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Abstract 

Development of a computer controlled apparatus for measurement of gas uptake at elevated temperatures and pressures 
has made possible a study of the kinetics of NBR hydrogenation at conditions approaching those that are used in commercial 
operations. Complexes of the form Ru(X)Cl(CO)L, where X = H or P-styryl (CH=CH(Ph)) and L is a bulky phosphine 
such as tricyclohexyl- or triisopropyl-phosphine are excellent catalysts for the hydrogenation of C=C in a variety of 
polymers and are superior to other Ru complexes for the hydrogenation of C=C in nitrile-butadiene rubber. This report 
describes comparative studies using these complexes for the hydrogenation of C=C in various polymer and small molecule 
substrates. Also presented are complete details of an in depth mechanistic study into the hydrogenation of NBR catalyzed by 
the complex Ru(CH=CH(Ph))Cl(CO@Ccy,),. 0 1997 Elsevier Science B.V. 
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1. Introduction 

Until recently there were few reports of cat- 
alytic studies using complexes of the form 
MHCl(CO)L, where L is a bulky phosphine 
such as di- ‘butylalkyl-, tricyclohexyl- or tri- 
isopropyl-phosphine[ l-31. The last few years 
has seen significant interest in these systems. It 
has been reported that MHCl(CO)(L), (M = Ru, 
OS: L = P’Pr,, and PMe(‘Bu),) are effective 
catalysts for the hydrogenation of carbonyl 
groups, carbon-carbon double and triple bonds 
in a variety of organic substrates [4-81. The 
complexes are also excellent catalysts for the 

selective hydrogenation of carbon-carbon dou- 
ble bonds (C=C> in nitrile-butadiene rubber 
[91. 

The hydrogenation of C=C in butadiene 
polymers has been the subject of much research 
because it is a method to produce useful poly- 
mers which are inaccessible by standard poly- 
merization methods. The topic has recently been 
the subject of review [lo,1 11. Over the past two 
decades the catalytic hydrogenation of nitrile- 
butadiene rubber (NBR) has been developed as 
a commercial process. The driving force for this 
work is that the hydrogenated rubber (I-INBR) is 
more resistant than NBR towards chemical, ox- 
idative and thermal degradation [ 121. 

* Corresponding author. Tel.: + 1-519-8884567; fax: + l-519. Studies have shown that Rh complexes, 
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amongst the best catalysts for the process. The 
high cost of Rh led to interest into the examina- 
tion of catalysts based on less expensive metals. 
For instance some Pd complexes are useful for 
efficient hydrogenation of NBR but are limited 
to use in ketone solvents [15,16]. Our own 
research group and others have examined com- 
plexes of ruthenium as possible alternatives to 
the Rh systems. Initial work examined hydro- 
genation catalyzed by Ru-PPh, complexes. 
Thus the kinetics of the hydrogenation of NBR 
catalyzed by RuCl(CO)(RCO,)(PPh,>, under an 
atmospheric pressure of hydrogen and at moder- 
ate temperatures [17] has been studied and it 
was possible to achieve only 40% hydrogena- 
tion of C=C in NBR. Other work showed that 
the Ru-PPh, complexes are useful catalysts for 
achieving > 90% hydrogenation of C =C in 
NBR using more forcing reaction conditions; 
however, these complexes also promoted cross- 
linking of the polymers during hydrogenation 
unless the reaction was carried out in ketone 
solvents [ 18,191. Recent work examining the 
hydrogenation of styrene-butadiene rubber cat- 
alyzed by RuC1,(PPh,)3 has not reported any 
problem with crosslinking [20]. These results 
suggest that the crosslinking maybe related to 
hydrogenation of the nitrile groups in NBR. 

Different ligand environments on metals can 
dramatically alter catalytic behavior. This stimu- 
lated our initial examination of the activity of 
the five coordinate complexes: RuHCl(C0) 
(PR,), (R = cyclohexyl or isopropyl) and some 
derivatives. Screening studies showed these 
complexes to be excellent catalysts for NBR 
hydrogenation over a wide range of reaction 
conditions and substrate concentrations 191. The 
activities of the Ru-PCy, complexes were far 
superior to those of similar Ru-PPh, com- 
plexes. A detailed mechanistic study of the hy- 
drogenation of NBR using these complexes was 
an obvious extension to expand understanding 
of this important catalytic system. However, the 
procedure used in initial studies (i.e. sampling at 
intervals from a simple batch reactor) was inad- 
equate for accurate kinetic measurements. A 

better method was the monitoring of gas uptake 
during the reaction and this was made possible 
by the development of a gas uptake apparatus to 
operate at elevated temperatures and pressures 
[21]. The details of this apparatus and its use in 
extensive kinetic studies are described below. A 
preliminary report of some of this work has 
already appeared in the literature [22]. We now 
present new results which give important in- 
sights into the reaction mechanism and a de- 
tailed account of the complete study. 

2. Experimental 

2. I. Chemicals 

RuCl,.aq was obtained from Engelhard; PCy, 
and P’Pr, from Strem Chemicals; triethylamine 
from Fisher; phenyl-acetylene, decene and hex- 
ene from Aldrich; Krynac 38.50 (NBR contain- 
ing 38% acrylonitrile units) and Taktene 1203 
(high cis-polybutadiene (PBD)) from Bayer 
Rubber (formerly Polysar Rubber); Finaprene 
410 (SBR containing 68 mol% butadiene) from 
Petrofina; polyisoprene (PIP) from Polymer Sci- 
ences; 3pentenenitrile was from Dupont Chem- 
icals. Solvents were degassed but used without 
further purification in the operations described. 
All synthetic operations were carried out under 
an inert atmosphere. 

RuHCl(CO)(PR 3)2 [23,24], Ru(CH = 
CH(Ph))Cl(CO)(P”R& (R = ‘Pr and Cy> [25], 
and Ru(Ph)Cl(CO)(PPh s) 2 [26] were prepared 
by literature methods. 

RuHCl(CO)(PCy,), was prepared by an im- 
provement to the literature method [23]: 
RuCl,.aq (2.54 g, 10 mmol> was dissolved in 
methoxyethanol (50 ml). After 5 min, PCy, 
(8.23 g, 29.4 mmol) was added. The solution 
was heated under reflux for 20 min, then trieth- 
ylamine (6 ml) was added. The mixture was 
heated under reflux for a further 6 h and then 
cooled. The microcrystalline orange product was 
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filtered and then washed with toluene (2 X 15 
ml) and dried in vacua; yield 5.6 g (80%). 

2.2. Characterization 

NMR spectra were run on a Bruker AM 250 
MHz spectrometer. IR spectra were recorded on 
a Nicolet 520 FT IR spectrometer. Gas chro- 
matograms were obtained using a Perkin Elmer 
Sigma 2000 instrument using a 30 X 0.322 m 
capillary column with a 3 pm thick DB-1 liquid 
film (J&W Scientific, #109473). Gel perme- 
ation chromatography was performed using a 
Waters high pressure liquid chromatography 
system fitted with a Waters Ultrastyragel lo4 
Angstrom column and employing a differential 
refractive index (DRI) detector with an IBM 
PC/386 data acquisition system using cus- 
tomized software. Polymer viscosity measure- 
ments were made using a Fann Dressler rotating 
cup viscometer fitted with an F 0.2 spring. 
Kinetic studies were made using a high pressure 
gas uptake device developed in this laboratory. 

r------ 

2.3. Description of gas uptake apparatus 

The basic design of the gas uptake apparatus 
was based on that of Mohammadi and Rempel 
[27,28]. Few modifications were needed for op- 
eration at high pressure (Fig. 1). 

The reactor vessel was a 1 1 Autoclave Engi- 
neers ‘Zipperclave’, with a maximum service of 
138 bar at 200°C. The vessel was fitted with a 
magnetic drive agitator and a l/3 hp brushless 
motor. Five head ports were allocated as fol- 
lows: gas feed, thermowell, dip tube (for de- 
gassing and liquid sampling), gas out and cata- 
lyst addition (see Fig. 2). 

The vessel was heated using clamp on ce- 
ramic band heaters. Heating control used an 
Autoclave Engineers time PID digital self tun- 
ing temperature controller. The controller used a 
type K thermocouple in a thermowell to mea- 
sure temperature. 

CV-1 was a Kammer pneumatically actuated 
valve with integral positioner, with a C, of 
0.000016. The valve trim has a equal percent 
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Fig. 1. Schematic of gas uptake apparatus. 
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Fig. 2. Schematic of reactor. 

O-10 V electric signal from D/A converter to 
0.2-l bar pneumatic signal required by the 
valve. 

PT-1 and PT-2 were Validyne variable reluc- 
tance differential pressure transducers with max- 
imum service pressures of 207 bar. PT-1 was 
rated for + 2.1 bar differential and PT-2 was 
rated for 3.4 bar differential. The transducers 
were protected by simple comparators Al and 
A2 (high level alarms) connected to their out- 
puts; the comparators opened solenoid valves 

which actuated pneumatic diaphragm valves VI 
and V2, which equalized pressure across PT-1 
and PT-2 for about 0.5 s (re-zeroing the trans- 
ducer output). PT-2 was equalized at 9 V or 3.1 
bar output, while PT-1 was equalized at 5 V or 
1 bar output. Reference pressures were stored in 
vessels A and B, which were 150 ml steel 
sample cylinders rated for 124 bar. All piping 
components were constructed of 316 stainless 
steel (l/4 inch). 

Pressure control and gas uptake monitoring 
were performed by an IBM PC resident control 
program via a Labmaster interface. One 12 bit 
D/A converter was used to supply the O-10 V 
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input signal for the valve driver and two chan- 
nels of 12 bit successive approximation A/D 
conversion were used, one for each transducer. 
The program was coded in structured BASIC 
compiled using Turbo Basic. 

2.4. Hydrogenation of Ru(CH = CH(Ph))Cl 
(CO)(PCy, jz 

The reaction of Ru(CH = CH(Ph))Cl 
(CO)(PCY~)~ with H, was followed using a low 
pressure gas uptake reactor. 0.033 mm01 of 
complex were dissolved in chlorobenzene (50 
ml) and this solution was treated with 0.99 bar 
(743 mm Hg) of H, at 60°C. The uptake of 
hydrogen was monitored. After reaction gc 
analysis of the solution was carried out to con- 
firm the presence of ethylbenzene. 

2.5. High pressure gas uptake experiment 

In a typical experiment 310 ml of polymer 
solution (376 mmol/l w.r.t. C=C content) was 
measured out and poured into a glass liner. 
Catalyst was weighed into a small glass bucket 
which was placed in a port in the reactor head 
which was fitted with a trap door. The liner, 
containing the solution, was then placed in the 
lower part of the pressure reactor and the reac- 
tor was subsequently assembled. The polymer 
solution was deoxygenated by bubbling hydro- 
gen through the reactor dip tube for ca. 10 min. 
The reactor was pressurized to 31 bar and then 
stirring was commenced. The reactor was 
warmed to 3°C below reaction temperature and 
the system pressure was adjusted to 41.3 bar 
and then allowed to stabilize for ca. 1 h. When 
the system had stabilized the gas uptake pro- 
gram was initialized. The catalyst was then 
added by exerting an overpressure of H, to the 
catalyst addition port. The pressure was read- 
justed to 41.3 bar and then gas uptake monitor- 
ing was initiated. Following reaction, a sample 
was taken and the level of hydrogenation was 

measured from an IR spectrum of a thin film of 
the polymer [29]. 

2.6. The isomerization of high cis-polybutadiene 

A solution of high cis-polybutadiene (10 g) 
in chlorobenzene (310 ml) was stirred at 25°C 
and deoxygenated by sparging with argon. 
RuHCl(CO)(PCy,), (40 mg) was added to the 
solution. The solution was maintained at 2% 
27°C and samples were taken at intervals up to 
137 h. The infra red spectra of the polymer 
from the samples were recorded from films on 
NaCl plates. 

3. Results and discussion 

3.1. Initial studies in the gas uptake apparatus 

The hydrogenation of NBR and other diene 
polymers catalyzed by various R&I) complexes 
was followed using the gas uptake apparatus 
described in the experimental section. The re- 
sults are summarized in Table 1. In all cases the 
reactions gave rise to typical first order plots up 
to high levels of conversion (see Fig. 3). First 
order rate constants were calculated from 
straight line first order plots (Fig. 4) of the gas 

Table 1 
Activity of Ru(II) catalysts towards the hydrogenation of poly- 
mers 

catalyst Substrate k’ X lo3 (s- ‘) 

RuHCl(CO#‘Cy,), NBR 2.70 
Ru(CH=CH(Ph)kl(CO#Ccy,), NBR 2.643 
RuHCl(CO),@Cy,), NBR 0.72 
Ru(CH=CH(Ph)kl(COXP’Pr,), NBR 2.70 
R$Phkl(COxPPh,), NBR ’ 
Ru(CH=CH@h)kl(COXPCcy,), PBD 3.50 
Ru(Phkl(COXPPh,), PBD 3.50 
Ru(CH=CH(Ph)kl(COXPCy,), PIP 0.09 

Conditions: hydrogenations were carried out in chlorobenzene 
(310 ml). [Rulr = 0.078 mmol/l, [C=C] = 376 mmol/l, tempera- 
ture = 16O”C, H, partial pressure (pH,) = 40.3 bar. 
“Gel formation occurred after ca. 50% conversion, 



120 P. Martin et al./Joumal of Molecular Catalysis A: Chemical 126 (1997) 115-131 

Fig. 3. Gas uptake profile for NBR hydrogenation. [Ru] = 0.078 
mmol/l; temperature = 160°C; pressure = 40.3 bar; [CN] = 231 
mmol/l; total C=C = 118 mmol. 

uptake data in accordance with Eq. (1) (where 
k’ is the pseudo first order rate constant). 

- d[C=C] 

dt 
= k’[C=C] (1) 

It can be seen from the results in Table 1 that 
Ru-PCy, and -P’Pr, complexes had more or 
less the same activity towards the hydrogenation 
of NBR, except for RuHCl(CO),(PCy,), which 
was significantly less active than the other com- 
plexes. In all cases essentially quantitative hy- 
drogenation of the C=C was observed as con- 
firmed by IR analysis of the products which 
showed the virtual disappearance of the band 
due to C=C at ca. 970 cm-‘. 

Complexes containing PPh, ligands were 
found to be as active as the bulky phosphine 
complexes for the hydrogenation of PBD but 
led to rapid gel formation when used in con- 
junction with NBR. This suggested that the 
crosslinking reaction in the NBR system in- 
volved reduction of the nitrile group. 

These results indicate that the choice of phos- 
phine has little effect on rates of hydrogenation 
but has a significant influence towards selectiv- 
ity of the catalysts for hydrogenation of C=C 
over nitrile hydrogenation. This is presumably 
related to a balance of steric and electronic 
characteristics for the different phosphines [30]. 

Hydrogenation of C=C in polyisoprene was 
far slower than for NBR and PBD. This indi- 
cates the strong effect caused by steric hinder- 
ante related to the extra methyl group on the 
polymer chain which presumably impedes C=C 
complexation at the catalyst center. 

From the results of these preliminary experi- 
ments, the preferred complexes for examination 
in a detailed mechanistic study of NBR hydro- 
genation were RuHCl(CO)(PCy,), and 
Ru(CH=CH(Ph))Cl(CO)(PR,),: of the two, 
Ru(CH=CH(Ph))Cl(CO)(PCy,), was chosen 
because it was easiest to handle due to its 
stability in air as a solid. 

3.2. Hydrogenation of Ru(CH = CH(Ph))Cl 
(CONPCy, J2 

The hydrogenation of Ru(CH = CH( Ph))Cl 
(CO)(PCY~)~ was followed at relatively mild 
reaction conditions using a manual gas uptake 
hydrogenation apparatus. The results of this 
study are shown in Fig. 5. The total hydrogen 
uptake corresponded to 2 mol per mol of cata- 
lyst. The formation of ethylbenzene confirmed 
that the styryl group is hydrogenated and indi- 
cated that RuHCl(CO)(PCy,), is formed. This 
strongly suggested that the hydrogenation of 

0 400 800 1 
Urns I) 

Fig. 4. First order plot for NFSR hydrogenation. [Ru] = 0.078 
mmol/l; temperature = 160°C; pressure = 40.3 bar; [CN] = 231 
mmol/l. 
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Fig. 5. Gas uptake plot for hydrogenation of Ru(CH=CH(Ph) 
CI(COxPCy,), Temperature = 60°C; pressure = 0.99 bar; [Ru] = 
0.663 mmol/l. 

Ru(CH=CH(Ph))Cl(CO)(PR,), would be virtu- 
ally instantaneous under the reaction conditions 
generally used for polymer hydrogenation and 
other kinetic studies described below. 

3.3. Kinetics of NBR hydrogenation 

A thorough examination of the kinetics of 
NBR hydrogenation catalyzed by Ru(CH=CH 
@‘h))Cl(CO)@Cy,), was carried out with vary- 
ing substrate concentrations and reaction condi- 
tions. The results of the main study are pre- 
sented in Table 2. The following observations 
were made from the data obtained. 

3.4. Dependence on C = C concentration 

As mentioned above the hydrogenation of 
NBR followed pseudo first order kinetics to 
greater than 90% conversion of the double bonds 
(Figs. 3 and 4). Th is e avior was observed at b h 
all sets of reagent concentrations and reaction 
conditions. The first order behavior implies that 
under the conditions used there is no selectivity 
towards hydrogenation of the various isomeric 

forms of C=C in the base polymer, i.e., cis, 
trans or vinyl. 

3.5. Dependence on ruthenium concentration 

The range of catalyst concentrations used in 
the present study was between 0.0097 and 0.116 
mmol/l(2.5-30 mg in 310 ml). In experiments 
with varying catalyst concentration all other 
variables were kept constant. The results dis- 
played in Fig. 6 showed that the reaction fol- 
lowed a first order dependence on the catalyst 
concentration. 

3.6. Dependence on hydrogen pressure 

The partial pressure of chlorobenzene was 
estimated at 160°C in order to obtain more 
accurate values of the true hydrogen pressures 
in the reactor under the reaction conditions used. 
This was done by using the Harlecher correla- 
tion, assuming that the polymer and hydrogen 
pressure did not significantly affect the vapor 
pressure. This gave a P * for chlorobenzene of 
2.06 bar. This value was corroborated by mea- 
surement in the gas uptake apparatus in the 
absence of hydrogen at 160°C (2.04 bar). This 
value was used in the studies described in calcu- 
lation of the hydrogen pressure in the reactor: 
i.e. the absolute hydrogen pressure = gauge hy- 
drogen pressure - P * + 1 bar. Dissolved H, 
concentrations were calculated using the con- 
stants described by Parent and Rempel [31]. 

Two sets of experiments were performed to 
determine the influence of hydrogen concentra- 
tion on the rate of hydrogenation. The first set 
investigated the effect of varying hydrogen 
pressures from 5.8 to 54.1 bar using a Ru 
concentration of 0.078 mmol/l. The second set 
of experiments used a Ru concentration of 0.019 
mmol/l. 

Fig. 7 shows the first order rate dependence 
at both levels of catalyst concentration. The first 
order rate dependence implies that a single reac- 
tion pathway is involved in the reaction of the 
polymer with hydrogen. If more than one pro- 
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cess was involved, the relative contributions of Infra red spectra of the products of experi- 
each pathway should change with varying hy- ments carried out at 5.8 bar showed an extra 
drogen pressure, and thus the dependence would shoulder at 2214 cm- ’ with the main CN stretch 
deviate from first order behavior. being at 2236 cm- ‘. This results from isomer- 

Table 2 
Kinetic data from detailed study of the hydrogenation of NBR catalyzed by Ru(CH=CH(Ph))Cl(COXPCy& 

[Rul hnol/l) [CNI, hmol/l) PH, (bar)” [H 2 1 (mol/l) Experimental rate constant 
k’ X lo3 (s- ‘) 

0.0776 231 40.3 176 2.71 
0.0782 231 40.3 176 2.73 
0.0777 231 40.3 176 2.91 
0.0780 231 40.3 176 2.91 
0.0779 231 40.3 176 3.23 
0.0780 231 40.3 176 2.91 
0.0786 231 40.3 176 2.63 
0.0779 231 40.3 176 2.79 

0.0778 231 54.1 236 3.70 
0.0779 231 26.5 116 2.35 
0.0779 231 12.8 55.9 0.71 
0.0780 231 26.5 116 1.57 
0.0778 231 5.86 27.1 0.34 
0.0781 231 54.1 236 4.06 
0.0779 231 26.5 116 1.79 

0.0195 231 40.3 176 0.67 
0.0192 231 81.7 357 1.43 
0.0192 231 40.3 176 0.62 
0.0194 231 26.5 116 0.42 
0.0196 231 12.8 55.9 0.13 
0.0195 231 54.1 236 1.17 
0.0199 231 54.1 236 1.19 
0.0197 231 67.9 296 1.13 
0.0197 231 67.9 296 1.38 
0.0199 231 26.5 116 0.60 
0.0199 231 81.7 357 1.60 

0.0392 231 
0.0195 231 
0.0393 231 
0.0585 231 
0.0585 231 
0.0389 231 
0.0199 231 

1.78 
2.31 
2.01 
1.74 
1.14 

0.0779 116 
0.0781 173 
0.0778 462 
0.078 1 462 
0.078 1 231 
0.0779 58 
0.0780 346 
0.0777 346 
0.0778 185 
0.0777 139 

40.3 
40.3 
40.3 
40.3 
40.3 
40.3 
40.3 

40.3 
40.3 
40.3 
40.3 
40.3 
40.3 
40.3 
40.3 
40.3 
40.3 

176 
176 
176 
176 
176 
176 
176 

176 3.30 
176 2.97 
176 2.16 
176 1.52 
176 2.50 
176 4.30 
176 1.93 
176 1.73 
176 2.62 
176 3.36 

Solvent was chlorobenzene; temperature = 160°C. 
a partial pressure of H, 
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Fig. 6. Rate constants for hydrogenation of NBR: Ru concentra- 
tion dependence. 0 Experimental data; - model. Temperature = 
16O’C; pressure = 40.3 bar; [CN] = 231 mmol/l. 

ization within the polymer chain to give C=C 
conjugated with CN. No attempt was made to 
measure the proportion of isomerized product 
within the sample. This isomerization was only 
observed at reaction conditions which combined 
relatively high catalyst concentrations and low 
pressures. 
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Fig. 7. Rate constants for hydrogenation of NBR: H, concentra- 
tion dependence. Experimental data: 0 [Ru] = 0.078 mmol/l; a 
[Ru] = 0.019 mmol/l; - model. Temperature = 160°C; [CN] = 
23 1 mmol/l. 

Table 3 
Kinetic data for the hydrogenation of SBR catalyzed by 
Ru(CH=CH(Ph))CI(CO)@‘Ccy?)2 

PH, (bar) [Hz 1 hm~l/l) k’ x 103 (s- ‘1 

40.6 177 4.56 
19.4 84.7 2.96 
61.5 269 8.56 
30.3 132 4.09 

Solvent was chlorobenzene, [C=C] = 379 mmol/l, [Ru] = 0.039 
mmol/l, reaction temperature = 160°C. 

A limited investigation examining hydrogen 
concentration dependence in the hydrogenation 
of SBR was made to ascertain if different be- 
havior would be observed in the absence of 
nitrile. The results are presented in Table 3 and 
illustrated in Fig. 8. This study showed that the 
rates of hydrogenation for SBR were also fEst 
order with respect to hydrogen concentration 
under the chosen reaction conditions. 

3.7. Mass transfer dependence 

To ensure that mass transport was not limit- 
ing the rate of hydrogen uptake, an experiment 
was performed at conditions which would gen- 

10.0 3 

0.0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,I ,,,,, 
0 50 

Hydrog~~Conc:~ration200( mm?~L ) 

I 
300 

Fig. 8. Rate constants for hydrogenation of SBR: H, concentra- 
tion dependence. Experimental data 0. - linear best fit. 
Temperature = 160°C; [Ru] = 0.038 mmol/l. 



124 P. Martin et al. / Journul of Molecular Catalysis A: Chemical 126 (1997) 115-131 

erate fast gas uptake (the same order of magni- A series of experiments were carried out at 
tude to most of the reaction conditions reported varying polymer concentrations to examine the 
in Table 2). During this experiment, the stirrer effect of different nitrile concentrations. The 
speed was doubled after approximately 30-50% nitrile concentration range was 460-58 mmol/l 
conversion of C=C. No significant change in (20-2.5 g of Krynac 38.50 in 310 ml). At the 
first order rate constant was observed during high end of the concentration range problems 
this experiment, despite significantly higher en- associated with control and mass transfer were 
ergy input per unit volume. Mass transport of noted. Concentrations of less than 58 mmol/l 
hydrogen into solution was therefore assumed to were not practical because the low amount of 
have an insignificant effect on the rate of reac- gas consumed resulted in relatively high errors 
tion under the conditions studied. in measurement. 

Experiments performed at high [Ru], high 
polymer concentrations and high hydrogen pres- 
sures were tested for the onset of mass transport 
limitation using the method described above. 
Any experiments where the pseudo first order 
rate constant was greater by more than the 
normal run to run variability (ca. lo- 15%) were 
rejected and not used for mathematical mod- 
elling. Only those experiments at high polymer 
concentrations (0.7 mol/l C=C> were rejected 
on this basis. A more thorough and quantitative 
examination of the mass transport factors was 
not undertaken. 

As can be seen from Fig. 9 the rate constants 
show an inverse dependence on nitrile concen- 
tration. This behavior was also observed when 
fully hydrogenated NRR was added to the reac- 
tion mixture. An experiment was also carried 
out with added octylcyanide and a significant 
drop in rate was recorded thus confiing that 
the drop in rate constants observed at higher 
nitrile concentrations in the polymer experi- 
ments was not the result of mass transport limi- 
tation. Quantitative assessment of nitrile coordi- 
nation constants with such complexes at the 
conditions used for the hydrogenation experi- 
ments will be the subject of a subsequent study. 

3.8. Deuteration studies 

The results of deuteration experiments are 
presented in Table 4. A comparison with equiv- 
alent hydrogenation experiments showed no dif- 
ference in the observed rates of reaction. Thus 
there was no kinetic isotope effect for this sys- 
tem under the chosen set of reaction conditions. 

3.9. Dependence on nitrile group concentration 

Table 4 
Isotope effect studies 

Gas used k’ X lo3 (s- ‘) 

D2 2.25 

D2 2.14 

H2 2.34 

H2 2.09 

Reaction parameters: solvent was chlorobenzene; [Ru]~ = 0.078 
mrnol/l; [CN] = 231 mmol/l; [C=C] = 379 tnmol/l; pH, = 26.5 
bar; temperature = 160°C. 

6.0 3 
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0.0 ,,,,,,,III,,IIIII,II,IIII~IIII,IIIIIIIII,IIII~~~~~, 
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Nitrile Cone (mmol/L ) 

Fig. 9. Rate constants for hydrogenation of NBR: CN concentra- 
tion dependence. Experimental data 0; - model. Tem- 
perature = 160°C; pressure. = 40.3 bar; [Ru] = 0.078 mmol/l. 



P. Martin et al. /Journal of Molecular Catalysis A: Chemical 126 (1997) 115-131 125 

Table 5 
Effect of ad&d PCy, on k’ 

Mole equivalents of added PCy, k’ x lo3 (s- ‘1 

1 1.10 
4 0.28 

2 0.56 
0.5 1.91 

3 0.32 
2 0.53 
1 0.087 

Reaction parameters: solvent was chlorobenzene; [Rulr = 0.078 
mmol/l; [CN]= 231 mmol/l; [C=C]= 379 mmol/l; pH, = 40.3 
bar; temperature = 160°C. 

3.10. Dependence on added PCy, 

A series of experiments were made in the 
presence of added PCy, in order to understand 
the role of the complexed PCy, ligands in the 
catalytic process. The results of these experi- 
ments are presented in Table 5 and Fig. 10. 
There is a clear inverse dependence on the 
concentration of added phosphine. This may be 
due to inhibition of phosphine dissociation or by 
competitive coordination of PCy, with the ac- 
tive catalyst species. 

3. I I. Dependence on temperature 

Experiments were carried out from 130 to 
160°C. The results of these studies are presented 
in Table 6 and resulted in a good Arrhenius plot 
of the data. The activation energy calculated 
from least squares regression analysis of ln(k’) 
versus 1 /T was 78 kJ mol - ‘. An Eyring plot 
was used to estimate the enthalpy of activation 
(74.8 kJ mol- ‘) and entropy of activation 
(- 10.6 J mol-’ K-l). 

An additional experiment at 70°C was per- 
formed. The rate constant was 0.000025 s-l, 
demonstrating that Ru(CH = CH(Ph))Cl 
(CO)(PCY~)~ is still an active and efficient NBR 
hydrogenation catalyst under relatively mild 
conditions. 

3.12. Dependence on solvent 

A series of experiments was undertaken us- 
ing different solvents for NBR hydrogenation 

4.0 - 

Fig. 10. Rate constants for hydrogenation of NBR: dependence on 
added PCy,. Temperature = 16O’C; pressure = 40.3 bar; [CN] = 
231 mmol/l; [Ru] = 0.078 mmol/l. 

under identical reaction conditions. The results 
of these studies are shown in Table 7. Experi- 
ments where toluene and xylene were used as 
the solvents did not result in complete hydro- 
genation of the polymer because hydrogenated 
NBR is not very soluble in these solvents and 
thus precipitation of partially hydrogenated 
product occurred during the course of the hy- 
drogenation, thereby limiting the ultimate con- 
version achieved. 

Using MEK or THF as the solvents led to 
significantly slower rates than observed when 
the chlorinated benzenes were used as solvents. 
This is probably the result of competitive coor- 
dination of the solvents with the active catalyst. 

Table 6 
Temperature dependence of k’ for NBR hydrogenation 

T (“Cl T (K) k’x103(s-‘) 

160 433.15 2.79 
155 428.15 2.04 
150 423.15 1.68 
145 418.15 1.37 
140 413.15 0.93 
135 408.15 0.8 1 
130 403.15 0.51 

Conditions: solvent was chlorobenzene; [Ru] = 0.078 mmol/l; 
[CN] = 231 mmol/l; [C=C] = 379 mmol/l; pH, = 40.3 bar. 
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Table 7 
Solvent dependence of k’ 

Solvent k’ x lo3 (s- ‘) 

Monochlorobenzene 2.70 
Dichlorobenzene 2.80 
Methylethylketone 2.10 
Tetrahydrofuran 2.20 

Reaction parameters: [Ru] 0.078 mmol/l; [CN]= 231 mmol/l; 
[C=C] = 379 mmol/l; pH2 = 40.3 bar; temperature = 160°C. 

It was noted when MEK was used that a small 
amount of the solvent was hydrogenated to 
2-butanol. Given that the hydrogenation of car- 
bony1 compounds catalyzed by similar Ru com- 
plexes has been reported [3], this was to be 
expected. The result of our experiment however 
shows that the Ru catalyst is far more active as 
a catalyst for the hydrogenation of C=C than 
c=o. 

but the fourfold increase suggested that some 
crosslinking may have occurred. Other studies 
have shown that these complexes do cause some 
increase in polymer molecular weight and the 
effect can be counteracted by the addition of 
primary amines which implies that the increase 
may be due to the formation of secondary amine 
linkage [32] between polymer chains. It is possi- 
ble that the contradictory results seen from the 
two techniques are due to the fact that solutions 
for gpc are filtered before analysis and this may 
remove high molecular weight fractions from 
the sample. 

3.14. Small molecule hydrogenation 

3.13. Polymer chain length properties 

Although the main concern of our work was 
to examine the kinetics and mechanism of NBR 
hydrogenation, there was some need to check 
that the process did not radically alter the poly- 
mer chain length. One of the key aspects of a 
useful polymer modification process is that it 
should not significantly alter the integrity of the 
polymer skeleton. 

Results from gel permeation chromatography 
(Table 8) indicated that the polymer molecular 
weight distribution was not altered greatly dur- 
ing hydrogenation. However, solution viscosity 
measurements did significantly increase during 
hydrogenation. Some increase in polymer vis- 
cosity is expected on hydrogenation due to the 
reduced solubility of the hydrogenated polymer, 

The hydrogenation of some olefins catalyzed 
by Ru(CH=CH(Ph>)Cl(CO)(PCy,), under con- 
ditions similar to those used for polymer hydro- 
genation was examined. The results of these 
experiments are presented in Table 9. As might 
be expected, for steric reasons, the hydrogena- 
tions occurred at far higher rates than the analo- 
gous reactions with polymers. Reaction rates 
were so rapid at 160°C that accurate measure- 
ments could not be made and so a temperature 
of 130°C was used for the studies. The hydro- 
genation of primary olefins was far more rapid 
than that of secondary olefins as evidenced by 
the comparative rates of hydrogenation for l- 
decene and 2-hexene. This is not unusual for 
Ru; such selectivity has been observed for olefin 
hydrogenation catalyzed by various complexes 
[33-351. The hydrogenation of the 3- 
pentenenitrile was observed to be much slower 
than that for 2-hexene, confirming that nitrile 
groups inhibit C=C hydrogenation. The prod- 

Table 8 
Summary of GPC molecular weight data for normal and hydrogenated NBR 

Polymer Xl KV Polydispcrsity Solution viscosity (Pa’ ) 

Krynac 38.50 118000 606000 5.132 0.0113 
99% hvdroeenated Krvnac 38.50a 127000 546000 4.301 0.0433 

aHydrogenated polymer was obtained from an experiment using: [Ru] 0.078 mmol/l; [CN] = 231 mmol/l; temperature = 160°C; 
Pn, = 40.3 bar in chlorobenzene. 
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Table 9 
Small molecule hydrogenation catalyzed by Ru(PhCH=CH) 

ChCOXPCyH,), 

Olefin Rate constant k’ X 10’ (s- ‘1 

1-decene too fast for accurate measurement 
Styrene too fast for accurate measurement 
2-hexene 7.90 
3-pentenenitrile 4.00a 

Reaction conditions: solvent chlorobenzene; [Ru] = 0.078 mmol/l; 
[C=C] = 376 mmol/l; in, = 40.3 bar; temperature = 130°C. 
aNo amine from nitrile hydrogenation was detected during course 
of C=C hydrogenation. After 70 h at 16O”C, 3% conversion to 
dipentylamine. 

ucts of this reaction were analyzed by gc, after 
100% hydrogenation of the C=C was achieved 
(ca. 10 min). No trace of amine products was 
detected by gc, indicating that little if any -CN 
hydrogenation had occurred by this point. Main- 
taining the reaction mixture at 160°C and 41.3 
bar for 70 h yielded 3% conversion to dipenty- 
lamine as measured by gc. 

3.15. The isomerization of high cis-poly- 
butadiene 

The isomerization of high cis-polybutadiene 
was followed by monitoring the IR spectra of 
the polymer at intervals. It was apparent that the 
characteristic bands for the out of plane defor- 
mation for C-H in a cis-C=C (at 720 cm-‘) 
diminished as the reaction progressed and the 
band characteristic for the same vibration in a 
trans-C=C (at 980 cm-‘) increased. A similar 
control experiment, with no added Ru, showed 
no change after a period of 2 months, demon- 
strating that RuHCl(CO)(PCy,), catalyses the 
isomerization reaction. Therefore the isomeriza- 
tion process presumably must proceed via a 
Ru-alkyl intermediate. It is likely that such a 
species is a key intermediate in the hydrogena- 
tion reaction catalyzed by the Ru catalysts. 

3.16. Mechanism of hydrogenation 

The observed kinetic dependencies of the 
pseudo first order rate constant for the hydro- 

genation of C =C in NBR may be summarized 
by the expression shown in Eq. (2). 

fml Pul 
k’= (a + b[CN]) (4 

The rate of hydrogenation was first order in 
C=C concentration from 0 to 90% in every 
experiment involving both NBR and small 
molecules. This was shown by the fact that the 
pseudo first order rate constant k’ determined 
from the gas uptake data had a single value 
throughout the course of the reactions (all plots 
of ln[C=C] versus t were linear). The experi- 
ments also showed that the rate of reaction had 
a first order dependence on both hydrogen con- 
centration ([H,]) and total ruthenium concentra- 
tion ([Ru],) and an inverse dependence on the 
nitrile concentration ([CN]). In addition deutera- 
tion experiments suggest that the rate determin- 
ing step does not involve C-H bond formation. 

Our preliminary interpretation of the data 
[21,22] assumed that the rate limiting step was 
hydrogenolysis of a Ru-alkyl (formed from in- 
sertion of C=C into the Ru-H bond), with 
coordination of the olefin being a primary step 
in the catalytic cycle; previous studies have also 
reported such a mechanism for hydrogenation of 
small molecules by Ru complexes [20,35]. Such 
a mechanism fits the kinetic data but it also 
suggested that a primary kinetic isotope effect 
should be observed. 

An alternative mechanism is now proposed 
and is shown in Scheme 1. The first stage in the 
process is the rapid hydrogenation of the styryl 
group in Ru(CH=CH(Ph))Cl(CO)(PCy,), to 
give the active species RuHCl(CO)(PCy,), (1) 
and ethyl benzene. The coordination of olefin is 
the likely rate determining step given the ab- 
sence of a deuterium isotope effect. This im- 
plies that coordination of H, to (1) would be the 
initial step in the catalytic cycle. It has been 
shown previously that H, coordination to 
RuHCl(CO)(P’Pr,), may be observed by ’ H 
NMR at low temperatures [36]. This would be 
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followed by coordination of olefin before the 
final rapid elimination of products and regenera- 
tion of (1). The method of hydrogenolysis can- 
not be ascertained with certainty but it likely 
involves Q coordinated H, interacting with a 
Ru-alkyl species which would be formed by 
insertion of olefin into the Ru-H bond. Con- 
certed elimination of the hydrogenated olefin 
and reformation of (1) or possibly oxidative 
addition of H, followed by rapid elimination of 
the product are possible final steps of the cycle. 

It is possible to derive a detailed rate law on 
the basis of the proposed mechanism. Firstly the 
total Ru concentration in the system may be 
defined as in Eq. (3). 

[RU]~ = [RU-H] + [RCN-RUH] + 

(3) 
Ru-H is the active catalyst (l), [RCN-RUH] 

is the adduct formed by the coordination of 
RuHCl(CO)(PCy,), with nitrile and RuH-(H,) 
is the product of dihydrogen coordination with 
(1). A term for Ru(CH=CH(Ph))Cl(CO)(PCy,), 
is not included because it is assumed that under 
the conditions used for the hydrogenation its 
concentration would be negligible if not zero. 
This has been confinned by hydrogenation of 
the complex to form ethyl benzene and 
RuHCl(CO)(PCy,),. 

Assuming that the coordination of olefin to 
[RU-H-(I-I,)] is the rate limiting step, the rate 
of reaction can be expressed as follows. 

rate = 
- d[C=C] 

dt 
= R’[C=C] 

= k,[Ru-H-(H,)] [C=C] (4) 
It can also be assumed that the equilibria 

between (1) and the nitrile, and (1) and the 
hydrogen are rapidly established and these can 
be expressed by Eqs. (5) and (6). 

KN = 

[ RCN-RUH] 

[ RU-H] [ RCN] 

K _ b--HP-b11 
Hz - [RU-H] [H,] 

(5) 

(6) 
Rearranging Eqs. (3), (5) and (6) and substi- 

tuting into Eq. (4) gives the rate law relating the 
observed pseudo first order rate constant to the 
kinetic parameters. 

k2 KH[H21 LRu]T 
k’= 1 + Ku[HZ] + KN[RCN] (7) 

Given this expression it would be expected 
that there would be a zero order dependence on 
[H,] (if the product of K,[H,] is large relative 
to (1) at least in the absence of nitrile). The fact 
that we observe rigorous first order behavior 
with respect to [HZ] suggests that the parameter 
K,[H,] is negligible for the range of reaction 
conditions and substrate concentrations used in 
this study. This simplifies the rate law to Eq. 
(8). 

mmb1 
k’ = 1 + K,[RCN] 

H=CH(Ph) 

RUCI(CO)(PCY3)2 

+ H2 
1 

- styrene 

CR 
+H2 + RCN 

Ru(H2)HCI(CO)(PCy,), -_ RuHCIW)WY~)~ _ 
K KN 

RuHCI(CO)(PC~~)~ 

\ 

k2 
Hz 

+RCH=CHR 
I- 

k 3 (fast) 
RCH2CH2R 

late ( hydrogenated polymer) 
determining Ru(H,)HCI(CO)(RCH=CHR)(PCy& 
step 

Scheme 1. Mechanism of C=C hydrogenation in NBR catalyzed by Ru(CH=CH(Ph))cl(COxPcy,), 

(8) 
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obtain some support for the model that was 
derived for the reaction mechanism and to esti- 
mate values for k, and K,. The abbreviated 
form of the rate law (Eq. (8)) was fitted to the 
observed pseudo first order rate constant data 
shown in Tables 2 and 4 using the Marquardt 
non linear least squares regression technique in 
SAS [37] (a statistical analysis package). 

The results of the regression analysis are 
shown in Table 10. Analysis of the variance 
table (Table 11) shows the significance of the 
model; a large amount of the variability in k’ is 
explained by a relatively simple two parameter 
model. The solid curves provided in Figs. 6, 7 
and 9 show how well the model predictions fit 
the observed pseudo fust order rate constants. 
Fig. 11 is the residual plot from the regression 
showing the random distribution of residual val- 
ues with respect to the measured rate constant 
with a few outliers. 

4. Conclusions 

Development of equipment to accurately 
measure gas uptake at elevated temperatures 
and pressures has allowed the study of hydro- 
genation kinetics of an active Ru catalyst sys- 
tem at conditions approaching those used for the 
commercial hydrogenation of NEIR. The advent 
of this equipment allows for studies of homoge- 
neous hydrogenation at conditions beyond the 
normal limited range of previous studies. It has 
led to a better understanding of effects of pro- 
cess variables for the hydrogenation of olefins 
(particularly in selective hydrogenation of NBR) 
catalyzed by Ru complexes. 
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