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Kinetics and Mechanism of the Reaction of the Tetranuclear Clusters H4Ru4(CO),,

and D,Ru,(CO),, with Carbon Monoxide
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The title reaction at CO pressures up to 1 atm.
gives rise quantitatively to Rus(CO),, and Ru{CO)s.
A kinetic study shows complicated dependence of the
rate of the reaction on the concentration of the
complex, of CO and of H,. The isotopic effect, when
the reactivity of the hydride and of the deuteride
complexes are compared, suggests the contemporary
breaking or weakening of Ru—Ru and Ru—H bonds
as the rate-determining step. The proposed reaction
mechanism points out the importance of a ‘butterfly-
shaped’ Ruy intermediate, as a probable active form
in many catalytic reactions involving tetranuclear
ruthenium carbonyls.

Introduction

Recently interest has been concentrated on the
chemistry of the metal carbonyl clusters [1]. The
greatest part of the efforts has been addressed to the
synthesis and the structural analysis [2], and to the
fluxional behaviour of the CO ligands by means of
13C nmr spectroscopy [3]. Even if other fields are
the subject of growing interest, (e.g. the vibrational
properties, concerning in particular the metal core,
have received increased attention by the present large
availability of the Laser-Raman spectrophotometers
[4]), there is a lack of kinetic and mechanistic studies
on the basic reactions of these compounds. Work is
needed to correlate the homogeneous and the hetero-
geneous catalysis and to propose the metal clusters as
simple models of the metal surfaces in the chemisorp-
tion and in the catalytic processes [5]. Furthermore,
the ability of a metal cluster to coordinate ligands on
multicenter sites and to transmit the electronic effect
across the metal—metal bond to the active catalytic
centre have suggested the use of these compounds as
catalysts in many important processes [6] .

Ford [7] extensively studied the catalytic proper-
ties of the Rus and Ru, hydrido carbonyl anions on
the water gas shift reaction. He suggested several
catalytic cycles, involving interconversion between
the trinuclear and tetranuclear species, accompanied
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by CO coordination and H, elimination [8] . Further-
more Kaesz {9], taking into account the easy conver-
sion of Rus(CO)y; to HyRuy(CO)y; and vice versa
according to the reaction (1)

H,
Ru3(CO),, C—(—O) H4Ru,(CO)y, 1)

suggested the possibility to engage these species in a
catalytic cycle for the dehydrogenation of the hydro-
carbons [10] :

H2\__/CO

Ru3(CO);2 H4Ruy(CO)y,

Colonyr CoHap

Since the knowledge of a potential catalytic cycle
is greatly improved by a more complete mechanistic
understanding of the single steps, the kinetic study of
the reaction of HyRu4(CO),, with CO appears in this
light very useful, as it implies, according to (1),
declustering of a metal carbonyl hydride accom-
panied by H, elimination, both processes having been
proposed as key steps in catalytic cycles involving Ru
carbonyl clusters [8].

Experimental

Compounds and Solvents

All the manipulations were carried out under inert
atmosphere, especial care being taken to exclude
oxygen when preparing solutions for kinetic measure-
ments. Rus(CO),; was obtained by the well-known
procedure from the commercial ruthenium trichloride
and CO at atmospheric pressure [11]. H4Ru4(CO)yy
and D4Ru,4(CO),, were prepared by reacting a
toluene solution of Ru;(CO),, with H, or D, at
atmospheric pressure respectively [9]. The reaction
was carried out in a sealed glass vial and was com-
pleted after 24 hours at 70 °C. The solvents were
dried on molecular sieves and distilled under nitrogen
prior to use.
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Kinetic Measurements

The procedure for the rate determination has been
fully described previously [12] . Basically the method
consists of preparation for each kinetic measurement
of a series of sealed glass vials, containing a measured
volume of the complex solution saturated by CO or
by 1:1 mixture of CO and H, at known pressure. The
vials were kept in a thermostatted (+0.2 °C) bath
during predetermined time intervals. The solution was
then analyzed by means of ir. spectrophotometry
(see later).

The concentration of the dissolved CO at the reac-
tion temperature, calculated on the basis of its solubi-
lity [13}, has been considered to remain constant
during the course of the reaction: the dissolved CO
which has reacted can be easily supplied by the
gaseous CO.

The large ratio (5—10) between the volume of the
gas phase and the volume of the solution in each vial
allowed the total amount of CO to be at least 50
times greater than that of HyRu4(CO);;.

LR. Analysis of the Reaction Solution

The infrared spectra were recorded by a 580 B
Perkin-Elmer i.r. spectrophotometer with a Data
Station. The PE 580 Software, provided by Perkin-
Elmer, solves the ir. spectrum of the solution into
separate components whose spectra were previously
recorded on floppy disks. A typical analysis is given
in Fig. 1.
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Treatment of Data

The reaction rate was measured by following the
progressive disappearance of the spectrum of the
starting complex and by measuring the absorbance
of the strong band at 2081 cm™* (H4Ru4(CO);,) or
at 2080 cm™! (D4Ruy(CO)y,). The linearity of the
plots of InA; vs. time for 2—3 half lives indicates the
absence of any induction period, and the first order
of the rate with respect to the concentration of the
starting complex. The slope of the best straight line,
obtained by means of the least-squares treatment,
gives the value of the observed pseudo-first-order rate
constant kg, (Table I). The error, calculated as
standard deviation, was less than 10%. Similar results
were obtained by observing the increasing absorbance
of the Ru3(CO),, spectrum and by plotting In(A_ —
A,) vs. time, where A_ is the limiting value of the
absorbance after several half-lives.

Results and Discussion

The i.r. analysis of the reaction solutions (Fig. 1)
shows that the stoichiometry for the reaction of
H4Ru4(CO)y, with CO, as illustrated by eq. (1), is
clearly false as the deconvolution of the spectrum
indicates the presence of an unreported compound,
characterized by the strong absorptions at 2036 and
2000 cm™! which are absent at the beginning of the
reaction and which increase together with those of

Fig. 1. Test ix. spectrum of the reaction solution and its components:

..... Ru(CO)s.

solution; — - — + HqRu4(CO)q3; - - - - Ruz(CO)yy;
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TABLE 1. Values of the Observed Rate Constant of the Reac-
tion of H4RU4(CO)12 and D4RU4(C0)12 with CO in n-

Heptane.

Complex t°C [CO1-103 Kobg 10% sec™!

H4Ru4(CO)p, 60.0 0.40 0.18
0.58 0.21

0.78 0.31

1.1 0.32

1.5 0.35

24 0.42

4.3 0.43

5.2 0.44

6.0 0.47

70.0 0.30 0.58
0.56 0.98

0.60 0.97

0.78 1.14

0.83 1.08

1.02 0.22

1.1 1.29

1.4P 0.50

1.4 1.70

1.7¢ 0.78

2.0 1.65

2.14 1.03

3.0 1.91

3.6 2.00

4.3 2.08

80.0 0.23 1.47
0.35 1.95

0.39 2.62

0.60 3.0

0.79 4.5

0.95 4.4

1.5 4.6

1.9 5.6

2.2 54

0.89 0.21

1.1 0.24

1.5 0.28

2.4 0.37

3.3 0.36

4.2 0.41

5.1 0.39

6.0 0.41

70.0 0.29 0.36
0.30 0.39

0.35 0.39

0.42 0.51

0.57 0.54

0.80 0.71

1.0 1.0

1.3 1.12

2.0 1.35

3.0 1.28

4.0 1.39

80.0 0.29 2.0
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0.43 2.7
0.61 33
0.88 3.7
1.2 4.1
1.5 3.9
2.0 5.0
2.2 4.8
2[H,] = 1.5 x 1073, bIH,] =19 x 1073, ¢[H,] =

2.4x103.  9[H,] =3.0x 1073,

Ru3(C0O);, when HyRu,(CO),, disappears. The most
obvious candidate is Ru(CQO)s, for which frequencies
of 2035 and 1999 cm™! have been reported [14]. The
correct stoichiometry may be represented by eq. 2:

HaRu,(CO),, + 5CO0 =—= Ru;3(CO),, + Ru(CO);s +
+2H, ()

Taking into account the volatility of Ru(CO)s and
the ease with which it transforms into Ru;(CO),, at
low CO pressure, e.g. by the effect of light [14], it
can be easily understood why Ru(CO)s was not
detected when HqRu,(CO),, reacted at high tempera-
tures in a stream of CO [10]. Nevertheless, when the
reaction occurs in a closed vessel at medium (0.5-1
atm) CO pressure and in absence of light, it is better
described by eq. (2), to which our kinetic results
must be referred.

The observed rate constant kg, shows a clear
dependence on the CO concentration, increasing
linearly with [CO] at low [CO] values and reaching
a limiting value when the [CO] is quite high. This
behaviour, pointed out in Fig. 2 in which plots of
Kobs ¥8. [CO] are reported, is simply expressed by the
following equation:

L - a[CO] 3)
°% " 1 +b[CO]
(o) ©
3
mo 3
':W N o Bl
0- 1 2 3 4 5 6

[co] 10®

Fig. 2. kops ¥5- [CO] for the reaction of H4Rug(CO)yp with
CO in n-heptane; open circles 80.0°, closed circles 70.0°,
squares 60.0 °C.
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Fig. 3. 1/kopg vs. 1/[CO] for the reaction of H4Ru4(CO)q,
with CO in n-heptane; for the symbols, see Fig. 2.

According to (3), plots of 1/kgpe vs. 1/[CO] should
be linear, 1/a and b/a being the slope and the inter-
cept, respectively. Fig. 3 illustrates this behaviour, so
supporting the validity of eq. (3).

The simplest kinetic mechanism which fits the
experimental data, is given by:

k
HaRu,(CO)s —f——» [HaRug(CO),,1*
1

k
[HaRua(CO),,] * + CO —— products @)

i.e. the starting complex H4Ru,(CO),, gives rise to
an active intermediate, by means of a slow, rate-
determining step (k;). [H4Ru4(CO),5]* can go back
to HaRu,s(CO);; (k) or can react rapidly with
carbon monoxide (k;) forming products, by means,
of course, of several fast steps. If the velocity of the
intermediate to react further is greater than that to
give the starting complex, its concentration rapidly
achieves a small but constant value and the steady-
state approximation can be applied.

The rate of the reaction is expressed by eq. (5)
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1ate = K ops [HaRu4(CO)1,] =
kik,

[HsRu4(CO)y, ] [CO]

1

1+k2 CO v
:[ ]

1

formally identical to the eq. (3), when a =k k,/k,
and b= k2/k—l .

The best value of the slope and the intercept of
the straight line 1/kgpe vs. 1/CO (Fig. 3), allow us to
calculate the values of k; and k,/k,, which are
reported in Table II. The first order rate determining
step (k,) is consistent with the activation of the
starting complex via an internal dissociation. The
form of the rate equation (5) and the dependence of
keps On the CO concentration indicates that a
dissociation of a CO group cannot play an important
role on this reaction step. More probably it implies
the dissociation of a Ru—Ru bond andfor a Ru—H
bond, as illustrated in the following scheme, in which
dotted lines indicate the possiblity that the bonds are
weakened but not completely broken:

/Ru\ /Ru

H H K, H H
AN Y
Ru Ru ———Ru

Scheme 1

To evaluate the role of the Ru—H bond, the reaction
of the deuterium labelled compound D4Ru,4(CO),,
with CO was studied. Stoichiometry was the same
and the kinetic expression was formally identical to
that previously reported for HyRu4(CO)y, (egs. (2)
and (5)) (Figs. 4 and 5). Tables I and 1l also collect
the values of the specific rate constants. Even if it is
usually difficult to anticipate the kinetic isotope
effect in a complex molecule, it can be expected,
when the reaction involves Ru—H or Ru-—-D bond,
that the light molecule reacts faster than the heavy
molecule. This effect should be greater when the

TABLE 11. Values of the Specific Rate Constants and of the Activation Parameters of the Reaction of H4Ru4(CO) 3 and D4Ru,-

(CO)15 with CO in n-Heptane.

Complex t°C k1-105 sec! k_1/ky 103 M AH; kJ mol™! AS;eu.
H4Ru4(CO) 60.0 0.54 £0.04 0.77£0.17
70.0 26%0.2 1.02 £0.03 136 £12 155
80.0 93%+1.8 1.19£0.27
D4Ru4(CO)1, 60.0 0.50 % 0.02 12402
70.0 20%03 1.3x0.1 119£12 2%5
80.0 6004 0.56 £0.09
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[co] 10°

Fig. 4. kopg vs. [CO] for the reaction of D4Rug(CO); with
CO in n-heptane; closed squares 80.0°, open circles 70.0°,
closed circles 60.0 °C.

Kop:~! 10 sec

o 1 2 3 4

[col-' 10

Fig. 5. 1/kopg vs. 1/[CO] for the reaction of D4Ruy(CO)q;
with CO in n-heptane; for the symbols, see Fig. 4.

Ru—H or Ru—D bonds are completely broken in the
activated state, whereas it is smaller in the case in
which these bonds are weakened [15] . However, it is
difficult to predict its magnitude because the geometry
of the activated state might be such that the
maximum isotope effect could be small. The ratio
ki (H)/k,(D) is ca. 1.1 at 60°, 1.3 at 70°, 1.6 at 80°.
The isotopic effect is evident but not strong, and has
different weights at different temperatures. It can
thus be suggested that in the rate controlling step the
Ru—H bond could be broken or considerably
weakened, provided that breaking or weakening of
the Ru—Ru bond too takes place. The average Ru—
Ru bond energy in HiRuys(CO);, can be easily
calculated by the Wade method [16] as ca. 65 KJ/
mol, taking into account the bond energy in the
metal and the bond distance in the cluster [17]. The
energy values of M—H bridged bond are not available,
but they can hardly exceed 80—100 KJ/mol. So the
values of the activation enthalpy are close to the sum
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of the presumable energies of the Ru—Ru and Ru—H
bonds and can be reasonably related to a process in
which  simultaneous  breaking or substantial
weakening of both Ru—Ru and Ru—H bonds occurs.
Nevertheless, this surprising agreement should not be
emphasized, considering the uncertainty of the
estimate of the bond energies on clusters. The k;(H)/
k,(D) values indicate that the Ru—H breaking contri-
bution increases by increasing the temperature,
whereas at low temperature the Ru—Ru bond
breaking predominates. The low values of the activa-
tion entropy agree with the proposed mechanism,
which does not imply a significant increase of the
degrees of freedom,

In summary, all the kinetic data are consistent
with a rate determining process implying the opening
of the Ru, closed structure to a butterfly structure,
in, which a Ru atom has vacant coordination sites,
easily available to the subsequent coordination of the
carbon monoxide.

The effect of the free hydrogen gas on the reaction
rate was determined by measuring the kg, values of
reactions in which free H, was initially introduced.
Apart from the expected effect at the infinite time
(the reactions do not go to completion, but reach
equilibrium conditions in which different amounts of
H;Ru,4(CO),,, Ru3(CO),, and Ru(CO)s are present),
the presence of free H, at the beginning of the reac-
tion causes a significant decrease (50—70%) of the
specific rate (see Table I). The retarding effect of H,
is not shown by eq. (5), indicating that mechanism
(4) is oversimplified and that the steps following the
rate determining one can be better detailed.

In particular, a more complete scheme can be
proposed in which, after the CO coordination (step
2), a reclosure of the butterfly structure III can
occur, accompanied by H, elimination (step 3):

i it

Ru— Ru
MY \\ H7 H
ky
R/UZ, — ST I RL

N A

{-CO) ky sztfco)

co
] e
R u
Wy | H/ H
// \RU k,(-(Hz)) | R/
— k_- f+H Ru u
Ru— 3t /
S S
~—™Ru
v \('C(O) "
Scheme 2 products
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The steady-state approximation applied to all the
reaction intermediates allows to calculate the rate
equation 6:

i Kikaksks [CO]?
Ka[COT {koalia +3) +Kaks[CO} + (6)

k obs

+ ko k_k_3[H,]

This equation takes into account the retarding effect
of the free hydrogen and it is easily reduced to eq.
(5), provided that k3 >>k , and [H,] =~ 0. The first
condition is very likely, in that the reclosure of the
unstable butterfly structure is more facile than is the
loss of CO to maintain the same structure. The other
condition is verified when hydrogen is only produced
during the course of the reaction, so its concentration
is clearly negligible.

The intermediate IV in Scheme 2 has the same
formula as the well known compound H,Ru,(CO),3,
whose structure is strictly related to that of HyRu,-
(CO),, [18], so the complex itself (or an excited
form), can be considered the intermediate. The reac-
tivitiy of H,Ru,(CO);3 agrees with this suggestion,
because the complex is known to react with Hj to
give rapidly and quantitatively HyRu4(C0O),, [9], and
with CO by an Sy2 mechanism to give Ruz(CO);,
and Ru(CQO)s, much more rapidly than does
H,Ruy(CO)y, [19].

Catalytic cycles analogous to the previous scheme
have been proposed for the homogeneous catalysis of
the water gas shift reaction, promoted by Ru, and
Ru; hydride carbonyl anionic species [8]. The reac-
tion conditions are obviously different and involve
cluster anions in many stages, so a comparison can be
made with great care; nevertheless steps implying the
opening and reclosure of Ru, tetrahedron to a butter-
fly structure, the CO trapping and the H, elimination
from this structure seem to be fundamental paths in
the reaction of ruthenium hydride clusters.

Finally, H4Ru,4(CO),, is reported as catalyst of the
isomerization of alkenes [20] and of the hydrogena-
tion of alkynes [21], under experimental conditions
very close to those described here. In both cases the
addition of CO has a retarding effect on the rate of
catalysis, which suggested that the Ru-CO bond
dissociation was the rate-determining step. Scheme 2
can easily account for this behaviour, provided that
the butterfly intermediate HyRu4(CO);, is the active
catalytic form, to which the organic substrates coor-
dinate in competition with free CO. In the same way
the retarding effect of the H, concentration on the
alkene isomerization rate [20] can be explained.

R. Rossetti and P. L. Stanghellini

Acknowledgement

This work was supported by the C.N.R. Progetto
Finalizzato Chimica Fine e Secondaria, contract n.
81.00727.95.

References

1 E.g. ‘Transition Metal Clusters’, B. F. G. Johnson Ed.,
Wiley, N.Y., 1980.

2 P. Chini, G. Longoni and V. G. Albano, Adv. Organo-
metall. Chem., 14 (1976) 285. P. Chini and B. T. Heaton,
Top. Curr. Chem., 71 (1977) 1. H. Vahrenkamp, Struct.
Bonding, 32 (1977) 1.

3 S. Aime and L. Milone, Progr. NMR Spectr., 11 (1977)
183. E. Band and E. L. Muetterties, Chem. Rev., 78
(1978) 638. F. A. Cotton and B. E. Hanson in ‘Rear-
rangements in Ground and Excited States’, Academic
Press, N.Y., 1980, vol. 2, p. 379-421.

4 S. F. A. Kettle and P. L. Stanghellini, /norg. Chem., 18
(1979) 2749. 1. A. Oxton, Inorg. Chem., 19 (1980) 2825.
D. F. Shriver and C. B. Cooper lIl, Adv. Infr. Raman
Spectr., 6 (1980) 127.

5 R. Ugo, Catal. Rev. Sci. Eng., 11 (1975) 225. E. L.
Muetterties, T. N. Rhodin, E. Band, C. F. Brucker and
W. R. Pretzer, Chem. Rev., 79 (1979) 91.

6 R. Whyman, ‘Metal Clusters in Catalysis’, in Ref. 1, p.
547-606.

7 P.C. Ford, Acc. Chem. Res., 14 (1981) 31.

8 C. Ungermann, V. Landis, S. A. Moya, H. Cohen, H.
Walker, R. G. Pearson, R. G. Prinker and P. C. Ford, J.
Amer. Chem. Soc., 101 (1979) 5922.

9 H. D. Kaesz, S. A. R. Knox, J. W. Koepke and R. B.
Saillant, J. Chem. Soc. Chem. Commun., (1971) 4717.
F. Piacenti, M. Bianchi, P. Frediani and E. Benedetti,
Inorg. Chem., 10 (1971) 2759. S. A. R. Knox, J. W.
Koepke, M. A. Andrews and H. D. Kaesz, J. Amer. Chem.
Soc., 97 (1975) 3942.

10 H. D. Kaesz, Chem. Ber., 9 (1973) 344.

11 A. Mantovani and S. Cenini, Inorg. Synth., 16 (1976) 47.

12 R. Rossetti, G. Gervasio and P. L. Stanghellini, J. Chem.
Soc. Dalton, (1978) 222.

13 W. F. Linke and A. Seidell, ‘Solubilities of Inorganic and
Metal-organic Compounds’, vol. I, Van Norstrand Ed.,
Princeton, 1958.

14 F. Calderazzo and F. L’Eplattenier, Inorg. Chem., 6
(1967) 1220.

15 K. J. Laidler, ‘Reaction Kinetics’, vol. I, Pergamon Press,
1963.

16 C. E. Housecroft, K. Wade and B. C. Smith, J. Chem. Soc.
Chem. Commun., (1978) 765.

17 R. D. Wilson, S. M. Wu, R. A. Love and R. Bau, /norg.
Chem., 17 (1978) 1271.

18 D. B. W. Yawney and R. J. Doedens, Inorg. Chem., 11
(1972) 838.

19 J. R. Fox, W. L. Gladfelter and G. L. Geoffroy, /norg.
Chem., 19 (1980) 2574.

20 M. Valle, D. Osella and G. A. Vaglio, Inorg. Chim. Acta,
20 (1976) 213.

21 P. Michelin Lausarot, G. A. Vaglio and M. Valle, Inorg.
Chim. Acta, 25 (1977) L107.



