Inorganica Chimca Acta, 38 (1980) 121-125
© Elsevier Sequoia S.A., Lausanne — Printed in Switzerland

121

Kinetics of Substitution and Oxidative Elimination Reactions of Pentacarbonyl-

ruthenium(0)

ROKEYA HUQ, ANTHONY I. POE* and SUDHIR CHAWLA

Department of Chemistry, and Erindale College, University of Toronto, Mississauga, Ont. L5L 1C6, Canada

Received May 8, 1979

The substitution reactions of pentacarbonyl-
ruthenium(0) with a number of phosphorus donor
ligands have been shown to proceed by a simple car-
bon monoxide dissociative mechanism in cyclo-
hexane at 30-50 °C. AH* = 27.62 + 0.40 keal mol™!
and AS* = 15.2 + 1.3 cal K™* mol™ . The Ru(CO),
intermediate generated by CO dissociation is stable
towards reaction with oxygen in the presence of
triphenylphosphine but trimerises to form Rus-
(CO)y, in decalin at 125 °C under an atmosphere of
5% CO in a CO-N, mixture. Unlike Fe(CO),, reac-
tion of Ru{CO), with PPhy does not lead to any
direct formation of a bis phosphine product.

The reaction of iodine with Ru{CO)s in cyclo-
hexane to form cis-Ru{CO),I, was studied in a
stopped-flow apparatus and shown to proceed via
essentially the same mechanism as the corresponding
reaction of Fe(CO)s but at rates ca. 10° times faster.
Reaction of I, with tricarbonylbis(triphenylphos-
phinejruthenium(0) is not appreciably faster than
that with RufCO)s. Ru{CO)s was prepared quantita-
tively in situ by photochemically induced reaction of
dodecacarbonyltriruthenium with CO.

Introduction

The comparative chemistry of the binary car-
bonyls M(CO), (M = Cr, Mo, and W) and their deriva-
tives is well known and includes extensive kinetic
studies of their substitution and oxidative elimina-
tion reactions [1-3]. The same cannot be said of the
binary carbonyls M(CO); (M = Fe, Ru, and Os).
The substitution reactions of Fe(CO)s are so slow,
and the complex is so volatile, that a study of its
substitution reactions would be difficult at the
elevated temperatures required [4]. Acceleration of
its substitution reactions is possible by protonation
[5] and, more conventionally, by irradiation [6] but
no studies of its unassisted substitution reactions
appear to have been made. A kinetic study of an
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oxidative elimination reaction (with I} has been
reported [7]. No studies of kinetics of reactions of
Ru(CO)s or Os(CO)s have been described, partly,
perhaps, because the impression has been given that
Ru(CO)s and Os(CO)s are unstable towards forma-
tion of their trinuclear analogues [8]. In fact
Ru(CO); is readily preparable, in situ at least [9],
and we report here a study of examples of its substi-
tution and oxidative elimination reactions.

Experimental and Results

Ru(CO)s was prepared photochemically in situ
in cyclohexane. Thoroughly degassed solutions of
Ru;3(CO)y, (Strem Chemicals, Inc.) were irradiated
under an atmosphere of CO in bright sunlight or with
a high-pressure u.v. lamp. Reaction was continued for
30 min or more until all the infrared bands of the
Ru;(CO),, (20655, 2035s, and 2012 m cm™') were
replaced by those due to Ru(CO)s (2037s and 1998vs
cm™). No other infrared bands were observed and
there was no evidence of decomposition so the yields
were concluded to be virtually quantitative and the
concentrations of Ru(CO)s calculated accordingly.
This was not the case in solvents such as acetone,
chloroform or dimethyl sulphoxide where reaction,
if it occurred, led mainly to decomposition.

Solutions for the study of substitution reactions
were thoroughly degassed by several freeze—pump—
thaw cycles before addition of solutions of the appro-
priate phosphorus donor ligand. The ligands were
received and used as described previously [10].
The substitution reactions were carried out in
Schlenk tubes sealed with rubber septum caps
through which stainless steel needles were inserted to
provide a means of taking samples and maintaining
the atmosphere of gas above the reacting solutions.
Reactions were carried out under atmospheres of
pure CO (CP grade, 99.5%; Union Carbide of Canada,
Ltd.) or under a mixture of CO and N; (5% CO;
Matheson of Canada). Reactions were followed by
monitoring the infrared band at 2037 cm ! due to
the Ru(CO)s. Bands due to the monosubstituted
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TABLE 1. Rate Constants for Reaction: Ru(CO); + L —
Ru(CO)}L in Cyclohexane under 1 atm CO. [Ru(CO)s}, =
g§x 107¢ M. ,

T,°C 102 [PPhs}, M 10* Kopsa, s
304 6.00 1.64,1.65%,1.61
35.0 6.00 3.36, 3.41, 3.48%
40.6 0.969 6.47
0.792 5.81
1.00 6.15
1.01 6.31
1.23 6.63
142 7.05
1.52 7.16
1.92 7.69
3.20 8.17
6.00 8.54
138 7.80°
100 8.33
148 8.17%
248 8.27%
3.20 8.17%
3.72 8.11%
44.8 6.00 13.7%,12.912.9
50.4 6.00 30.3%,30.2
40.6 2.26° 8.13
9.04¢ 8.22
11.3¢ 8.34
6.229 8.16
51.39 8.24

AHY = 27.62 + 0.40 keal mol *; AST = 1.52 + 1.3 cal K™
mol ;5 6(kgpsa) = 5.3 %.

2Under 5% CO in CO-N; mixture.  Under 1 atm Oj.

°L =P(OMe);. 9L =PBul.

products were seen to grow, e.g., 2061s, 1986 m, and
1954 vs cm™ for Ru(CO)4(PPhs). Only very weak
bands due to disubstituted products were observed
by the time all the Ru(CO)s had just disappeared.
Plots of log A vs. t were linear for up to 3 half-lives.
Kinetic data for these reactions are given in Table I.

Reaction with PPh; under an atmosphere of O,
proceeded to form Ru(CO)4(PPh;) in 100% yield and
at a rate unaffected by the O,. No loss of Ru(CO)s
was detectable at 41 °C, under an atmosphere of CO
and in the absence of any phosphorus donor ligand,
over a period comparable to the duration of the
substitution reactions. No evidence for decomposi-
tion or reaction to form other ruthenium carbonyl
species was observed under an atmosphere of CO at
more elevated temperatures. However, under an
atmosphere of 5% CO in a CO—N, mixture, reaction
to form Ru3(CO),, was almost quantitative after
ca. 2h at 125 °C in a sealed tube.

Reaction of Ru(CO)4(PPh;) in decalin under an
atmosphere of CO was slow even at 170 °C and the
products were not clearly defined.
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Activation parameters were obtained by a least
squares analysis, all values of k., being assumed
to have the same intrinsic uncertainty measured by
the standard deviation o(kgpe). All uncertainties
quoted are estimates of standard deviations corrected
for the number of degrees of freedom so that 95%
confidence limits can be obtained by doubling them.

Reactions of Ru(CO)s with iodine were followed
in a ‘Canterbury’ stopped-flow spectrophotometer
[11] Solutions of I, (Baker Analysed Reagent)
were made up by weighing. No particular care was
taken to exclude O, from the reactant solutions.

The product of the reaction showed infrared bands
at 2151m, 2100vs, 2089s, and 2066s cm ' which
characterised it as cis-Ru(CO),4I, [8]. In all cases the
absorbance of the solutions at 350 nm increased to
a final constant value characteristic of the Ru(CO),-
I, product. This increase was, however, preceded by
a finite induction period during which almost no
change in absorbance occurred. The overall increase
in absorbance was always <ca. 0.2 absorbance units
so that simple plots of log(T, — T.) against t were
linear and equivalent, as far as their gradients were
concerned, to plots of log(A. — A¢) [11]. Good
plots, linear for up to ca. 2 halflives, were obtained
from the data obtained after the induction period.
The occurrence of an induction period was important
in a practical sense. Although the second stage of the
reaction showed half-lives down to ca. 2 ms the
solutions were thoroughly mixed by the time
measurements of the second stage began. In order to
check the effect, if any, of the spectrophotometer
light reactions were carried out with a series of mono-
chromator slit widths from 0.5 to 5.0 mm. Some
reactions were carried out in the presence of ‘Galvin-
oxyl’. The rate constants obtained are reported in
Table II. The induction periods were roughly
constant at <20 ms irrespective of slit-width.

Reactions of Ru(CO)s with Br, were complicated
by overlap of the uv-vis spectra of reactants and
products and the absorbance changes were so small
as to make kinetic measurements unpromising. Reac-
tions of Ru(CO);(PPh;), with I, and Br, were also
studied briefly. Ru(CO);(PPh;), was prepared by
heating a saturated solution Ru;(CO),, in decalin
with a large excess of PPh; under 5%CO (in a CO-N,
mixture) at 160 °C overnight. On reduction of the
volume under reduced pressure and addition of a
small amount of MeOH the product precipitated. It
was recrystallised from THF—pentane. Reaction with
I, in cyclohexane was followed at 300 nm and
proceeded in a similar way to that of Ru(CO)s.
There was an initial stage, lasting ca. 5 ms, during
which little absorbance change occurred and this was
followed by a further reaction, involving an increase
in absorbance, with kqps = ca. 100 s ([I;]= 2.2
X 10™* M). Reaction in the presence of Tenox, a
commercial radical inhibitor, followed essentially
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TABLE I1. Observed Pseudo-First-Order Rate Constahts for
Reaction of I with Ru(CO)s at 25.3 °C in Cyclohexane.
[Ru(CO)s]p =5 X 1075 M.

10° (1], M 1072 Kopga, S
0.5% 1.0% 3.0% 5.0%
0.52 1.80
5.12 221
5.15 2.23 2.28 2.11
5.97 2.20 2.42 2.39
6.03 2.39°
6.97 2.61
7.00 2.30 3.22 3.03
8.40 2.64
8.44 3.15 3.34 3.67
8.52 3,74
10.0 3.06
10.1 2.87 3.31 4.13
119 2.88 3.72 4.05 4.73
12.1 4.44P
13.9 4.01
14.0 3.75 4.28
14.1 4.59®
15.0 3.73 4.56 4.95 5.23

#Monochromator slit width in mm. bReaction in the pre-
sence of galvinoxyl, [galvinoxyl] = [complex].

the same path. The solubility of the product in cyclo-
hexane was not sufficient to obtain an infrared spec-
trum but a good spectrum was obtained immediately
after reaction of more concentrated solutions in CH,-
Cl, (vco = 2080vs, 2060s, and 1995m).

Discussion

The Substitution Reactions

These reactions show all the characteristics of a
simple CO-dissociative mechanism of the type shown
in equations 1 and 2. The reaction proceeds at the
same limiting rate irrespective of the nature of the

k—
Ru(CO)s =—=== CO + Ru(CO), (1)
kico

K
Ru(CO)s + PPhy; P23 Ru(CO)s(PPhs)  (2)
substituting ligand and the concentration of CO. An
excellent linear plot of 1/kyy against 1/[PPh,]

is obtained from the data under an atmosphere of
CO at 40.6 °C as expected from rate equation (3).

Kobs = (K—cok+pen, [PPhs] /k4co [COT)/

(1 +kyppn, [PPh3] fk4co[CO]) (3)
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A weighted least squares analysis leads to o(kope) =
4.6% and the ratio of the gradient to the intercept
leads to a value of kyppy,/kK4co = 1.3 when [CO] is
taken as 6 X 107> M [12].

Owing to the high volatility of Fe(CO)s coupled
with the high temperatures required no substitution
kinetics appear to have been studied. This, in itself,
shows that the behaviour of Fe(CO)s and Ru(CO)s
parallels that of Cr(CO)s and Mo(CO),. Cr(CO)g¢
requires a temperature ca. 50 °C higher than Mo(CO)s
to react at a comparable rate and its activation
enthalpy is ca. 10 kcal mol™? higher. A similar rela-
tionship holds for Fe(CO)4(PPh;) and Ru(CO),-
(PPh;) [9]. The introduction of a PPhy ligand into
Ru(CO)s reduces the rate of CO dissociation at 50 °C
by a factor of ca. 20 which is mainly due to a higher
value of AH*. An increase in inertness also results
from the introduction of PPhy into Mn(CO)sBr
although the effect is much smaller [13]. Ru(CO)s
falls into a series of increasing lability Mo(CO)g,
Ru(CO)s, and Pd(CO),, the last being stable only at
low temperatures and having much weaker metal-CO
bonds than those in Ni(CO), [14]. Ru3(CO),,
undergoes dissociation [15] at a rate 50 times slower
than Ru(CO);s at 50 °C, and this is associated with a
4 kcal mol™?! higher value of AH*. This could be indi-
cative of the lower stability of what can be regarded
as a S-coordinate d® Ru atom in Ru3(CO),, compared
with the 4-coordinate d® Ru in Ru(CO),. Such 4-
coordinate Ru atoms have been shown to be quite
stable since trimerization of Ru(CO);(PBuj) to form
Ru;(CO)o(PBujy); can compete with addition of
PBu; provided the ratio [complex]/[PBuj] is high
enough [16]. The case of Fe;(CO),, and Fe(CO)s
is not comparable since the bridging carbonyls in
Fe4(CO),, appear to induce a much greater degree
of lability into the system compared with an
unbridged form. A similar labilizing effect of
bridging carbonyls is shown by Iry(CO),, and Ir,4-
(CO), (PPhy) [17], as well as Co,(CO)s and Co,-
(CO)¢(PBu3), [18]. The competition between PPh,
and CO for Ru(CO), is at least 3 times [9, 12] more
favourable to PPhj than is the case for Ru(CO);-
(PPh;) and steric factors may play a role in this.

The fact that Ru(CO)s does not react with PPh,
to form Ru(CO)3(PPh;), directly contrasts with the
direct formation of Fe(CO);(PPhj), by reaction
of PPh; with Fe(CO),0l (ol = various olefines) [19].
This is believed [19, 20] to be due to dissociation
of CO from Fe(CO), at a rate competitive with the
addition of PPhj. An alternative explanation in terms
of dissociation of CO from a binuclear Fe,(CO)s-
intermediate has also been suggested [21]. Evi-
dently neither of these processes can occur with
Ru(CO),. The stability of Ru(CO),; towards O, is
similar to that of Ru(CO)3;(PPh;) [22].

The great difficulty of displacing the PPh; in
Ru(CO),4(PPhy) by CO is a measure of the stability
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TABLE III. Kinetic Data for the Reaction Ru(CO)s + I, — cis-Ru(CO)qI; + CO Analysed According to the Rate Equation

kobs = k1 +ka[I2].

Slit width, mm 1072 k,,s ! 105k, M5! o(Kobs), %
0.5 1.28 + 0.26 1.61 + 0.30 10.6
1.0 1.25 +0.35 1.99 +0.41 11.8
3.0 1.02 £0.33 2.56 £0.43 12,6
5.0 1.35 £0.22 2.32 £0.29 14.6

of the Ru—P bond and is paralleled by the difficulty
of removing PPhy from Ru3(CO),;(PPh;). By con-
trast PPh3 in RU3(CO)9(PPh3)3 and RU3(CO)10'
(PPhy), is easily displaced by CO [23].

The Oxidative Elimination Reactions

The reaction of Ru(CO)s with I, is a straightfor-
ward oxidative elimination reaction. The reaction is
preceded by an induction period after which the
reaction follows rate equation (4).

Kobs = ki1 + k2 [I5] )

Values of k, and k, obtained by a weighted least
squares analysis are given in Table II1.

The value of k, appears to be independent of the
intensity of the light passing into the solution during
_the reaction whereas k, appears to increase slightly
with increasing intensity. However, although the para-
meters in Table III are the most probable ones in
statistical terms, the possibility that it is k,; that is
light sensitive, and not k,, cannot be excluded. Thus,
as the slit width increases from 0.5 to 5.0 mm, k,
could increase from 102 to 157 s~ while k, remains
constant at (2.0 + 0.1) X 10> M ! s7'. This would
conform to the covariance of the two parameters,
k; most probably being high when kj, is low and vice
versa, and does not require any value being more
than about one standard deviation from the least
squares value. In any case the effect of slit width is
sufficiently small that the ‘thermal’ values for k,
and k, must be greater than ca. 100s™! and 2 X 10°
M' 571, respectively. Further, the absence of any
effect due to galvinoxyl shows that no thermal chain
reaction is involved.

This reaction therefore shows very similar
behaviour to that of I, with Fe(CO); [7]. When the
reaction of Fe(CO)s with a pseudo-first-order excess
of I, was followed at 410 nm an induction period
was followed by a slower reaction also following
equation (4). Reaction with a pseudo-first-order
excess of Fe(CO)s was followed at 475 nm and the
first stage of reaction shown to be first order in [I,].
Reaction of I, with Ru(CO)ys is very much faster than
with Fe(CO)s and we have no kinetic data for the
first stage of our reaction. However, we assume it to

involve formation of a Ru(CO)s*I; adduct by analogy
with the Fe(CO)s reaction. Also as with the Fe(CO)s
reaction, this adduct can then react spontaneously,
or under the influence of another I, molecule, to
form cis-Ru(CO),l,. This requirement of two I,
molecules for reaction by one of the paths is also
shown by reactions of I, with several axially disub-
stituted derivatives of group 7B dimetal decacar-
bonyls such as Mn,(CO)sL, [24]. The most common
reaction path is second order in [I;]. However, a
transition state containing as many as four I, mole-
cules was found for reaction of Re,{(CO)s(PPhj)
[25]. The overall third-order rate constants for reac-
tions were found to be dependent on the basicity
of the substituents in such a way that reaction was
concluded to involve initial electrophilic attack at the
O atoms of the CO ligand to form a series of adducts,
this being followed by relatively slow oxidation of
the metal [24, 25, 11]. Rates increased by two orders
of magnitude as M, in the complexes M,(CO)s-
(PPh3), changed from Mn, to Re, in parallel with an
increasing ease of oxidation. Although the nature of
the initial adducts in the reaction of Fe(CO)s [26,
27] and Ru(CO)s is almost certainly somewhat dif-
ferent from those in the reactions of the group 7B
metal carbonyls, the much greater rates with Ru-
(CO)s compared with Fe(CO)s (k; is 10° times
bigger, and k, is 2 X 10° times bigger) are also
in accord with a growing ease of oxidation with
increasing atomic weight of the metal.

The presence of P- or As-donor substituents in the
group 7B dimetal carbonyls leads to an acceleration
in the rate of reaction with I, of at least seven orders
of magnitude [24, 25, 28] . Our studies on Ru(CO)s-
(PPh;), suggest that no such increase occurs in this
mononuclear 5-coordinate system since an observably
slow reaction is detected. This is likely to be due to
steric effects which have been shown to be
pronounced in the reactions of the disubstituted di-
manganese carbonyl complexes [11, 25]. The reac-
tion with I in benzene [29] has been shown to form
the ionic species [Ru(CO)31(PPh3);]1 (vco = 2135w,
2075vs, and 2054s cm™* in CH,Cl,) which precipi-
tates slowly out of solution. It reacts further in
refluxing CHCl; [29] to form Ru(CO),I,(PPhj),
(Yco = 2053vs and 1994 vs cm™' in CH,Cl;). The
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product of the very rapid reaction which we observe
in CH,Cl, showed bands at 2080vs, 2060s, and
1995m cm™'. It therefore appears that a mixture of
[RU(CO)3I(PPh3)2]I and Ru(co)zlz(PPh3)2 was
formed very rapidly and Kuhen’s results may simply
be explained by the slow precipitation of the former
from an equilibrium mixture in benzene and the
need to use refluxing conditions in CHCl3 to drive
off all CO and displace the equilibrium towards
formation of pure Ru(CO),I,(PPh;). Whether the
reactions of Fe(CO)s and Ru(CO)s with iodine
involve formation of ionic intermediates of a similar
kind is still not clear [7,26,27].
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