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Abstract 

The reactivity of H,Ru(CO),(PBu,), (II) with alkynes and an alkene has been investigated and compared with that of 
Ru(C0)2(MeC00)2(PBu3), (I). Compound II is in fact formed from I under hydrogen pressure. The catalytic activity of both 
I and II in the hydrogenation of the same substrates has also been studied. A mechanism is suggested for this reaction based 
on the role of ruthenium hydridic intermediates which were identified in the reactivity studies. 

Kqwordr: Catalytic activity; Hydrogenation; Ruthenium complexes; Activation of alkynes and alkenes 

1. Introduction 

Several tributylphosphine substituted Ru(1) or Ru(I1) 
carbonylcarboxylates have been used to catalyse, in 
homogeneous phase, the hydrogenation of olefins [l-5] 
and other unsaturated substrates [4-IO] both with hy- 
drogen under pressure or by hydrogen transfer. 

In order to collect information on the species cat- 
alytically active in these reactions we have investigated 
[ll-131 the behaviour of these complexes under reaction 
conditions. 

Ru(CO),(MeCOO),(PBu,), (I) is easily transformed, 
under hydrogen, into H,Ru(CO)~(PBU,), (II) according 
to an equilibrium reaction influenced by temperature, 
hydrogen pressure and acetic acid concentration. This 
equilibrium may be displaced towards the formation 
of II by neutralisation of acetic acid with solid Na,CO, 
Dll* 

We report now the results of an investigation on the 
role of the hydride II in the hydrogenation of alkenes 
or alkynes. Similar investigations have already been 
performed with hydrides of ruthenium [14-231 and of 
other metals [16,24-351. Among these, Mawby and co- 
workers have reported the reactivity of 
H,Ru(CO),(PMe,Ph), with phenylethyne and 3,3-di- 
methylbutyne [20,21]. 

*This paper is dedicated to Gy&gy Bor on the occasion of his 
70th birthday. 

* Corresponding author. 
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SSDI 0020-1693(94)04217-J 

The detection of the intermediates, fairly easy in the 
case of the alkynes, is much more difficult with olefins 
because of the instability of the complexes involved. 

2. Experimental 

2.1. Instruments 

Gas chromatographic analysis (GC) was performed 
with a Perkin-Elmer Sigma 1 system or a Perkin-Elmer 
8320 instrument while gas chromatography mass spec- 
troscopy (GC-MS) was carried out on a Carlo Erba 
QMD 1000 GC-MS data system or a Shimadzu GCMS- 
QP 2000. The packed columns used (2 m) were: PPG 
(polypropylene glycol LB55OX (15%) on Chromosorb 
W), FFAP (’ free fatty acids phase’ (5%) on Chromosorb 
G AW-DMSC), OVl (silicone (2.5%) on Chromosorb 
G AW-DMSC) while the capillary columns were Al,O, 
PLOT (alumina on fused silica, 50 m, internal diameter 
0.32 mm) ATr”-1 (Alltech column, 30 m, internal 
diameter 0.25 mm) or SPB-lTM (a Supelco column, 30 
m, internal diameter 0.25 mm). 

Multinuclear NMR spectra were registered using a 
Varian VXR 300 spectrometer operating at 299.944 
MHz for ‘H, at 75.429 MHz for 13C and at 121.421 
MHz for 31P NMR spectra; tetramethylsilane was used 
as reference for ‘H and 13C spectra. In 31P NMR spectra 
downfield values from external H,PO, (85%) were taken 
as positive. 13C and 31P NMR spectra were acquired 
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Table 4 
“P NMR data of the new complexes” 

Compound 6 

(ppm) 

III 23.8 (s) 

Iv 22.1 (s) 

V 20.6 (s) 

VI 25.5 (s) 

VII 24.3 (s) 

VIII 23.2 (s) 

IX 24.4 (s) 

X 26.1 (s) 

XI 24.4 (s) 

’ Solvent C,D6; s: singlet. 

presence of phenylethyne oligomers (dimers and tri- 
mers). These organic products were identified by GC- 
MS (using an AT-1 column at 50 “C for 2 min then 
heated up to 280 “C at a rate of 15 “C/min and kept 
at this temperature for 8 min) as: 1,4-diphenylbutadiene 
(MS: [M]‘=206(50), [M-H]‘=205(25), [M-Me]‘= 
191(17), [M-PhCH,]+ = 115(55), [C,H,]+ =91(100)), 
1,3-diphenylbutenyne (MS: [w + = 204( loo), [n/i-H] + = 
203(85), [M- H2] + = 202(98), [M- PhCJ’ = 101(32)), 
(Z)-1,4-diphenylbut-3-en-1-yne (MS: [M]’ =204(93), 
[M-H] + = 203(90), [AI- H2]+ = 202(100), W- 
PhCJ’ = 101(62)),(E)-1,4-diphenylbut-3-en-1-yne(MS: 
[M] + = 204(97), [M-H]+ =203(98), [M-H,]+ = 
202(100), [M- PhC,] + = 101(84)), 1,2,4-triphenylben- 
zene (MS: [M] + = 306( 100)) and 1,3,5-triphenylbenzene 
(MS: [M]+ =306(100)). The complete identification of 
these oligomers was performed, after their separation 
by TLC on an Al,O, plate and n-pentane as eluent, 
by comparing their NMR spectra with those of authentic 
samples reported in the literature: (Z)-1,4-diphenylbut- 
3-en-1-yne ‘H NMR (CDCI,): 6.01 (d, lH, J(HH) 11.9 
Hz, PhCH=CH), 6.77 (d, lH, J(HH) 11.9 Hz, 
PhCH=CH), 7.36-7.62 (m, 8H, Ph), 7.96-8.06 (m, 2H, 
Ph) [38,39]; 13C NMR (CDCI,): 88.29 (PhC-C), 95.90 
(PhC=C), 123.4-128.9 (Ph), 131.5 (PhCH=CH), 136.6 
(Ph), 138.71 (PhCH=CH) ppm; (E)-1,6diphenylbut- 
3-en-1-yne lH NMR (CDCI,): 6.40 (d, lH, J(HH) 16.9 
Hz, PhCH=CH), 7.06 (d, lH, J(HH) 16.9 Hz, 
PhCH=CH), 7.30-7.60 (m, lOH, Ph) [39]; 1,3,5-tri- 
phenylbenzene ‘H NMR (CDCl,): 7.20-7.80 (m, 18H, 
Ph). 

2.3.2. H,Ru(CO),(PBu,), and PhC=CD 
Phenylethyne-1D (7.25 ~1, 0.066 mmol) was added 

to a solution of II in C,D, (2 ml) (alkyne/Ru complex = 
l/l molar ratio) and the mixture monitored at room 
temperature. 

The alkynyl complex DRu(CO),(C=CPh)(PBu& 
(II&D) showing, in the 31P NMR spectrum, a singlet 
at 23.8 ppm, was formed with a conversion of 18% 
after 3.5 h. After 27.5 h the conversion was 58% by 

31P NMR and 34% by ‘H NMR spectroscopy. A res- 
onance at 4.5 ppm, attributed to dihydrogen is present. 

After 240 h, the conversion is 80% by 31P NMR 
spectroscopy and 54% by integration of the ‘H NMR 
hydride resonances of II and III. 

2.3.3. HzRu(CO),(PBu,), and CH=CCOOEt 
Ethyl propiolate (6.68 ~1, 0.066 mmol) was added 

to a solution of II in C,D, (2 ml) (molar ratio alkynel 
Ru complex= l/l) and the evolution of the reaction at 
room temperature was followed by 31P NMR spec- 
troscopy. 

A hydridoalkynyl complex HRu(CO),(C=CCOOEt)- 
(PBu,), (IV), showing a singlet at 22.1 ppm, and a 
hydridoalkenyl complex HRu(CO),[C(COOEt)=CH,]- 
(PBu,), (V), showing a singlet at 20.6 ppm, were formed 
(16% and 24%, respectively, after 6 h). The conversion 
of II reached 89% in 23 h at room temperature and 
91% after 46 h; IV is the prevailing complex in solution. 
The conversion of II is the same after 16 days, while 
ethyl propiolate is completely transformed and the ratio 
IV/v is 3:l. 

By comparing the evolution of the intensities of the 
significant signals in the IR, ‘H and “C NMR spectra 
obtained at various conversion degrees, a spectroscopic 
characterisation of IV and V in solution may be achieved 
(Tables 14). 

Other signals present in the IR, ‘H and 13C NMR 
spectra may be attributed to ethyl acrylate while a 
singlet at 4.50 ppm in the ‘H NMR spectrum may be 
due to dihydrogen dissolved in the solution. 

The GC analysis on the solution made using an FFAP 
column at 35 “C for 10 min then heated to 200 “C at 
a rate of 10 “C/min and kept at this temperature for 
20 min shows the presence of ethyl acrylate (8% of 
the starting alkyne) as the only hydrogenation product 
of the substrate present in solution. Products due to 
oligomerisation of the substrate are not present while 
traces of tri-n-butylphosphine are present. The GC- 
MS analysis on the reaction crude, performed using 
an SPB-1 column at 40 “C for 10 min then heated to 
220 “C at a rate of 15 Wmin and kept at this temperature 
for 5 min confirms the presence of ethyl acrylate (MS: 
[M]‘=100(5), [M-H]+ =99(10), [M-Me]+ =85(g), 
[COOEt]’ =73(10), [COOCH,]+ =58(10), [M-OEt]+ 
= 55(100), [M-EtOH]+ =54(8), [OEt]’ =45(15), 
[O&H,] + = 43( 10)) and tri-n-butylphosphine in the or- 
ganic phase. 

2.3.4. H,Ru(CO),(PBu,), and BuC=CH 
Hex-1-yne (7.58 ~1, 0.066 mmol) was added to a 

solution of II in C,D, (2 ml) (molar ratio alkyne/Ru 
complex= l/l). The evolution of the reaction at room 
temperature was then followed. 

A new alkynyl ruthenium complex HRu(CO),- 
(C-CBu)(PBu,), (VI), showing a singlet at 25.5 ppm 
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in the 31P NMR spectrum is formed. At room tem- 
perature the conversion reaches 19% after 9 h, 45% 
in 24 h, 62% after 60 h and 76% in 25 days. The new 
complex has been spectroscopically characterised 
through the IR, lH, 31P and 13C NMR spectra (Tables 
14). 

Other signals present in the IR, ‘H and 13C NMR 
spectra may be attributed to hexenes (mixture of iso- 
mers) while a singlet at 4.50 ppm in the ‘H NMR 
spectrum may be due to dihydrogen dissolved in the 
solution. 

After a 93% conversion of II, hexane (0.7% of the 
starting alkyne) and hexenes (4.1% of the starting alkyne, 
mixture of isomers) and unreacted hex-1-yne (2.2% of 
the starting alkyne) were identified though GC analysis 
on the reaction crude using a PPG column at 35 “C 
for 20 min then heated up to 120 “C at a rate of 5 
“Urnin and kept at this temperature for 30 min. No 
oligomerisation products seemed to be present but a 
trace of tri-n-butylphosphine was detected. The hexenes 
mixture was evaluated through GC analysis using a 
capillary Al,O, PLOT column at 140 “C for 1 min then 
heated up to 160 “C at a rate of 1 “Urnin and kept 
at this temperature for 1 min (86.2% hex-1-ene, 8.7% 
trans-hex-2-ene, 5.1% cis-hex-Zene) GC-MS analysis 
performed with an SPB-1 column at 35 “C for 15 min 
then heated up to 200 “C at a rate of 10 “C/min and 
kept at this temperature for 15 min confirms the iden- 
tification of the products. (MS hexane: [w + = 86( 15) 
[M--Me]+ =71(10), [C,H,]+ =57(100), [C,H,]+ = 
56(50), [C,H,] + = 55(5), [C,H,] + = 43(85), [cH6] + = 
42(40), [C,H,]’ = 41(75), [C,H,] + =39(30); MS hex-l- 
ene: [M]’ = 84(30), [M-Me] + = 69(25), [M- C,H,] + 
=56(80), [1M-GH,]+ =55(60), [C,H,]+ =43(60), 
[C,H,]’ = 42(70), [C,H,]’ = 41(100); MS (Z)-, (E)-hex- 
2-ene: [MJ’ = 84(30), [M-Me]+ = 69(25), [M- 
C;H,]+ =56(25), [M-C,H,]+ =55(100), [C&H7]+ = 
43(15), [C,H,]+ =42(60), [GH5]+ =41(55), [GH,]+= 
39(45)). 

2.3.5. H,Ru(CO),(PBu,), and Me,SiC=CH 
Trimethylsilylethyne (9.33 ~1,0.066 mmol) was added 

to a solution of II in C6D, (2 ml) (alkyne/Ru complex= 
l/l molar ratio) and the evolution of the reaction at 
room temperature was then followed by 31P NMR 
spectroscopy. A new alkynyl ruthenium complex 
HRu(CO),(Me,SiC=C)(PBu,), (VII), showing a singlet 
at 24.3 ppm, is rapidly formed. The conversion was 
22% after 9 h, 58% after 33 h and reached 70% in 
73 h. The IR, lH, 31P and 13C NMR spectra were 
obtained from a light brown solution after 10 days at 
room temperature, in which the conversion had reached 
94% (Tables l-4). 

GC analysis was performed using a PPG column at 
35 “C for 20 min then heated up to 120 “C at a rate 
of 5 “Urnin and kept at this temperature for 20 min 

or by an FFAP column at 38 “C for 20 min, then 
heated up to 200 “C at a rate of 10 “Urnin and kept 
at this temperature for 20 min. With reference to the 
starting alkyne, trimethylsilylethene (2.2%) and un- 
reacted trimethylsilylethyne (3.8%) were present in the 
solution. GC-MS analysis, performed using an SPB-1 
column at 35 “C for 15 min then heated up to 200 “C 
at a rate of 10 “C/min and kept at this temper- 
ature for 15 min, confirms the presence of the 
products reported. MS trimethylsilylethene: [MJ + = 
100(5), [M-H21 + = 98(2), [M-Me]‘=SS(lOO), 
[CH-CSiMe,] + = 83(2), [SiMe,] + = 73( 15) [HSiMe,]+ 
= 59(90); MS trimethylsilylethyne: [M] + = 98(30), 
[CHmCSiMeJ+ =83(100), [SiMe,]’ =73(15). 

2.3.6. H,Ru(CO),(PBu,), and PhC=CPh 
Diphenylethyne (11.76 mg, 0.066 mmol) was added 

to a solution of II in C,D, (2 ml) (alkyne/Ru complex = 
l/l molar ratio). A new ruthenium complex 
Ru(CO)z(PhC=CPh)(PBu3)z (VIII), showing a singlet 
at 23.2 ppm, in the 3*P NMR spectrum, is formed. At 
room temperature the conversion reaches 17% after 
20 h and 24% in 30 h. The new complex VIII was 
spectroscopically characterised when the conversion of 
II reached 90% (the concentration of VIII in solution 
was 73%) through IR, ‘H, 31P and 13C NMR spectra 
(Tables 111). An unidentified product IX having a 
singlet in the 31P NMR spectrum at 24.4 ppm (17%) 
was also present. 

Cis-stilbene (10.4%), trans-stilbene (16.4%) diphen- 
ylethyne (73.2%) and tri-n-butylphosphine present in 
the solution were identified by GC analysis using an 
FFAP column at 50 “C for 5 min then heated up to 
200 “Cat a rate of 10 “C/min and kept at this temperature 
for 30 min. GC-MS analysis performed on the solution 
using an SPB-1 column at 50 “C for 2 min then heated 
up to 280 “C at a rate of 15 “Cimin and kept at this 
temperature for 30 min confirms the identity of the 
products reported. MS cis-stilbene: [J4j + = 180( loo), 
[M-H]+= 179(60), [M-H,]+ =178(30), [M-Me]’ = 
165(30), [PhC]’ = 89(20), [C,H,]+ = 76(20); MS 
trans-stilbene: [M]’ = 180(100), [M-H]’ = 179(100), 
[M-H,]’ = 178(70), [M-Me]+ = 165(45), [PhC]’ = 
89(25), [C,H,]* =76(15); MS diphenylethyne: [M]+ = 
178(100), [M-H]+ = 177(5) [M-HZ]+ = 176(10); MS 
tri-n-butylphosphine: see above. 

2.3.7. HzRu(CO),(PBu,), and PhCH=CH, 
Styrene (7.56 ~1,0.066 mmol) was added to a solution 

of II in C,D, (2 ml) (alkene/Ru complex= l/l molar 
ratio) and the evolution of the reaction at room tem- 
perature was followed by 31P NMR spectroscopy. The 
reaction rate at room temperature is very low. An 11% 
conversion of II is reached in 48 h when heating at 
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40 “C and two products are formed having, respectively, 
a singlet at 26.1 ppm (X, 5% yield) and a singlet at 
24.4 ppm (XI, 6% yield). 

The conversion of II reaches 13% after 13 h at 60 
“C. Further heating at this temperature (25 h) even if 
the molar ratio olefin/ruthenium complex reaches 10 
does not change the conversion of II but only the 
relative amount of the complexes X and XI. One of 
these complexes disappears after heating at 80 “C for 
6 h. 

The ‘H NMR spectra collected show very low signals 
at 2.47 ppm (q, J(HH)=7.9 Hz) and 1.08 ppm (t, 
J(HH) = 7.9 Hz) attributed to ethylbenzene. 

The presence of ethylbenzene, styrene and PBu, is 
proved by GC analysis using an FFAP column at 80 
“C for 40 min then heated up to 200 “C at a rate of 
10 “C/min and kept at this temperature for 30 min. 
The identity of these compounds has been confirmed 
by GC-MS analysis using an ATTM-1 column at 40 “C 
for 10 min, heated to 220 “C at a rate of 15 “Urnin 
and kept at this temperature for 5 min (MS spectra: 
see above). 

2.4. Catalytic hydrogenation experiments 

In a stainless steel autoclave (150 ml), evacuated of 
air, the catalytic precursor (1.48 mM), benzene (10 
ml), the substrate selected (0.148 M) and hydrogen (50 
atm) were introduced. The autoclave was placed in a 
thermostatic oil bath set at the desired temperature 
(f 1 “C) and rocked for the prefixed time. At the end, 
the reactor was cooled and the gases vented out and 
the solution analysed by GC. The identity of the products 
was confirmed by GC-MS analysis. The GC and GC- 
MS operating conditions were the same used for the 
reactivity tests. For the results of these experiments, 
see Tables 7 and 8. 

3. Results 

3.1. Procedures 

The reactivity of II with terminal (RC=CH, where 
R=Ph, COOEt, C,H,, Me,Si) or internal alkynes 
(PhC=CPh) and an olefin (PhCH=CH,) has been 
investigated using either stoichiometric amounts of the 
reagents or, in some cases, an excess of the organic 
substrate. 

Solutions of II in C,D, or C,H, were prepared by 
reacting, in a high pressure autoclave, a solution of I 
with hydrogen under pressure (100 atm), at 100 “C, in 
the presence of an excess of anhydrous Na,CO,. At 
the end of the reaction the solid residue was eliminated 
by filtration. The conversion of I into II is complete 
under these conditions. The purity of the complexes 
could be checked by 31P NMR spectroscopy. 

Stoichiometric reactions have been followed by spec- 
troscopic determinations performed under reaction con- 
ditions; C,D, as solvent was employed when the evo- 
lution of the system was followed by ‘H NMR 
spectroscopy. In order to detect labile intermediates 
the reactants, in stoichiometric amounts, were mixed 
at low temperature and the evolution of the Ru com- 
plexes was followed by 31P NMR spectroscopy. When 
the concentration of the new species was high enough 
it was characterised by FT-IR, ‘H and 13C NMR spec- 
troscopy. 

The reaction crude was examined by GC and GC- 
MS to detect changes in the composition of the organic 
phase. 

Catalytic tests were also performed using the same 
complexes in order to connect their reactivity with their 
catalytic activity. 

3.2. Reactivity of H,Ru(CO),(PBu,), 

3.2.1. with PhC-CH 
(a) Stoichiometric reaction 
Equimolecular amounts of II and phenylethyne, in 

hydrocarbon solution, react already at room temper- 
ature. After 5 h 22% of II is converted into a new 
product; conversion reaches 56% in 24 h and exceeds 
80% after 48 h. The new complex is a hydride, as 
indicated by the ‘H NMR at -6.54 ppm. Styrene is 
also present in solution as well as gaseous hydrogen. 

‘H, 31P, 13C NMR and IR determinations suggest 
for the new complex the HRu(CO),(C=CPh)(PBu,), 
(III) formulation and an octahedral structure having 
two phosphine molecules in tram and two carbonyl 
groups in cis positions (Fig. l(a)). 

Nothing can be said about the Ru-H stretching bands 
due to the presence of the strong CO stretchings in 
the same region. 
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No indication could be obtained on the presence of 
an alkenyl complex. Phenylethyne is no more present 
in solution after 91% conversion of II while styrene, 
ethylbenzene (trace) and tri-n-butylphosphine may be 
detected. The starting alkyne is partially hydrogenated 
(9%) to styrene (96%) and ethylbenzene (4%). 

(b) Excess of alkyne (1:lO) 
Complete conversion of II into the hydroacetylide 

III takes place at room temperature when using an 
excess of the alkyne (1O:l). III is then the only ruthenium 
derivative present in solution. 

Phenylethyne oligomers, mainly dimers and trimers, 
styrene, traces of ethylbenzene and of PBu,, may be 
detected in solution besides the residual phenylethyne 
(Table 5). Phosphine is present in solution from the 
very beginning and its concentration remains approx- 
imately constant throughout. 

(c) Deuterated substrate: PhC=CD 
New information has been obtained by reacting equi- 

molecular amounts of PhC-CD and II. The ‘H NMR 
spectrum registered at conversions below 20% shows 
the absence in III of the hydridic resonance and there- 
fore suggest the formation of the rutheniumdeutero 
acetylide DRu(CO),(C=CPh)(PBu,), (III, D). When 
the conversion exceeds 20% the hydridic absorption 
appears, but its intensity is lower than the one expected 
from the conversion of II. 

Bray and Mawby [20] report the formation of 
HRu(CO),(C=CPh)(PMe,Ph), in the reaction between 
D,Ru(CO),(PMe,Ph), and phenylethyne. 

3.2.2. With CH=CCOOEt 
Two new products IV and V are formed when reacting 

stoichiometric amounts of II and ethyl propiolate at 
room temperature. The rate of formation of the new 
complexes is reported in Table 6. 

The ‘H, 31P, 13C NMR and IR data collected through- 
out the reaction suggest the HRu(CO),- 
(C-CCOOEt)(PBu,), formulation is assigned to IV 
having a structure analogous to that of III (Fig. l(a)). 

The formulation suggested for V is HRu(CO),- 
[C(COOEt)==CH,](PBu,), with the two phosphine mol- 

Table 5 
Phenylacetylene oligomerisation 
HRu(C0)2(C=CPh)(PBu& 

in the presence of 

Product Yield (%) 

1,4-Diphenylbutadiene 1.8 
1,3-Diphenylbutenyne 2.7 
(Z)-1,4-Diphenylbutenyne 7.9 
(E)-1,4-Diphenylbutenyne 17.1 
1,2,4-Triphenylbenzene 3.5 
1,3,5-Triphenylbenzene 3.3 

Catalytic precursor, 33 mM; substrate, 330 mM; C6D6, 2 ml; T, 
25 “C. Reaction performed in an NMR sample tube. 

Table 6 
Organometallic complexes formed in the reaction between II and 
ethyl propiolate 

Reaction time Yield (%) 

(h) 
Iv V 

6 16 24 
13 25 35 
23 43 46 
69 46 45 

II, 33 mM, ethyl propiolate, 33 mM; C,D,, 2 ml; T, 25 “C. Reaction 
performed in an NMR sample tube. 

ecules in truns position and the two carbonyl groups 
in cis position according to the IR, ‘H and 31P NMR 
data. The vinyl group in V, due to the addition of the 
hydride to the alkyne molecule, resonates at 6.50(m) 
and 5.70(m) ppm due to the geminal hydrogens of the 
olefin [17]. After two weeks at room temperature ethyl 
propiolate has disappeared, while II is still present 
(8%), and the IV/V ratio is 3/l. Ethyl acrylate (8% of 
the starting alkyne) may be detected in the reaction 
medium under these conditions but no oligomerisation 
products are found. Some free phosphine is also present. 

3.2.3. with BuC-CH 
II reacts readily with hex-l-yne giving a new complex. 

After 9 h 20% of II is converted and the new product 
may be identified, through its ‘H NMR spectrum, as 
a hydride with two equivalent phosphines. Dihydrogen 
is also formed (resonance at 4.50 ppm). The conversion 
of II reaches 45% after 24 h and 62% after 60 h. Hex- 
1-ene is present in the reaction solution. The ‘H, 13C, 
and 3’P NMR spectra suggest, for the new complex, 
the HRu(CO),(C=CBu)(PBu,)~ (VI) formulation and 
the same structure as III and IV (Fig. l(a)). 

When the conversion of II is 93%, the residual alkyne 
is 2.2%, hexane is 0.7%, isomeric hexenes are 4.1% 
(3.5% hex-1-ene, 0.4% trans-hex-Zene, 0.2% cis-hex- 
2-ene) but no oligomers of hex-1-yne are present. 

3.2.4. With Me,SiC=CH 
II reacts with stoichiometric amounts of trimethyl- 

silylethyne at room temperature giving a new product 
having a singlet in the 31P NMR spectrum. 

After 9 h the conversion of II reaches 22% and the 
new complex may be identified as a hydride. After 10 
days 94% of II is converted. The IR, lH, 31P and 13C 
NMR spectra suggest for this complex the formulation 
of an Ru(I1) hydrido acetylide HRu(CO),- 
(C=CSiMe,)(PBu,), (VII) having the same structure 
as the acetylide complexes (Fig. l(a)). There is no 
evidence for the presence of an alkenyl complex. After 
73 h, the residual alkyne is 3.8% and the alkene is 
2.2% of the starting alkyne. 
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3.2.5. With PhC=CPh 
II readily reacts with PhC=CPh (1:l) at room tem- 

perature giving a new product VIII. The conversion 
reaches 7% in 6 h. The ‘H NMR spectrum provides 
evidence for the coordination of diphenylethyne to 
ruthenium. No hydridic complex seems to be present 
in solution, only gaseous hydrogen. The conversion of 
II reaches 24% after 30 h. 

The NMR and IR data registered when the conver- 
sion of II has reached 90% (24 days, the amount of 
VIII is 73%) suggest for VIII the formulation 
Ru(CO),(PhC=CPh)(PBu,),. Another unidentified 
product IX having a singlet in the 31P NMR spectrum 
is also present (17%). The composition of the residual 
organic substrate is cis-stilbene (10.4%), trans-stilbene 
(16.4%) and unreacted diphenylethyne (73.2%). PBu, 
is also present. 

3.2.6. With PhCH=CH, 
Styrene reacts with II at room temperature giving 

two new products, X and XI. The reaction rate is low, 
providing 11% conversion in 48 h at 40 “C. New hydridic 
signals are not detected but only the resonances due 
to the presence of ethylbenzene. 

A slight increase in the formation of the new products 
is noticed working at 60 “C. The reactivity of the hydride 
with this olefin appears very low. 

At 80 “C, with styrene in excess, further decomposition 
of the complex is obtained while free phosphine is 
detected in the reaction crude. 

3.3. Structure of complexes 

3.3.1. HRu(CO),(C=CR)(PBu,), 
Both IR and NMR evidence suggest for all ruthenium 

hydroacetylide complexes an octahedral structure with 
two phosphine molecules in truns position and two 
carbonyl groups in cis position (Fig. l(a)). 

This structure in fact is in keeping with the presence 
of only one singlet in the 31P NMR spectrum due to 
two equivalent phosphine molecules and a triplet 
(J(HP) = 21.0-22.1 Hz) in the hydride region of the ‘H 
NMR spectrum attributed to a hydridic hydrogen cou- 
pled with two equivalent phosphorous atoms. The two 
triplets in the 13C NMR spectrum, between 198.5 and 
201.4 ppm, are indicative of the presence of two non- 
equivalent carbonyl groups, one tram to the hydrogen, 
the other truns to the acetylide substituent, coupled 
with two equivalent phosphine molecules. 

The spectroscopic evidence excludes the other pos- 
sible structures (Fig. l(b)-(f)). 

An analogous structure has been reported by Bray 
and Mawby [20] for HRu(CO),(C=CPh)(PMe,Ph),. 

3.3.2. HRu(CO),[C(COOEt)=CH,](PBu,), 
The structure we can suggest for this complex is an 

octahedral one with two carbonyl groups in cis position, 
two phosphine ligands in crans position and the 
CH,=CCOOEt group cis to the hydridic hydrogen (Fig. 
2). The structure suggested is in keeping with the 
presence of a singlet in the 31P NMR spectrum due 
to two equivalent phosphine ligands, with a triplet in 
the ‘H NMR spectrum due to an hydridic hydrogen 
coupled with two equivalent phosphines in cis position 
(J(HP)=21.7 Hz). The presence of the geminal vinyl 
hydrogens, giving the absorptions at 5.70 and 6.70 ppm 
in the ‘H NMR spectrum, confirms the above structure 
and excludes the presence of the alternative ligand 
(CH=CHCOOEt). Further evidence helping to estab-. 
lish a more detailed structure could not be obtained. 

3.3.3. Ru(CO),(PhC=CPh)(PBu,), 
The presence of a triplet at 113.9 ppm (J(CP)=4.8 

Hz) in the 13C NMR spectrum may be due to the 
carbon atoms of the triple bond coordinated to the 
metal, symmetrically coupled with two equivalent phos- 
phine ligands, while the triplet at 211.3 ppm 
(J(CP)= 12.7 Hz) may be attributed to the presence 
of the carbonyl groups coupled with the phosphine 
ligands. The equivalence of the two phosphines agrees 
with the presence of a singlet in the 31P NMR spectrum 
of this complex. 

All these data suggest for Ru(CO),(PhC=CPh)- 
(PBu,), an octahedral or a trigonal bipyramidal structure 
where the two phosphine molecules are in apical tram 
positions, the two carbonyl groups in cis position, while 
the molecule of diphenylethyne is placed in the free 
positions of the octahedra or in the equatorial plane 
of the trigonal bipyramid. The alkyne in the octahedral 
structure may provide a metallocycle complex, while 
in the second case there is a coordinative bond between 
the triple bond and the metal. 

The recovery of the alkyne by thermal decomposition 
of the complex seems to support the proposed structure 
in which this molecule appears unaltered. 

3.4. Catalytic hydrogenation of alkynes and alkenes 

The formation of hydrogenation products of the 
alkynes and alkenes used when testing the reactivity 
of I and II, prompted us to investigate the catalytic 
activity of these complexes in the hydrogenation of the 
above substrates. 

PBU3 
I-I ,,, ,.B 

co 

Etooc,c;~~CO 

I ’ PBU~ 

A 
H H 

Fig. 2. Structure attributed to HRu(CO),[C(COOEt)=CH,](PBu,)Z. 
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Table 7 
Hydrogenation of PhC-CH catalysed by phosphine substituted ru- 
thenium carbonyl complexes. Influence of temperature on the reaction 
products composition (%) 

T 

CC) 

Products Catalytic precursor 

I II 

80 ethylbenzene 8.9 27.5 
styrene 15.1 36.8 

60 ethylbenzene 0.9 12.8 
styrene 1.0 19.7 

50 ethylbenzene trace 9.1 
styrene trace 11.1 

Catalytic precursor, 1.48 mM; substrate, 0.148 M; benzene, 10 ml; 
p(H,), 50 atm at 20 “C, reaction time, 3 h. 

The working conditions for these tests were chosen 
with the aim of stressing the differences, if present, in 
the activities of these two complexes. Isochronous tests 
were therefore performed under 50 atm of hydrogen 
at 80 “C (Table 7). Under these conditions there is 
only a limited transformation of I into II. 

When II is used as catalytic precursor the conversion 
obtained is higher than when in the presence of I, 
both in the hydrogenation and, when possible, in the 
isomerisation of the substrate. 

In order to see if the reaction took place in the 
presence of I a series of hydrogenation tests was then 
performed at progressively lower temperatures, so that 
the transformation of I into II would become difficult 
or would not take place at all. The results reported 
in Table 7 show that the activity of the system provided 
by I rapidly decreases and falls to zero at 50 “C. The 
hydride II evidently is a necessary precursor if not the 
catalytically active species itself. 

At the end of the experiments carried out at 50 “C 
with phenylethyne and I, the diacetate ruthenium com- 
plex I is recovered unaltered. At 80 ’ C I is still the 
prevailing ruthenium complex present in solution. When 
working in the presence of II consistent amounts of 
HRu(CO),(C=CR)(PBu,), are found in the final so- 
lution. 

In the solutions recovered from the hydrogenation 
tests on olefins and the internal alkyne, in the presence 
of II, the prevailing ruthenium derivatives detected are 
the unaltered hydride and small amounts of the complex 
containing the coordinated unsaturated ligand. 

4. Discussion 

4.1. Reactivity of I and II with alkenes and alkynes in 
stoichiometric amounts 

The dihydride II when reacted with terminal alkynes 
gives rise to the formation of a ruthenium hydroacetylide, 
hydrogen and some olefin. 

The main reaction is the one leading to the hy- 
droacetylide with evolution of hydrogen. Four possible 
paths may be suggested for it (Scheme 1): 

(i) an oxidative addition of the carbon-hydrogen 
bond of the ethyne to the metal atom followed by the 
reductive elimination of hydrogen; 

(ii) a reductive elimination of dihydrogen followed 
by an oxidative addition of the alkyne; 

(iii) an acid-base reaction between the hydride and 
the alkyne with elimination of hydrogen; 

(iv) insertion of an alkyne on an Ru-H bond to form 
an alkenyl complex followed by the formation of an 
alkene and a rutheniumalkynyl complex. 

Path (i). One of the ligands, the phosphine, for 
instance, is temporarily removed from its site to allow 
the coordination of the alkyne. The oxidative addition 
of the carbon-hydrogen bond then takes place with 
formation of the hepta-coordinated intermediate of 
Ru(IV) (Scheme 1, path (i)). Ru(IV) metallo-organic 
intermediates have been previously reported [40,41]. 
Hepta- and even octa-coordinated Ru(IV) complexes 
have been suggested by Helliwell et al. [17] for a similar 
reaction between phenylethyne and a ruthenium mo- 
nohydride. This path does not seem to contribute 
substantially to the formation of alkenylruthenium com- 
plexes because if it did the formation of III,D could 
not be explained. 

Path (ii). The detection of only the deuteroacetylide 
ruthenium complex in the initial stages of the reaction 
between the dihydride II and 1-deuterophenylethyne 

Scheme 1 
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is clear proof of the elimination of the hydridic hydrogens 
from the complex without scrambling with deuterium 
from phenylethyne. In this case the coordination site 
necessary to allocate the ethyne ligand is made free 
by the reductive elimination of the hydridic hydrogens 
and not by the loss of the phosphine. The insertion 
of PhC=CD on the intermediate containing dihydrogen 
as ligand then takes place through the loss of dihydrogen 
followed by the oxidative addition of the car- 
bon-deuterium bond onto the metal. This hypothesis 
has been reported by Bray and Mawby [20]. At a higher 
conversion, in our case, scrambling between dihydrogen 
in solution and the deuteroacetylide becomes relevant 
and makes the interpretation of the results questionable. 

Path (iii). An acid-base interaction between the hy- 
dridic hydrogen of II and the acid hydrogen of RC=CH 
may give a dihydrogen complex having the alkyne as 
the counter-ion and, through a subsequent displacement 
of dihydrogen, the formation of the hydridoacetylide 
complex. A similar mechanism has been suggested to 
be operative in the reaction between the dihydride II 
and acetic acid [42] or in the reaction between phenyl- 
ethyne and a ruthenium monohydride [23]. In the last 
case an alkynylruthenium dihydrogen complex has been 
isolated and characterised. The initial formation of 
111,D in our experiments however, rules out this hy- 
pothesis. 

Path (iv). This path is relevant when reacting II with 
ethyl propiolate. In this case both the hydroacetylide 
IV and the hydroalkenyl complex V have been detected 
in solution, while dihydrogen is evolved and the cor- 
responding olefin is formed. The rate of formation of 
ethyl acrylate increases when the build-up of the alkenyl 
complex in solution ceases. This also may be taken as 
an indication of the involvement of this complex in the 
formation of the olefin. This reaction path is operative 
also with the other alkynes and helps to rationalise 
their hydrogenation to the corresponding alkenes. 

The insertion of the carbon+arbon triple bond on 
the ruthenium-hydrogen bond leads to the formation 
of the hydroalkenyl complex which, by the reaction 
with the free alkyne, gives rise to a molecule of olefin 
and a molecule of hydroacetylide. 

The hydroacetylide therefore may be formed in two 
different ways: by the straight reaction between II and 
the alkyne, with formation of dihydrogen, or by the 
reaction of the alkyne with the hydroalkenyl derivative. 

The hydroalkenyl intermediate, identified when re- 
acting ethyl propiolate with II cannot be detected when 
using the other terminal alkynes. The formation of the 
olefin, however, must take place through such an in- 
termediate in all cases. Probably with these last alkynes 
the concentration of this species must be too low to 
be detected. 

The greater amount of the hydroacetylide formed 
compared with that of the olefin is a clear indication 

that the formation of the hydroacetylide proceeds mainly 
by the direct reaction between II and the terminal 
alkyne. 

When reacting II with diphenylethyne a complex is 
formed containing a coordinate alkyne molecule, besides 
dihydrogen and small amounts of c&-and trans-stilbene. 
The hydrogenation of this substrate may take place 
through the addition of the ruthenium-hydrogen bond 
to the alkyne with formation of the hydroalkenyl de- 
rivative, followed then by olefin elimination and for- 
mation of Ru(CO),(PhC=CPh)(PBu,), by reaction with 
a second molecule of alkyne. 

A similar mechanism may rationalise the formation 
of ethylbenzene by reaction of II with styrene (Scheme 
2). The number of moles of styrene and of the dihydride 
converted are the same. The spectral data obtained 
do not allow any suggestion on the structure of the 
intermediates involved. There is no evidence of the 
presence of hydridic hydrogens. 

There are some indications of the presence of a 
penta-coordinated ruthenium complex containing an 
olefin bound to the metal. 

4.2. Reactivity of II with an excess of alkynes 

When reacting II with an excess of phenylethyne 
(1:lO) oligomerisation of the organic substrate takes 
place with prevalent formation of alkenynes: @)-and 
(E)-1,4_diphenylbutenynes (Table 5). According to the 
literature report [17], the formation of these products 
may be due to the insertion of the alkyne on the 
ruthenium-carbon bond of the hydroacetylide, although 
the formation of a hydroalkenyl complex cannot be 
excluded. 

4.3. Catalytic activity 

The hydroalkenyl and hydroalkyl species seem to be 
the intermediates involved in the hydrogenation, re- 
spectively, of the triple and of the double bond when 
using these catalysts. Their reaction with molecular 
hydrogen sets the hydrogenation product free and re- 
stores the catalytically active hydridic species. 

PBU3 

Co, ,,,,,, 1 ,./. H ‘;‘C=$ r”: Co, ,,,,, ;““3 Lph 

a 
co 

)Au- II 
CHz 

PBU3 PBUB 

PBu3 

Co,, I.,, 1 ,;.. GHzCHzPh 

Co+ H 

PEW3 

Scheme 2. 
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Table 8 
Hydrogenation of organic unsaturated substrates catalysed by phos- 
phine substituted ruthenium carbonyl complexes. Reaction product 
composition (%) 

takes place by insertion of the C-C multiple bond onto 
the Ru-H bond. The evidence collected suggests a 
mechanism for the hydrogenation of these substrates. 

Substrate Product Catalytic precursor 

I II 

PhC=CH ethylbenzene 8.9 27.5 
styrene 15.1 36.8 

EtO,CC=CH ethyl acrylate 0 10.8 
BuC=CH hexane 19.1 45.4 

hex-1-ene 20.4 36.7 
tram-hex-2-ene 1.2 2.2 
cis-hex-2.ene 1.1 1.8 

Me,SiC-CH trimethylsilylethene 14.9 21.1 
trimethylsilylethane 32.6 53.9 

PhC=CPh diphenylethane 2.1 32.9 
cis-stilbene 4.4 5.3 
tram-stilbene 6.2 61.3 

PhCH=CH* ethylbenzene 23.2 33.6 
BuCH=CHZ hexane 20.2 58.3 

tram-hex-2-ene 18.5 32.3 
cis-hex-2-ene 9.3 7.5 

cis-PhCH=CHPh diphenylethane 0.9 8.5 
tranr-stilbene 14.9 90.0 

tram-PhCH=CHPh diphenylethane 1.4 2.2 
cis-stilbene 0.4 0.6 

Catalytic precursors, 1.48 mM; substrate, 0.148 M; benzene, 10 
ml; p(H,), 50 atm at 20 “C, 7’, 80 “C; reaction time, 3 h. 

Terminal alkynes are much more reactive than the 
internal ones and the olefins. When reacting a terminal 
alkyne, complexes containing coordinated double or 
triple bonds could not be detected but only the relatively 
stable ruthenium hydroacetylide. 

Using ethyl propiolate the alkenyl complex, probable 
intermediate in the hydrogenation to ethyl acrylate, 
was detected. The formation of the olefin from an 
alkyne must in any case take place through a very 
reactive alkenyl intermediate. 

The reactivity of the dihydride with an olefin is lower 
than that with an internal alkyne. For both reactions 
we may suggest the formation of an Ru(0) penta- 
coordinated complex in which the unsaturated substrate 
is coordinated to the metal atom by the double or 
triple bond, respectively. A hydroalkyl or hydroalkenyl 
intermediate is then formed which, by reaction with 
the residual substrate, releases the hydrogenation prod- 
uct with formation of the more stable Ru(0) species. 
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is only slowly hydrogenated and mainly isomerised to 
the trans form. These data suggest that the hydrogen- 
ation of the alkyne to paraffin is mainly carried out 
without the formation of free alkene: the puns-alkene 
formed remains practically unreacted while the cis- 
alkene is mainly isomerised to the puns form. 
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