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The first detailed kinetic study of a hydrogenation catalyzed by a metal-coordinated BH -
phosphine complex is reported. The kinetics of the hydrogenation of 1-hexene in benzene at
20°C, at atmospheric pressure and eatalyzed by RuH (BH,) (PPhs);, has been studied, and the
reaction proceeds by the unsaturate route, i.e., dissociation of the catalyst, formation of an
alkyl complex, and then oxidative addition of hydrogen in a rate-determining step. The activity

of this complex is compared with that of other related ruthenium catalysts.

INTRODUCTION

Very little is known about the catalytic
properties of tetrahydroborate complexes,
comparcd with the vast amount of in-
formation now available on homogeneous
hydrogenations catalyzed by, for example,
hydrides, carbonyls, halides, and various
mixed-ligand complexes of transition metals.

Mixtures of Ni(II) halides or complexes
and NaBH; in solvents such as dimethyl-
formamide (dmf) (7-3), ethanol/tetra-
hydrofuran {4), ethanol/benzene (4), dig-
Iyme (5), or cthanol (6) are effective
catalysts in a variety of hydrogenations
and, while the active species have not been
identified, it has been suggested (2) that co-
ordinated BH,~ complexes, e.g., NiCl-
(BH,) (dmf); (3), may be involved. The
related complex, RhCl: (BH,)py:(dmf) (py
= pyridine), obtained from RhClspy; and
NaBH,; in dmf (7), is also an efficient
catalyst in a variety of reactions (1, 7).
Furthermore, the BH,~ complex of Co(I1),
CoH(BH.,) (PCy;); (PCy; = tricyclohexyl-
phosphine) (8), is an active and selective

catalyst for hydrogenation and isomeriza-
tion reactions.

The only kinetic data available on
homogeneous hydrogenations catalyzed by
BH,~ complexes appear to be restricted
to the RhClL,(BHpy:(dmf) system (7),
in which evidence suggests that the
hydrogen and not the BH,~ is involved in
the reduction process. That is to say, both
the dmf and BH;~ remain coordinated to
the metal throughout the catalytic hydro-
genation. Furthermore, added py retards
the rate.

As part of our studies of the conditions
under which metal-BH, complexes can be
isolated (9), we have prepared RuH(BH,) P;
(P = triphenylphosphine) (10), which is
closely related to the known catalysts
RUCI2P3 (11) and RuHCng (12) As an
extension of this work, this paper presents
a study of the homogeneous hydrogenation
of 1-hexene in benzenc at 20°C, catalyzed
by RuH(BH)P;. The available physical
evidence suggests (10) that the BH, is
present as a monodentate ligand, at least
in the solid state, and that the arrangement
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TABLE 1

Summary of Kinetic Data for Hydrogenation of 1-Hexene in Benzene at 20°C
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[RuHBHHP;] [PPh;s] added {1-Hexene ] [H.] Initial rate
(X10* M) (X108 M) (M) (X108 M) (X105 M s71)
1.00 0.32 4.48 3.61
1.00 0.50 4.48 4.59
1.00 0.85 4.48 8.99
1.00 0.94 4.48 10.25H
1.00 1.25 4.48 12.28
1.00 1.57 4.48 14 .81
1.00 0.50 1.925 228
1.00 0.50 2.25 2.86
1.00 0.50 2.68 3.45
1.00 0.50 3.93 4.78
1.00 0.50 4.68 5.49
1.00 0.50 4.95 3.95
0.15 0.50 4.48 2.77
0.52 0.50 4.48 3.42
1.00 0.50 448 4.59
1.67 0.50 448 5.02
2.81 0.50 4.48 5.49
3.34 0.50 4.48 574
3.80 0.50 4.48 5.82
1.00 0.50 448 4.59
1.00 0.54 0.50 448 4.08
1.00 1.10 0.50 4.48 3.62
1.00 148 0.50 448 3.31
1.00 1.95 0.50 4.48 3.18

about the Ru atom is trigonal bipyramidal
with three equatorial phosphine ligands.
Related work to be reported in a separate
publication will concern catalysis by
much less stable Ni(I)- and Co(I)-BH;
complexes.

EXPERIMENTAL METHODS

The air-scnsitive complex RuH(BH)P;
was prepared in a manncer similar to that
previously deseribed (10) by continuous
stirring of a mixture of RuCl,Ps, P, and
NaBH; (in the ratio 1:3:10) in cthanol at
room temperature under nitrogen for about
3 hr. The yellow produet was colleeted by
filtration, washed in sequenee with ethanol,
water, ethanol, and ether, and finally
recrystallized from benzene and dried under
reduced pressure for 3 hr,

Solvents were dried by standard methods
described previously (13). The apparatus

used for the ecatalytic studies and the
detailed method employed for rate measure-
ments have also been described previously
for similar experiments concerning Rh(I)
complexes (13).

RESULTS AND DISCUSSION

Benzene solutions of RuH(BH,)P; cata-
lyze the homogencous hydrogenation of
1-hexene under ambient conditions at
approximately one-fourth the rate observed
using Wilkinson’s catalyst, RhCIP;, under
similar conditions. Solutions of the catalyst
in benzene are reddish brown, but change
to yellow brown upon addition of 1-hexene
when the catalyst concentration is low (less
than ~0.5.107% A). At higher concentra-
tions of catalyst, the color change is less ap-
parent. Also, the color of the RuH(BH,)P;
solution remains unchanged when it is
stirred under hydrogen in the absence of



342 HOLAH ET AL.
787 ".’U 5t
ne [
m§ g4
o5t |
X4 X 3r

L ©
[e] +
:3 2 ol
52 5
£ 1 € 4
O 1.
0 1 2 3 4 6 R

Fia. 1. Dependence of initial rate of hydrogenation
of 1-hexene in benzene at 20°C on [H.] (0.5 M
1-hexene, 1 mM Ru'),

added olefin. No uptake of hydrogen is
observed in the absence of the catalyst, and
no metal was visible in the reaction flask at
the end of cach experiment.

The reaction was followed by measuring
the drop in H. pressure, and the initial
rate of hydrogenation of 1-hexene was
obtained from the tangent to the plot of
H, uptake against time. Table 1 shows the
initial rates of hydrogenation of 1-hexene
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Fie. 2. Dependence of initial rate of hydrogenation
of 1-hexene in benzene at 20°C on [1-hexene] (4.48
mM H;, 1 mM Ruall),
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Fi1a. 3. Dependence of initial rate of hydrogenation
of 1-hexene in benzene at 20°C on [Ru''] (4.48 mM
Hj, 0.5 M 1-hexene).,

for a variety of catalyst, 1-hexene, H,, and
phosphine concentrations at 20°C. The
reaction is first order in H, (Fig. 1) and
first order in olefin at low concentrations
(<1.0 mM); at higher concentrations, a
zero-order dependence is observed (Fig. 2).
The dependence of the initial rate on cat-
alyst concentration (Fig. 3) is much more
complicated. Thus, at concentrations of
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Fic. 4. Dependence of initial rate of hydrogenation
of 1-hexene in benzene at 20°C on [PPh;] (4.48 mM
H,, 0.5 M 1-hexene, 1 mM Rull).
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catalyst higher than ~1 mM, the depend-
ence is first order, while the apparent
higher rate at low concentrations suggests a
concentration-dependent change from one
active species to another, rather than the
lack of solubility of the catalyst. Addition
of phosphine retards the reaction (Fig. 4),
and a plot of the reciprocal of the rate
against triphenylphosphine coneentration
is lincar (Fig. 5). The following hydrogen-
ation mechanism is consistent with these
data:
K

RuH (BH,)P; = RuHBH)P, + P; (1)

Ko
RuH (BHa)Pz + alkene 2
Ru (BH4) (Pz) (ﬂlk)l) N (2)

Ru(BH) P, (alkyl) + H, 5
RuH(BH,)P; + alkanc. (3)

The rate law for this mechanism would be
of the form:

rate (R)
kK o[ alkene [TH, T RuH(BH) P;]

1 4 Ks[alkene] + ([P]/Ky)

and the observed results can be satis-
factorily explained with this rate law. At
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Fi6. 5. Inverse dependence of the initial rate of
hydrogenation of 1-hexene in benzene at 20°C on
[PPhs] (4.48 mM H,, 0.5 M 1-hexene, 1 mM Ru!l),
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Fia. 6. Plot of 1/rate versus 1/[hexene] according
to Eq. (5).

low concentrations of catalyst, further
dissociation to give the more active species
RuH(BH,)P apparently takes place.

Equation (4) ecan be rearranged in the
form:

1 1+ [PVK, ([ 1 )

R kK.[Rul(BH,)P,][H,]
1

+ .
k[I{uH(BH4)P3][I{2]

alkene]]

(5)

A plot of 1/R versus 1/[alkenc] vields a
reasonably good straight line (Fig. 6), from
the intercept of which k is estimated to be
approximately 139 M-1s-1. Extensive dis-
sociation of RuH(BH)P; is evident from
the dependence of the rate on added tri-
phenylphosphine, and the plot of 1/R
versus [P] is linear as required by the
following equation derived from Fq. (4):

1 [P]

R kK:\Ks[Hy][alkene TRuH(BH )P, ]
14+ K.[alkene]

+ .
EKo[Ho [alkene JTRuUH{(BH.)P;]

(6)

Due to the limited data available, it is not
possible to estimate the exact values of K,
and K. However, from Egs. (5) and (6),
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the limiting values ecan be caleulated as
K; <104 M and K, > 0.07 M. From
the ratio of intercept to gradient of the
plot of 1/R against 1/[alkenc] (Fig. 6),
K, is approximately 0.17 M~ which would
give a value of 0.12 M for K,. The catalyst
is over 959, dissociated in solution at a
10— M concentration, and there is an
appreciable amount of alkyl complex formed
in solution,

Thus, the behavior of RuH(BH,)P; in
catalyzing the homogenecous hydrogenation
of terminal olefins is closely related to that
of the known catalysts RuHCIP; (12) and
RuH(CF;CO0)P; (14) and involves the
mechanism outlined in Egs. (1)-(3). A
detailed discussion of this type of mecha-
nism can be found elsewhere (15). The
activities of these catalysts decrease in
the order: RuHCIP; > RuH(CF,COO)P;
> RuH(BH4)P; in the approximate ratio
of 100:10:2. The radically different elec-
tronie properties of CI— and BH,~ probably
comprise the most important factor respon-
sible for this large decrease. The deficiency
in electron density in the Ru—H bond of the
monodentate Ru—H-BH; unit (10) will
causc d clectrons to flow from the metal
ion, thereby decreasing its clectron density
and rendering the catalyst much less active
toward-hydrogen activation [step (3)].
Morcover, in the dilute (1073 M) solutions
of the catalyst, equilibria such as are

U, H—BH,
p_ |

P\Ru/H —_— \Ru—'H

alkyl”” P : alkyl”” >p

possible, and the resulting 5-coordinated
species would then be unable to undergo
oxidative addition with Hs; to form the
octahedral RuH,(alkyl) (BH.)P,. Although
the BH,~ group is beliecved not to be the
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hydride source in other reactions (7),
there is no evidenee here that all the hy-
drogen used in the reduetion  process
actually comes from molecular hydrogen.
Reactions with added NaBH,; would be
very informative, but, unfortunately, these
cannot be carried out due to the insolu-
bility of NaBH, in benzene,
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