrophotometer) showed 
the presence of iron and nickel (or ruthenium and nickel) in ratios depending on the 
stoichiometry of the starting clusters. 

Heptane (10 ml) containing diphenylacetylene (10 mmol/l) were placed into two 
100 ml vials, cont~~ng either Fe/Ni or Ru,/Ni powder (obtained as a precipitate 
from the hydrogenation of the clusters, and carefully washed with heptane). The 
vials were then filled with 0.9 atm of hydrogen sealed as described above, and kept 
in an oven at 120” for 18 h. The solutions were then analyzed by GC. In both cases 
no diphenylacetylene remained; the main product was diphenylethane and about 
10% of trans-stilbene was also present. 

Reactions of complexes 1 and 26 
The reaction of complexes 1, (~-C~H~)~Ni~Os~(CO)~ and Zb, (~-C~H~)NiOs~(~ 

H),(CO}, with t-butylacetylene in presence of hydrogen (sealed vials, homogeneous 
conditions) has previously been reported [‘7]. The reaction of 1 and 2b with alkynes 
under hydrogen and nitrogen were carried out in conventional glass apparatus by 
refluxing heptane or octane solutions of the complexes with a twofold molar excess 
of alkynes, as indicated below. 

(a) Reactions of complex I. Treatment of 1 with t-butyialkyne under N, in 
heptane for 90 min yielded small amounts of HOs,(CO),C,Bu’ (ca. 1%) [lo], 
(~~C~H~)NiOs~(CO)~(~-~C~HBut) (ea. 1%) and three, unidentified trace prod- 
ucts. 

Treatment of 1 in heptane, for 340 min under N2 with diphenylalkyne yielded 
very small amounts of 5 products, of which we identified Os,(CO),,(C,Ph,) [22] 
and Os,(CO),(C,Ph,), [23]. The same reaction under H, yielded about 15% of 
complex 2b, together with smaI1 amounts of HOs,(CO),,[HC(Ph)=CPh] [24] and 
four unidentified trace products. 

(b) Reactions of complex 2&. Treatment of 2b with t-butylalkyne under N, in 
octane for 120 min gave small amounts of HOs,(CO),C,Bu’ and (q- 
C,H,)NiOs,(CO)&H)(C=CHBu’) (about 1% each). The same reaction under CO 
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gave higher yields of these products (about 3% of each) and 7 unidentified trace 
products, probably arising from decomposition. Treatment of 2b in heptane, under 
N, for 8 h with diphenylalkyne gave, besides large amounts of unchanged 2b, only 4 
trace products (not investigated). A GC/MS investigation of the solution showed 
the exclusive presence of diphenylalkyne. 

The same reaction, for 7 h in octane under N, gave about 80% of unchanged 2b, 
some decomposition, and small yields of Os,(CO),,(C,Ph,) and Os,(CO),(C,Ph,),; 
GC/MS investigation of the product solution showed the presence of diphenylal- 
kyne and trace amounts of diphenylalkenes. 

The same reaction, under H,, gave about 80% of unreacted 2b, and 2% each of 
Os,(CO),,(C,Ph,) and HOs,(CO),,[H(Ph)C=CPh]; GC/MS of the reaction solu- 
tion showed the presence of equimolar amounts of diphenylalkyne and (truns + cis)- 
stilbene. 

Physical measurements and GC separation of diphenylacetylene and its hydrogenation 
products 

The organometallic products were generally obtained in very small amounts, and 
so not all of them could be characterized. This also precluded elemental analysis. 
The complexes were identified by spectroscopy. 

The IR spectra were recorded on a Perkin-Elmer 580 B(KBr optics) instrument. 
The mass spectra were recorded on an Hitachi-Perkin-Elmer RMU 6H single 
focusing instrument, equipped with a direct inlet system and operating in E.I. at 70 
eV. 

The GC/MS analyses were performed with a Carlo Erba chromatograph (with 
SE 54 capillary columns, injections at 50°C temperature program lO”C/min till 
280*(Z), Kratos MS-50 instrument (Laboratorio di Gascromatografia-Spettrometria 
di Massa, Universita-Provincia di Torino). 

The GC analyses were performed on a Carlo Erba 4200 F.I.D. instrument 
operating with a 2 m, n-octane/Porasil C 100/120 mesh column, carrier N,, 25 
ml/mm, in temperature programmed separations; the injections were at 60°C and 
the temperature was then raised at S’C/min to 155’C. These conditions allowed the 
separation and identification of hexane and hexynes, and also of benzene, toluene, 
ethyl-benzene etc. 

The separation of diphenylalkyne, stilbenes and diphenylethane was carried out 
with the same instrument using a 2 m SE 30 5% on Chromosorb W, AW, 60/80 
mesh column, carrier N,, 46 ml/mm, temperature program 60-24O”C, lO”C/min. 
The order of elution of the components was: cis-stilbene, diphenylethane, diphenyl- 
acetylene and trans-stilbene. (The order seems to be related, at least in part to the 
boiling points of the hydrocarbons. To our knowledge, the GC separation of such a 
mixture has not been previously reported, in spite of its importance for hydrogena- 
tion studies with the widely used diphenylalkyne ligand.) 

The nature of the products was unequivocally established by the use of standard 
solutions containing the hydrocarbons in various proportions; the trace amounts of 
cis-stilbene in the truns-stilbene standard allowed the identification of the isomers by 
means of GC/MS. Accurate comparison between the mass results and the GC 
results then enabled the detection of cis-stilbene in the GC chromatograms also. 

(Continued on p. 227) 
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Results and dhxussim 

It is obviously impossible to unlink the reactivities of the cluster frames and the 
coordinated ligands, but for simplicity we consider the two separately. 

Qualitative results for the hydrogenation of the complexes are reported in Table 
2. 

Other reactions, mainly involving the cluster frames, were performed with the aim 
of improving ~de~~ding the behaviour of the cIusters under hydrogen and these 
are summarized in Table 3. 

(a) Reactions of the duster frames 
In all the experiments, variable amounts of metal powder, due to reduction in 

presence of hydrogen, were observed; this was expected, and had been noted in 
previous experiments [6]. As reported in the Experimental (and in Table 4) (below), 
the metal powder catalyzes the complete hydrogenation of the triple bond; and this 
is consistent with previous findings [S]; C-C hydroge~olysis occurs only to a minor 
extent in the presence of the metallic powder, 

On the other hand, several clusters show good stability, and even after being kept 
at 120°C under H,, were partly recovered unaltered. 

The formally unsaturated, 62 electron, square planar complexes ((71” 
C,H,),Ni,Fe,(CO)6(RC,R’), complexes 6) unexpectedly show good stability for 
short reaction times, whereas for longer times complete metal-metal bond hydro- 
genolysis occurs; the behaviour of the same clusters in the mass spectrometer 
(M.I.K.E. experiments [25]) and in solution under Nz [26] is different, and results in 
“cluster contraction” f2’7] and formation of complexes 7. The reactions of complexes 
6 with alkynes (Table 3), under H, are also noteworthy; neither coordination of 
further alkyne nor alkyne exchange with the cluster occurs, despite the formal 
unsaturation. Instead, hydrogenation of the cluster bound alkyne occurs, whereas 
the free alkyne is unaffected. This shows that, at least for the complexes 6, cluster 
coordinated alkynes are hydrogenated with greater efficiency. 

In some instances, “cluster expansion” [27] reactions are also observed; thus, 
from (+Z,H,)2Ni2Ru(CU)#Z2Ph2) the pentametallic (+Z,H,)zNi,Ru3(C0)13- 
(C,Ph,) has been obtained in small yields. 

Finally, for some clusters, modification of the metal atom frames, and sometimes 
“isolobal substitution” occur [28]; these reactions may form part of a full hydro- 
genation cycle (althou~ with very low efficiency). This is the case, for example, 
when the viny~dene-substitute butterfly clusters 3 are hydrogenated; these com- 
plexes release the fully and partly hydrogenated ligands, and give (r_ 
C~H~)NiM~(CO~~(H~~ and, for M = Ru, also H,Ru,(CO),,. We previously sug- 
gested three possible reaction paths leading to clusters 3; in particular, for 3b 
(M = OS), metal-metal hydrogenolysis of (@J,H,)NiOs,(CO),(H), in presence of 
alkynes was considered [lo]. 

We have already reported that (@Z5Hs)NiRul(CO),(H)3 can be obtained by 
treating with nickel reactants I-I,Ru,(CO),~ [18]; the latter is an hydrogenation 
catalyst, and is also frequently found as a tinal product in the hydrogenation of 
several clusters, including H~Ru~(C~)~CCH~3u1 [6]_ In some instances, complexes 
of type 3 under H, release H,M,(CO),CCH,R derivatives. Finally H,- 
Ru,(CO),CCH,Bu’ reacts with (q-C,H,),Ni,(CO), to give small amounts of 
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[(CP)NI(CO)]~ “‘\ ‘I M--- 
\+t4- 

7; - 

SCHEME 1 

(q-C,H,)NiRu,(CO),(H), and neohexane (see Table 3). 
Scheme 1 accounts for the above results. 
Noteworthy are the isolobal substitutions of (q-C,H,)Ni for Ru(CO), or CCH,R 

in tetrahedral cluster frames. 
Attempts to isolate other intermediates for the formation of the clusters 3, 

starting from (q-C,H,)NiOs,(CO),(H), and C,Ph, (less reactive than the HC,R 
alkynes) under hydrogen, gave only homometallic alkyneosmium substituted clus- 
ters; no edge-substituted tetrahedral derivatives comparable with those found by 
Johnson and Lewis were detected [29]. 

Treatment of (q-C,H,),Ni,Os,(CO), with C,Ph, leads directly to (v- 
C,H,)NiOs,(CO),(H), and homometallic substituted products. The hydrogenation 
of diphenylalkyne observed during these reactions probably occurs “via” homo- 
metallic alkyneosmium clusters; this is considered again in sections b and c below. 

(b) Hydrogenation of the coordinated ligands 
The hydrogenation products arising from the multi-site coordinated ligands are 

shown in Table 2 and (for C,Ph,) in Table 4. In the latter Table the results of 
hydrogenations for various times are listed; these involve the same ligand in 
different coordination environments on homo- and hetero-metallic clusters. 

The nature (and yield) of the organic hydrogenation products is probably 
dependent on the following factors: 
(i) the nature of the metals in the cluster; 
(ii) the structure of the cluster, and thus on the coordination of the alkyne to three or 
four metal centres with C-C multiple bond “activation” [14]; 
(iii) the possible competition within the hydrogenolysis of the M-M, M-M’, M-C 
and C-C (multiple) bonds; 
(iv) the selectivity in the hydrogenation of coordinated and noncoordinated multiple 
C-C bonds (for isopropenylalkyne); 



T
A

B
L

E
 

4.
 H

Y
D

R
O

G
E

N
A

T
IO

N
 

O
F

 
C

, 
P

h 
2 

C
O

O
R

D
IN

A
T

E
D

 
T

O
 

D
IF

F
E

R
E

N
T

 
M

E
T

A
L

-A
T

O
M

 
C

O
R

E
S 

C
om

pl
ex

 

(a
nd

 
ak

yn
e 

co
or

di
na

ti
on

) 

R
ea

ct
io

n 
“ 

L
ig

ht
 

ti
m

e 
a 

pr
od

uc
ts

” 

O
rg

an
ic

 
pr

od
uc

ts
 

(G
C

) 
O

rg
an

om
et

al
lic

 
pr

od
uc

ts
 

C
,P

hz
 

H
,C

zP
h,

 
H

,C
,P

h,
 

ci
s 

tr
am

 
’ 

(C
p)

,N
i2

F
e(

C
O

)3
(C

2P
h,

) 
P

3-
1)

 

F
e/

N
i 

po
w

de
r 

R
u/

N
i 

po
w

de
r 

2h
lS

m
in

 
10

%
 

23
00

 

6h
 

20
%

 
12

1 

12
 h

 

24
 h

 

6h
 

9h
30

m
in

 

18
 h

 

3h
 

25
%

 

40
%

 

15
 

10
%

 

15
%

 

tr
ac

e 

32
00

 

64
7.

0 

30
.5

 

25
70

0 

tr
ac

e 

3.
5 

21
.0

 

18
.3

 
tr

ac
e 

13
.0

 
18

.6
 

tr
ac

e 

6h
 

12
 h

 

24
 h

 

2h
15

m
in

 

5%
 

11
20

0 
tr

ac
e 

7%
 

72
12

 
2.

0 

10
%

 
11

30
 

6.
0 

tr
ac

e 
33

00
0 

1.
2 

6h
 

2%
 

16
60

0 
20

 

12
 h

 
12

%
 

63
00

 
18

 

24
 h

 
15

%
 

18
 h

 
10

%
 

18
 h

 
12

%
 

12
56

 
25

 

tr
ac

e 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

5.
4 

18
0 

44
7.

2 

83
0.

4 8 

51
.7

 

35
40

.7
 

20
6 

85
0 

16
30

 

38
05

 

17
5 

10
30

 

22
05

 

10
86

 

12
15

 

(C
p)

2N
i2

Fe
(C

G
),

(C
2P

h2
) 

(3
0%

)d
 

(C
p)

,F
e,

(C
G

),
 

(1
0%

) 

(C
p)

2N
i2

Fe
(C

G
)S

(C
2P

h2
) 

(1
0%

) 

(C
p)

,F
e,

(C
G

),
 

(1
2%

) 

(C
P)

~F
~,

(C
O

)~
 

(2
0%

) 
de

co
m

po
si

tio
n 

de
co

m
po

si
tio

n 

de
co

m
po

si
tio

n 

R
u,

(W
,,(

C
,P

h,
) 

(5
0%

) 

H
,R

u,
(W

,, 
(5

0%
) 

R
u,

(C
G

),
&

,P
h,

) 
(4

0%
) 

H
,R

u,
(C

O
),

, 
(6

0%
) 

K
,R

u,
(C

G
~,

2 
(8

0%
) 

(C
p)

2N
i2

Fe
2(

C
G

),
(C

2P
h2

) 
(3

5%
) 

(C
p)

2N
i2

Pe
(C

G
),

(C
2P

h2
) 

(1
0%

) 
Fe

2(
C

O
),

(C
2P

h2
),

 
(n

 
=l

, 
10

%
; 

n 
= 

2,
 1

0%
) 

(C
p)

2N
i2

Fe
2(

C
G

),
(C

2P
h2

) 
(1

5%
) 

(C
p)

2N
i2

Fe
(C

G
)3

(C
2P

h2
) 

(1
0%

) 
Fe

2(
C

O
),

(C
2P

h2
),

 
(n

 
= 

1,
 2

: 
20

%
) 

(C
p)

2N
i2

Fe
2(

C
G

)s
(C

2P
hz

) 
(5

%
) 

(C
P)

2N
i2

Fe
(C

G
),

(C
2P

h2
) 

(5
%

) 
de

co
m

po
si

tio
n 

de
co

m
po

si
tio

n 
_ _ 

a 
R

ea
ct

io
n 

co
nd

it
io

ns
; 

se
al

ed
 

25
 m

l 
vi

al
s 

(2
.5

 m
l;

 
he

pt
an

e 
so

lu
ti

on
 

10
 m

M
/I

), 
0.

9 
at

m
 

H
,, 

12
0°

C
. 

* 
B

y 
“l

ig
ht

 
pr

od
uc

ts
” 

w
e 

m
ea

n 
th

e 
pr

od
uc

ts
 

fr
om

 
hy

dr
og

en
ol

ys
is

 
of

 

C
-C

 
bo

nd
s,

 
vi

z.
, 

be
nz

en
e,

 
to

lu
en

e,
 

et
hy

lb
en

ze
ne

 
an

d 
et

hy
ny

lb
en

ze
ne

; 
th

es
e 

ar
e 

in
cl

ud
ed

 
in

 t
he

 t
ot

al
 

pe
rc

en
ta

ge
 

of
 t

he
 l

ig
ht

 p
ro

du
ct

s 
an

d 
w

er
e 

de
te

ct
ed

 
ei

th
er

 
by

 G
C

 
or

 
G

C
/M

S 
(s

ee
 e

xp
er

im
en

ta
l 

se
ct

io
n)

. 
’ 

T
he

 
re

m
ai

ni
ng

 
po

rt
io

n 
of

 t
he

 
hy

dr
oc

ar
bo

n 
pr

od
uc

ts
, 

fo
rm

ed
 

fr
om

 
th

e 
di

ph
en

yl
ac

et
yl

en
e 

an
d 

its
 h

yd
ro

ge
na

tio
n 

de
ri

va
tiv

es
 

w
as

 
be

en
 

an
al

yz
ed

 
un

de
r 

di
ff

er
en

t 
ch

ro
m

at
og

ra
ph

ic
 

co
nd

iti
on

s;
 

th
e 

ra
tio

 
of

 
th

e 
pr

od
uc

ts
 

is
 

ex
pr

es
se

d 
re

la
tiv

e 
to

 
rr

an
s-

st
ilb

en
e 

as
 

10
0 

(i
nt

er
gr

at
io

n 
of

 
th

e 
G

C
 

pe
ak

s)
. 

dT
he

 

pe
rc

en
ta

ge
s 

of
 

th
e 

un
re

ac
te

d 
pr

od
uc

ts
 

w
er

e 
ca

lc
ul

at
ed

 
by

 
co

m
pa

ri
so

n 
w

ith
 

a 
co

nt
ro

l 
te

st
 

of
 

th
e 

st
ar

tin
g 

re
ac

tio
n 

so
lu

tio
n 

(d
en

si
to

m
et

ry
 

on
 

th
e 

T
L

C
 

pl
at

es
).

 

_ 
_ 

_ 
- 



230 

(v) the presence of the formed powder, as discussed above. 
Two main trends are observed; the coordinated alkynes and ,vinylidenes undergo 

either partial or total hydrogenation of the C-C multiple bonds (in more or less 
selective way); or the ligands can undergo C-C hydrogenolysis. Side reactions are 
oligomerization-hydrogenation of the alkynes and olefin metathesis of the coordi- 
nated vinylidenes [30]. 

The nature of the metals seems to be of secondary importance. Thus for the 
C,Ph, ligand (Table 4), similar hydrogenation products in comparable yields are 
obtained from Ru,(CO),,(C,Ph,) and (n-C5H,)2Ni,Fe,(CO),(C,Ph,) under 
identical conditions. The unique feature of these clusters is the pa-g2-coordination of 
the alkyne to four metal centres. 

The coordination of the alkyne to several metals and the resulting alkyne 
activation must certainly influence the products but generally tri- and tetra-metallic 
clusters give similar products, with only minor differences in the yields. 

The type of metal-carbon bonds can also be of importance in these reactions; 
thus from the results, it can be concluded that: 
(i) the “apical” ligands readily and completely give the fully hydrogenated alkanes 
(see also ref. 6). In these complexes only M-C(o) bonds are observed; 
(ii) the p4-n2-vinylidene ligands give either olefins or alkanes. This feature is shown 
in Scheme 1; 
(iii) the p3-n2 and pcn2 coordinated alkynes generally give the corresponding alkenes 
and alkanes, and, in smaller amount, C-C hydrogenolysis products; 
(iv) by contrast, the ~~-7) and p,-q2 alkynes in the complexes 7 and 4 give 
considerable amounts of C-C hydrogenolysis products. 

Thus the following sequence can be written for the ease of hydrogenation of the 
coordinated substrates: “apical ligands” Z= vinylidene ligands > alkynes. Apparently, 
hydrogenation is easier when a larger number of M-C (u) bonds is present, these 
usually being more reactive than the M-C (m) bonds. 

It can also be concluded that hydrogenation is easier when longer C-C distances 
are present; indeed, the “apical” ligands show the greatest “activation” of the C-C 
bonds whereas the (Cp),Ni,Fe(CO),(C,Ph,) complexes, which have the shortest 
C-C distances, give hydrogenation products with significantly greater difficulty. 
Other factors may influence this behaviour; Muetterties found that a C-C distance 
above 1.30 A is sufficient for the activation of the alkyne to give hydrogenation 1311. 
However, the reactivity towards hydrogen also depends upon the possibility of 
reaching an “unsaturated transition state” and hence on the activation energy 
required. Indeed, among the pz-n2-alkyne substituted bimetallic derivatives 
Cp2M02(CO),(RCR,‘), Pe,(CO),(RC,R’), Co,(CO),(RC,R’), Cp2Ni,(RCZR’) 
CpNiCo(CO),(RC,R’) and (COD)2Ni2(RC,R’), only the last complex and the iron 
derivatives react with hydrogen under mild temperatures and pressures [32]. 

It seems, especially for the coordinated alkynes, that the hydrogenation behaviour 
is the result of the balance of several effects; among these are (i) the thermal 
decomposition cluster species which can also act as catalysts, the presence of metal 
powder, and the competition between M-M, M-M’, M-C and C-C hydrogenolysis. 
The M-M and M-M’ hydrogenolysis is responsible for the formation of lower 
nuclearity products and the metal powder, and hence for the production of saturated 
hydrocarbons in some instance. The hydrogenolysis of M-C(o) and M-C(n) bonds 
was considered above. 
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Hydrogenolysis of C-C bonds also occurs in the above experiments. As shown by 
the control tests, this is a minor process when the metal powder is subjected to the 
reaction conditions. In contrast, clusters such as 7, which are characterized by short 
C-C bonds, give high yields of C-C hydrogenolysis products, and this is also the 
case for cluster 4. A possible explanation of this behaviour as might be that when 
formally unsaturated clusters are used, there is initial attack of hydrogen on the 
cluster metals, and then, by hydrogen transfer and M-C bond cleavage, hydrogena- 
tion products are formed; however, when “saturated” clusters, such as structures 7 
and 4 (both “close” complexes) are used, attack of hydrogen occurs directly on the 
ligand, and C-C hydrogenolysis becomes of primary importance. An alternative 
explanation might be that on “unsaturated” frames there is the possibility of 
coordinating hydrogen without M-M cleavage, whereas on “saturated” frames, 
addition of hydrogen would require M-M cleavage. This latter explanation would 
also lead to expectation of the formation of cis-stilbene (see ref. 33, below), but we 
usually found the trans-isomer. 

(c) The hydrogenation of diphenylacetylene and the behaviour of isopropenylacetylene 
The results of Table 4, for C,Ph,, are consistent with the qualitative results of 

Table 2. An increase in the yields of hydrogenation products with time is observed; 
in particular, together with decomposition of the cluster to powder, increasing 
amounts of saturated hydrocarbons are observed *. However, for a discussion of the 
possible selectivity in the hydrogenation of alkynes on clusters the formation of 
alkenes is much more interesting. 

In the hydrogenation products obtained from C,Ph,, trans-stilbene is generally 
observed in considerable yield; smaller amounts of cis-stilbene were also detected 
(usually in almost constant ratio to the trans-isomer). Only trans-stilbene was 
observed, when C,Ph, was treated with hydrogen at 100°C in hydrocarbons in the 
presence of the cluster catalyst HRu,(CO),,- [37]. 

Muetterties found that when bimetallic products are hydrogenated, only cis-olefins 
are formed, and no saturated hydrocarbons are observed (the only exception being 
Fe,(CO),(C,Bu’,)); this was explained by suggesting that the reaction intermediates 
(not always precisely defined, but, at least for (COD),Ni,(RC,R’), assumed to be a 
species with weak or no Ni-Ni interaction requires cis-addition of hydrogen for 
stereochemical reasons. The cis-olefin is then expelled because of its low coordina- 
tion ability, so that no isomerization or further hydrogenation to alkane takes place, 
even though these products are thermodynamically favoured [33]. 

In considering the results obtained with clusters, we must take account of 
another mechanism for the attack of hydrogen on the substrate. The results indicate 
that coordination of the alkyne to several metal centres, and its consequent activa- 
tion, has some influence on the hydrogenation products; thus monometallic inter- 
mediates should not be considered for the above reactions. The determining step of 
the reactions may be either the H-H bond cleavage or the gradual cleavage of M-C 
bonds, to give intermediates with ethylenic, vinylidenic or alkenylidenic substituents, 
as well as apical ligands, and hence partly hydrogenated structures before the release 
of the final organic products. Once the partly hydrogenated intermediates formed, 

* For Ru,(CO),,(C,Ph,) results consistent with those obtained under reflux 1341 have been found. 
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easier hydrogenation would occur. Indeed, the vinylidene and apical derivatives have 
been found more prone to hydrogenation; the former gives either olefins or alkanes 
and the latter mainly alkanes. 

RU,(CO),, KP),NI,(HC,R) 

N2 (11) 

1 

cH3 
H,C,\C’ 

: 1 ,’ I’ \ 
R;l__-- -C-H 

SCHEME 2A 

(b) 

SCHEME 2B 

H2C=CHCH(CH312 

t 

H3CCH2C(=CH2)CH, 
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The formation of homo-metallic vinylidene and alkenylidene complexes of osmium 
(with concomitant hydrogenation of C,Ph,), as well as the synthesis and reactivity 
of the vinylidene products 3 provide indirect evidence for this hypothesis; hence, the 
formation of truns-ethylenes could occur via partly hydrogenated clusters as dis- 
cussed by Shapley [24] and Deeming [35]. Thus the selectivity in alkyne hydrogena- 
tion on bimetallic or on cluster complexes may depend on the possibility of forming 
different intermediates. 

The isopropenylalkyne ligand is also of interest for discussions of the selectivity 
of the above reactions. It contains a triple and a double C-C bond in conjugated 
positions and gives a considerable variety of interactions in homo- [36] and hetero- 
metallic [12,13] clusters. 

As mentioned above (see Introduction) the reaction of (q-C,H,),Ni,(isopro- 
penylalkyne) with Ru,(CO),, under H, leads to the isopropylvinylidene cluster 3c 
[ll] in which apparently the C=C bond has been hydrogenated; further hydrogena- 
tion of 3c leads to alkane. Noteworthy is the hydrogenation of the double bond 
before the hydrogenation of the triple bond. The same reaction under N, leads 
preferentially to complex 5b, in which the triple bond is considerably “activated” 
and the double bond preserved. Hydrogenation of 5b also gives the alkane but in 
this case the triple bond is reduced before the double bond. 

These results are shown in Scheme 2 together with those of the hydrogenation of 
the isopropenylalkyne iron-nickel derivatives. 

The behaviour of isopropenylalkyne seems to depend either on the method of 
preparing the clusters, and on the coordination of the ligand to the metals. These 
results are fully consistent with the previously discussed hypotheses for the forma- 
tion of trans-olefins. 

Conclusive remarks 

The results presented provide evidence that cluster bound alkynes (and derived 
ligands) can be hydrogenated, sometimes in low efficiency catalytic cycles, and with 
selectivities depending on the alkynes bound to bimetallic derivatives. 

The dependence of the hydrogenation products upon the overall cluster frame 
and electronic count, and other structural parameters of the cluster bound alkynes, 
as well as the reactivity of vinylidene and apical clusters, all point to hydrogenation 
processes occurring on clusters rather than on metal fragments. 

The results obtained can not be fully explained in terms of hydrogenation of free 
alkynes or of mono- or b&metallic alkyne derivatives. The hydrogenation of cluster 
bound alkynes in the presence of (unaffected) free alkynes reinforces this observa- 
tion. 

Thus, the alkyne substituted homo- and hetero-metallic clusters may be of 
importance as intermediates (or catalyst precursors) in the homogeneously catalyzed 
alkyne hydrogenation. 

Further experiments on multi-site coordinated diphenylacetylene are being car- 
ried out. 
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