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Summary

A study has been made of the kinetics of homogeneous hydrogenation of
cyclohexene catalyzed by hydridocobalt complexes formed in situ from
CoH(N, )(PPh3); at room temperature under dihydrogen at atmospheric pres-
sure, and has revealed that under certain conditions the following rate equation
is approached: - _ ” , _

Rate = k- [H. 1-[olefin]-[Co] - [PPh; ] ™! where [olefin], [H. ], [Co]
and [PPh;] are the concentrations of cyclohexene, dihydrogen, catalyst and
free phosphine. The mechanism of the reaction is discussed.

Introduction

Cobalt dinitrogen complexes are known to catalyze several homogeneous
reactions such zs the isomerization of alkenes[1,2], the dimerization of ethyl-
ene[3] and propylene[4,5] and the hydrogenation[6] of olefins. A large num-
ber of - investigations[7,8] have been performed in recent years to clarify the
mechanism of homogeneous hydrogenation.

Our kinetic studies were carried out with the aim of throwing further light
on the mechanism of hydrogenation and extending the knowledge of homoge-
neous hydrogenation processes in general. Cyclohexene was chosen as substrate
in order to avoid double bond isomerization as a side reaction. :

Experimental

CoH(N2 }PPhjy); was prepared by the pubhshed procedure[l] The ben-
zene -used as solvent was distilled over sodium—potassium alloy under dini-
trogen Cyclohexene ‘was_ purified from peroxides’ by ferrous sulfate boﬂed,,
aver. sodlum—potassmm alloy, and dlstllled under dlmtrogen mmmedlately;
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1before uqe Commermal dlhydrogen was . purified w1th d1ethy1 alummlum
ethox1de after drying over silica gel and P, O5.: S

- Experiments were performed in a Water-thermostatted 100 ml reactlon
-vessel connected to a thermostatted gas buret. Cyclohexené and benzene were
placed into the reaction vessel under dihydrogen. After addition of the catalyst,
" the evolved dinitrogen was pumped off and the vessel filled with the dlhydro-‘

gen The "onsumptlon of dlhydrogen was measured by volume
Results \ 7

Experiments were carried out in benzene solution at temperatures be-
tween 15° and 30° and pressures between 400 - 1000 mmHg. A range of con-
centrations of cyclohexene, cokalt catalyst, dlhydrogen and free phosphme was
examined, and the initial rates were used to determine the rate equation. This
procedure avoids any interferei:ce from slow side-reactions of the substrate or
of the catalyst.

Dikydrogen uptake experiments

.Dihydrogen uptake was followed volumetrically using a thermostatted gas
buret. In Fig. 1 the amount of dihydrogen consumed is plotted agamst time. It
can be seen that the initial rate is fairly constant in the presence of excess
cyclohexene The experunents were reproducible to within + 5%, and the rates
were ‘obtained from the slopes of plots such as that shown in Fig. 1.

" Clear solutions were always obtained after completion of the reaction
showing that no heterogeneous catalyst such as metalhc cobalt was formed
dunng the reactlon

Dependence on cobalt concentration

The experimental data are shown in Fig. 2. The linear trend obtained with
cobalt concentrations lower than 1.5 X 1072 mol-I~! suggests a first-order
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Fxg 1 Typxcal hydrogenanon of cyclohexene usmg CoH(N%)(PPh3)3 Solvent benzene olefm concn.:
3. 26 mol-17""7 ¢atalyst conen. 1. 61'X-1072 ‘mot- l_1 ;: temp:20°C; dihydrogen’ Pressure 1 atm. ) .
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Fig. 2. Rate of hydrogenation of cyclohexene as a function of cobalt concentration. Solvent benzene:
olefin concn. 3.26 mol-I"1 : temp. 20°C: dihydrogen pressure 1 atm.

dependence which goes over to a lower reaction order at higher catalyst con-

centrations. In Fig. 3 the reaction rate is plotted against the square root of

cobalt concentration. At concentrations higher than 2.0 X 1072 mol-I"?! a

straight line is obtained, indicating a half-order dependence. At smaller concen- -
trations the deviations from the straight line clearly suggest an increase in order

with respect to the cobalt concentration. Similar observations were reported by

other authors{9,10], who proposed a two-step dissociation of the phosphine

ligands bound to the catalyst to form two coordinatively unsaturated species,

with the second step taking place only in dilute sclutions. '
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Fig. 3.  Rate of hydrogenation of eyclohexene as'a functlon of the square toot of cobalt concentrauon
Solvent benzene olefm concn. 3.26 mol- 1Y ne dlhydxogen pressure 1 atm temp 20°C
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Fig. 4. Rate of hydrogenétion of cyclohexene as a function of olefin concentration. Solvent benzene;
catalyst conen. 3.87 X 1072mol°1"! ; dihydrogen pressure 1 atm; temp. 20°C.

Dependence on cyclohexene concentratzon

Hydrogenations were. carried out with different initial olefin concentra-
tions and the initial rate of hydrogenation was measured as described above.
The experimental data are shown in Fig:. 4. The linear relationship suggests a:
first-order dependence.

'y

3.0}

(mole ™ sec™)x10°
N
O

d[Hz]
{

o 10}

2 H i

200 400 &0 800 .

P(Hz) {mm Hg)

_Fig. 5.-Rate’ of hydrogenation- of cyclohexene as a functlon of dxhydxogen pressu.re Solvent benzene.
oleﬁn conen. 3. 26 ‘mol- l‘l coba.lt concn. 3. 87 X 10—2 mol - l"l temp 20° :
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Fig. 6. Rate of hydrogenation of cyclohexene as a function of the reciprocal of the phosphine concentra-~
tion. Solvent benzene; catalyst concn. 3.83 X 162mol-I"l: olefin concn. 3.26 mol- r1 dihydrogen
pressure 1 atm.

Influence of dihydrogen pressure

For hydrogenations under standard conditions and at various dihydrogen
pressures a linear plot of the reaction rate agamst dihydrogen pressure was
obtained (Fig. 5).

Effect of phosphme concen tratzon

Excess of free phosphine reduces the hydrogenatxon rate. In Fig. 6 the
hydrogenation rate is plotted against the reciprocal of the added free phosphine
concentrations. It can be seen that even a relatively smal’ »ddition of free
phosphine has a large effect. As already suggested by many athors{9,10,111]
this effect must be ascribed to the suppression of the dissociation of phosphine.
from complexes in the catalytic cycle to form vacant coordination sites.

Dependence on temperature

The effect of temperature can be seen in Fig. 7 and Table 1. The results
give a linear Arrhenius plot. The activation parameters are AE, = 28.9 kcal-
mol~ !, AH¥ =28.3 kcal*‘mol~* and AS* = 30.3 cal-mol ™ LK1 14 should be
noted that these values were calculated from k, s, and thus contain the con-
tributions of the preequlhbna Ko and Kg. Any companson w1th related data
from the nterature[Q 121 is therefore of little value .

Kinetic isotope effect

The rate of deuteratlon is very similar to that of hydrogenatlon the ratlo
ky (kp was found to be 0.9 - 1.3, showing that primary isotope effect is absent :
In _other hydrogenatlon -reactions mvolvmg RhCl(PPh3 )3 [9] ) RhH(CO)z-
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Fig. 7. Arrhenius plot of In kgpg against /T X 103,

(PPhj ), [11] and CoH(CO); [P(n-Bu); [2{12]1, %y /kp ratios between 0.9 and
1.47 have been reported.

Discussion

Upon addition of the olefin to a solution of CoH(N, )(PPh; )3, dinitrogen
is evolved almost quantitatively and the colour of the mixture changes to deep
reddish brown. In keeping with this observation, no absorption in the infrared
spectrum attributable to v(N, ) can be seen. The NMR spectrum of this solution
shows a quartet at v 21.7 ppm, indicating the absence of the dinitrogen com-
plex and suggesting a CoH(L)(PPhj3); type species in which L could be H, or
cyclohexene. The reddish colour of the solution and evolution of dinitrogen
without the absorption of an equivalent amount of dihydrogen suggests the
formation of the cyclohexene complex in which the Co—H bond is probably
trans to the coordinated cyclohexene. This species is formed from the dinitro-
gen complex in an irreversible reaction, and practically all the cobalt added to
the reaction mixture is present in this form. It should be mentioned that
Deeming et al. [13] recently succeeded in isolating the analogous complex
trans—[PtH(Cz H, )(PEt3 )2 ] BPh4

TABLE1

THE REACTION RATE CONSTANTS k. AT VARIOUS TEMPERATURES, THE EQerB‘uUM
CONSTANT K, AND THE DEGREE OF DISSOCIATION AT 20° - ; .

Temperature Eghs X 1 5 : . T Kg X 104 ’ Degree of dissociation '
co)y : ... (mol! 5, ec’l) (mol-1—1) (%)

15 . " ez20 v

20 R 1.08 S 1.2 S . B4

25 - - 0 149 o :

@ . el
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SCHEME 1-

COH(Nz)(Pth)g

CoH(o!ef«n)(PPh3)3

olefm CoH(olefinXPPhB)é + Pohy B

Cng(olehn)(PPhg)z | ®  CoRplefin){PPhy),

%f;,, RN
o

CoHolefin(PPhs), + alkane

The kinetic data reported in this paper may be interpreted in terms of
Scheme 1. The reaction of CoH(N,)(PPh;),; with olefin is irreversible and fast.
The value of K, can be determined from “the experiments involving added free
phosphine. Equation (1) must apply, and if X, is small and a large amount of
free phosphine [L].44 is added, the amount of the phosphine dissociating
from the complex [L],;s: may be neglected. Using the value of C thus ob-
tained, the concentration of the dissociated phosphine when no added phos-
phine is present may be calculated. K, was found by this method to be 1.2 X
107% mol-I~! at 20°. At the usual concentration of 2.0 X 1072 mol-1~?
{Col this means that =~ 5% of the cobalt is present as the catalytically active
species. ,

(TL] gies ¥ IL] ad;) X Rate = C (constant) ¢8!

There are two kinetically indistinguishable alternative paths (/) and (i)
for the catalytic cycle as shown in Scheme 1. Ferrari et al. [12] have found
that the structurally analogous CoH(CO),[P(nBu);], catalyses Ho—D, ex-
_change to form HD at a much lower rate than the hydrogenation of olefin. If
this is also the case for the CoH(N, )(PPh; ), reaction, cycle (i) is too slow to be
considered. v '

From Scheme 1, the reaction rate can be expressed by equation (2).

__djolefin] _ d[alkane}

dt ,
Incorporation of the two pre-equilibria, (3) and (4) gives the rate equation (5).

[CoH(olefin)(PPhy ) - [PPhs ]

K2 = " CoR(oletin)(PPhy ), ] S o @

=R -V[CoR(olefin){PPhs Y21 [HzY (2)

K " [CoR(olefin)(PPh), ]
57 [CoH(olefin)(PPhs ), 1 - [olefin]

(4)

r—-ks ‘Ko K5 [Hz] [oleﬁn] [CoH(olefm)(PPha)a] [lE'Ph,?,]"1 S (15),
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Accordmg to equation (5) the reaction rate is generally not linear with respect
to added cobalt, [Co], since [CoH(olefin){(PPh3)5;] is a complicated functlon
of the total cobalt concentration. A linear relationship should be approxi-
mately realized in very dilute solutions in which CoH(olefin)(PPhjz); is dis-
sociated to a large extent and practically all the [Co] is transformed into
CoH(olefm)(PPh3 )2. Actually at cobalt concentrations below =1.5 X
107 2mol-17! an approximate first-order dependence on the catalyst concen-
tration was found. A linear relationship is also to be expected if a large excess
of free phosphine is added since [PPhj] is practically independent of [Co] and
most of the [Co] is in the form of CoH(olefin)(PPhg );.

At catalyst concentrations above =2.0 X 10”?mol -1~ ! we have found an
approximately half-order partial rate law with cobalt added. In this case the
dependence of [L] on [Co], again practically equal to CoH(olefin)(PPhj )3, has
to be taken into account. Since without added phosphine [PPhy] = [CoH-
(olefin)(PPh3),] we get the expression (6) for K,, and with [CoH(olefin)-
(PPhg)3]1 = [Co] this leads to the rate law expressed in eqn. (7).

_ [CoH(olefin)(PPhj ), ]2 6)
2~ [CoH(olefin)(PPh; ); ]
r=he-K3-K-[H,]- [olefin] - [Co]® D

{where [Co] is the total cobalt concentration)

All the above reasoning is based on the assumption that the preequilib-
rium Ky is fast and has a very small value, which we regard as reasonable.
Which of the two olefins is transformed to the alkyl group in this step can not
be decided on the basis of the available data. Apparently the formation of an
alkyl group by olefin insertion into the Co—H bond is brought about by the
second olefin molecule, and in this connection it may be further of interest to
note that a similar phenomenon may be the cause for a second-order depen-
dence on olefin concentration observed in the case of vinyl—bicycloheptene
isomerization with the same catalyst [14]. Complexes such as CoR(olefin)-
(PPh3), may be the intermediates in the olefin dimerizations already men-
tioned [3,4,5]. This latter route may be supressed in the present case, however,
by the structure of the olefin and the presence of dihydrogen.
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