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The first det,ailed kinetic study of a hydrogenation catalyzed by a metal-coordinated BHI- 
phosphine complex is report.ed. The kinetics of the hydrogenat,ion of I-hexene in benzene at 
20°C, at atmospheric pressure and catalyzed by RuH(BH,) (PPhs)s, 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 
propertics of tctrahydroborate complcxcs, 
compared with the vast amount of in- 
formation now available on homogeneous 
hydrogenations ca.talyzcd by, for example, 
hydrides, carbonyls, halides, and various 
mixed-ligand complexes of transition metals. 

Mixtures of Ni(I1) halides or complexes 
and NaBHd in solvents such as dimcthyl- 
formamidc (dmf) (Z-S), ethanol/tetra- 
hydrofuran (4), ethanol/benzene (4), dig- 
lyme (5), or ethanol (6) are cffcctive 
catalysts in a variety of hydrogenations 
and, while the active species have not been 
idcntificd, it has been suggested (2) that co- 
ordinatcd BH,- complcxcs, e.g., NiCl- 

(BH4) (dmf)3 (3), may be involved. The 
related complex, RhCL(BHJpy,(dmf) (py 

= pyridinr), obtained from RhCLpys and 
NaBH4 in dmf (7), is also an efficient 
catalyst in a variety of reactions (1, 7). 

Furthrrmorc, the BH,- complex of Co(II), 
CoH(BHJ (PCY~)~ (PCy, = tricyclohexyl- 
phosphinc) (8), is an active and selective 

cataIyst for hydrogenation and isomcriza- 
tion reactSions. 

The only kinetic data available on 
homogeneous hydrogenations catalyzed by 
BH.i- complnxcs appear to bt: restricted 
to the RhC12(BHl)py2(dmf) system (7), 
in which cvidcncc suggests that the 
hydrogen and not the BH,- is involved in 
the reduction process. That is to say, both 
the dmf and BHd- remain coordinated to 
the metal t’hroughout the catalytic hydro- 
genation. Furthermore, added py retards 
the rate. 

As part of our studies of the conditions 
under which metal-BH4 complexes can be 
isolated (9), WC have prcparcd RuH(BH?)Pz 
(P = triphenylphosphinc) (IO), which is 
closely related to the known catalysts 
RuC12P3 (11) and RuHClP3 (12). As an 
extension of this work, this paper prcscnts 
a study of the homogeneous hydrogenation 
of 1-hexcne in benzene at ‘LO”C, catalyzed 
by RuH(BHd)Pa. The available physical 
cvidcncc suggests (10) that the BH,- is 
present as a monodcntatc ligand, at least 
in the solid state, and that the arrangement 
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TABLE 1 

Sumnary of Kinetic Data for Hydrogenation of 1-Hexcne in Benzene at 2O’C 

[IM-I(BII4)Pa] [Whs] added [I -IIexenc] CHd Iuitial rate 

(X103M) (X103 M) CM) (X103 M) (X 106 M s-1) 

1.00 

1.00 
1.00 

1 .OO 

I .oo 
1 .oo 

1 .oo 
1.00 

1.00 
1 .oo 

1.00 

I .oo 
0.16 

0.52 
1.00 

1 .(i7 
2.81 

3.34 

3.80 
I .oo 

1.00 

1.00 
1 .OO 
1 .oo 

0.32 

O.*>O 
0.X.) 

0.94 
1.25 

1 ..i7 
o.,io 

0.50 

O..iO 
o.r,o 

0.50 

0.50 
O..iO 

0.50 
0.50 

o..io 

0.50 
0.50 

050 
0.50 

0.54 0.30 
1.10 O..jO 

1.48 0.50 
1.95 0.50 

4.4x 

4.48 
4.48 
4.48 

4.48 

4.48 
1.925 

2.25 

2.G3 
3.93 

4.&t? 
4.95 

4.48 
4.48 

4.48 

4.48 
4.48 

4.48 

4.48 
4.48 

4.48 
4.48 

4.48 

4.48 

3.61 
4.59 

x.09 
10.25 

12.28 

14.81 
2.28 

2% 
3.45 

4.78 

5.49 
3.!x 

2.77 
3.42 

4..i!) 

5.02 
5.49 

5.74 
5.82 

4.:,9 

4.08 
3.82 

3.31 

3.18 

about the Ru atom is trigonal bipyramidul 
with three quatorial phosphinc ligands. 
Rclatcd work to bc rcportcd in a separate 
publication will concorn catalysis by 
much less &able xii(I)- and Co(I)-BH., 
complcxcs. 

EXPERIMENTAL RIETHOI)S 

The air-swsit iw compl(tx RuH (BH&) PZ 
was prcparcd in a manner similar to that 
previously dcscribcd (10) by continuous 
stirring of a mixture of RuC12P2, P, and 
NaBHi (in the ratio 1 :3: 10) in ethanol at 
room temperature under nitrogen for about 
3 hr. The yellow product was collcctrd by 
filtration, washed in scquoncc with ethanol, 
water , ethanol, and c>thcr, and finally 
rccrystallizcd from benzcnc and drictd under 
rcduwd prcssurc for 3 hr. 

Solvctnts \vcrc dried by standard methods 
described previously (13). That apparatus 

used for the &alytic studies and the 
d&ailcd m&hod employed for rate measure- 
ments have also been dcscribcd previously 
for similar cxprrimcnts concerning Rh(1) 
complexc5 (13). 

RESIJLTS AND I>ISCIJSSION 

Bcnzcnc: solutions of RuH(BH.~)Pa cata- 
lyzc t,ht: homogeneous hydrogenation of 
1-hcxenc undrr ambient, conditions at 
npproximatcly one-fourth the rate obscrvcd 
using Will~inson’s catalyst, RhClP3, under 
similar conditions. Solutions of the catalyst 
in bcnzenc arc reddish brown, but change 
t,o yc~llow brown upon addition of 1-hcxcnc 
when t,h(l cat,alyst conwntration is low (less 
t,han -0.5. 1O-3 AZ). At higher conccnt ra- 
t ions of cnt,alyst, the color change is less ap- 
parcint8. Also, the color of the RuH(BH.JPg 
solution remains unchanged when it is 
stirred und(lr hydrogen in t,hc ubse~m of 
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-[Hz] x IO3 M 

FIG. 1. Dependence of initial rate of hydrogenation 
of I-hexene in benzene at ZO’C on [Hp] (0.5 M 
l-hexene, 1 mM Ru”). 

added olefin. No uptake of hydrogen is 
obscrwd in the absence of the catalyst, and 
no metal was visible in tht: react,ion flask at 
the end of each experiment. 

The reaction was followed by measuring 
the drop in HZ pressure, and the initial 
rata of hydrogenation of I-hexenc was 
obtained from the tangent t,o the plot of 
Hz uptake against time. Table 1 shows the 
initial rates of hydrogenation of I-hcxene 

FIG. 2. Dependence of initial rate of hydrogenation 
of I-hexene in benzene at 20°C on [l-hexene] (4.48 
mM II,, 1 mM RS). 

[Rdll)] x 103M 

Fro. 3. Dependence of init,ial rate of hydrogenation 
of 1-hexene in benzene at 20% on [RS] (4.48 mM 
Hz, 0.5 M I-hexene). 

for a variety of catalyst, l-hcxene, Hz, and 
phosphine concentrations at 20°C. The 
reaction is first order in Hz (Fig. 1) and 
first order in olcfin at low concentrations 
(<l.O mdl) ; at higher conccntrat’ions, 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 

FIG. 4. Dependence of initial rate of hydrogenation 
of I-hexene in benzene at 20°C on [PPhs] (4.48 mM 
HZ, 0.5 M 1-hexene, 1 mM RS). 
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catalyst, highrr than -1 m:ll, t,hc drpctd- 

cux is first order, \vhilc the al~psretit ;c 
higher rate at low cotwntrations suggests a 

ul 
7 

concentration-dcp.‘cndrnt change frotn otlc 

active spocics t#o attothcr, rat,hcr than the 
lack of solubi1it.y of the catalyst. hddit,iott ‘;1* 
of phosphine retards the reaction (Fig. 4), T 
and a plot, of t,he rcciptwal of the rat’c 3 

against t,riph(‘tt~lph’)sphino cotwntratiott 2 
1 

is litwar (Fig. 5). Tltth following hydrogw- r;, 
r 

ation mc~chanism is consistt~rtt \vit,h t8hw: 
data : 

RuH(BHa)Pa g RuH(BHJ)Ps + I’; (1) 
’ [I iexen$ M’ 3 

RuH(BHJP2 + alkene g 

Ru VW (Pd bW) ; (2) 
FIG. 6. Plot, of 1 /rate versus 1 /[hexene] according 

to Eq. (;,). 

Ru(BHJP2(alkyl) + H, -% 

?dllH(BH4)P2 + dkCLllf?. (3) 

low conccntjrations of cat,alyst, furt,hctr 
d’ : . t’ t tssocta jlotl o give the more active spccics 

The rate law for this mc~chattism \\ould ho RuH(BH.JP apparrntly takes plaw. 

of the form: Equatjion (4) can be rcwrangcld in t,hc 

rate (R) 
form : 

kK~[alkene][H~][RuH(BHI)PP] 
= ---- 

1 + KJalketie] + ([P]/Kl) 

and the observed results can 1,~ sat,is- 
fact,orily explained with t#his rate la\v. At 

+ --~____ 
k[RuH(BH,)P,][E-r,] ’ 

(-v 

A plot of l/R versus l/[allwtw] J.iclds a 
wasonably good straight, lint (Fig. c,), from 
-the intercept’ of which k is cstitnat,cd to be 
approximately 139 A-k’. ExttwGvo dis- 
sociat~ion of RuH(BH4)Ps is cvidcttt from 
t,hc dcpcndencc of the rate on addt>d tri- 
phrnylphosphirtc, and tho plot, of l/R 
wrsus [I’] is linear as rcaquiwd by the 
following equation derived from Eq. (4) : 

1 CC -- = ____- 
R kKtK~[H~][alkene][RuH(BH,,)P3] 

1 + KJalkene] 
f- ___ 

kKz[Hz][alkette][RuH(I~H~)~‘~] ’ 
03 

FIG. 3. Inverse dependence of the init,ial rate of Duo to the limited data available, it is not 

hydrogenation of 1-hexene in benzene at 20°C on possible t,o cstimatc t#hc exact values of k’, 
[PPh3] (4.48 mM Hs, O..i M I-hcxene, 1 mM I(u’l). and I<,. However, from Eqs. (5) and (G), 
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the limiting values can be calculated as 
K1 < 10.4 Al and K, > 0.07 ilf-1. From 
the ratio of intercept to gradient of the 
plot of l/R against l/[alkcnc] (Fig. 6), 
Kz is approximately 0.17 A{-‘, which would 
give a value of 0.12 M for K,. The catalyst 
is over 95y0 dissociated in solution at a 
1OW M concentration, and there is an 
apprcciablc amount of alkyl complex formed 
in solution. 

hydride sourw in otjlwr rcw%ions (r), 
thcrc is no widww h(~rc* that, all the hy- 
drogen used in the, wduction process 
actually comw fUJn1 mol(%uhtr hydrogen 
Reactions with add(ld NaBHI would bo 
wry informative, but, unfort,unatc~ly, thcso 
cannot bc carried out due t,o th(> insolu- 
bility of NaBHa in benzcnc. 
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