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Kinetics of CO Substitution in Co4(CO),, and Rh(CO),,
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Abstract

The kinetics of rapid CO substitution by PPh; in
Co04(CO),; and Rh4(CO),, have been examined by
stopped-flow and low temperature FT-IR methods.
In Co4(CO),, rapid (kops ~ 1.8 s7!) substitution of
CO occurs after a 1—15 s induction period at 28 °C
in C¢H;Cl solvent by a catalytic process. Addition of
PPh; to Rhy(CO),, yields Rh4(CO),;(PPh3) according
to a predominantly second order rate law k;[Rh,-
(CO) 2] * k;[Rh4(CO) ;] [PPh3] with k;=25211
s! and k,;=297£027X10* M! s7! at 28 °C.
Substitution of a second CO ligand also occurs
rapidly with k,;=0.15+0.09 s™! and k, =654+
0.07 X10* M s7! at 28 °C. The reactivity of
Rh4(CO),, toward associative substitution is 10*—
10" faster than for the Co and Ir analogues. In
Rh4(CO),((PPh3) the increase in CO substitution
rates over Co and Rh analogues is 102—107. The
ordering of associative substitution rates Co <<
Rh>>>1Ir in these clusters exaggerates the trend
seen in mononuclear metal complexes.

Introduction

While the mechanism of CO substitution in mono-
nuclear binary carbonyl complexes can occur by both
dissociative interchange and dissociative routes, the
latter path usually [1] dominates in 18-lectron
systems. This conforms to the general principle that
coordinatively saturated 18-electron complexes react
via 16-electron intermediates. In the M(CO)q triad
(M =Cr, Mo, W) the dissociation rate maximizes for
M = Mo, which reacts by a factor of 10 and 2000
faster than M = Cr and W, respectively [2]. Phosphite
exchange by cyclohexyl isocyanide in M[P(OEt);]4
(M = Ni, Pd, Pt) and CO exchange by PPhj in CpM-
(CO), (M =Co,Rh,Ir) exhibit similar trends [3]
with the relative reactivity orderings Ni(1) <<<Pd(1.8
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X 10%) >> Pt(3 X 10*) and Co(1) <Rh(10) > Ir(0.5).
The phosphite exchange reactions proceed [3a] by a
dissociative mechanism whereas the CO substitution
in CpM(CO);, occurs [3b] by an associative mecha-
nism. Enhanced reactivity for the second row
transition metal seems to be a general trend for
mononuclear complexes [3c].

Mechanistic paths for reactions of metal carbonyl
clusters are by comparison less well defined.
Although M,(CO), complexes (M =Mn or Re) are
now known [4] to substitute by CO dissociative
routes, Mn,(CO)g(PPh;); may react by Mn—Mn
bond cleavage [5], and certain reactions of Co,(CO)s
appear to involve radical chain pathways, which arise
from homolytic Co—Co bond cleavage [6]. For
polynuclear cluster complexes substitution and
fragmentation  processes frequently  compete.
Substitution reactions that maintain cluster
nuclearity may proceed by both associative and
dissociative paths. For example, Fe3(CO); undergoes
substitution and fragmentation reactions with little
dependence of the rate on the entering ligand [7].
Therefore, a CO dissociative interchange mechanism
has been proposed. Substitution of 3 COs in
Ru;(CO),, occurs in rapid succession [7¢, 8] and the
observed rate law suggests the presence of both
dissociative and dissociative interchange mechanisms,
as found for Cr(CO)s and Mo(CO),. Substitution of
3COs in Os3(CO),, by trivalent phosphorus donor
ligands occurs by a dissociative mechanism [7a, 9].
Fragmentation, however, appears to involve nucleo-
philic attack. An alternative mechanism has been
proposed [10] to explain the reactions of these
clusters, which involves heterolytic cleavage of a
metal—metal bond to yield *"M(CO),M(CO),M(CO),~
as an intermediate. In contrast to mononuclear
systems the CO dissociation rates of M3(CO);,
clusters follow the order [9] Fe > Ru > Os.

Mechanistic data for the tetranuclear M4(CO);,
clusters (M= Co, Rh,Ir) is available only for
Ir4(CO),,, where CO substitution occurs by a two
term rate law with a dominant second order process
for phosphorus and carbon nucleophiles [11-—14].
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Substitution in Irg(CO)y;-.L, (z=1-3) occurs
primarily by a dissociative route [11,15-17], when
the entering ligand is a phosphorus donor. The
mechanism of CO substitution in Co4(CO),, and
Rh4(CO),; is less well understood. Exchange of CO
in Co4(CO);, with *CO and '#CO proceeds by a
dissociative route, while fragmentation to Co,(CO)g
(at high temperature and high CO pressure) follows a
rate law with first and second order terms in CO
[18—22]. In contrast, the reaction between
Co04(C0O),, and other ligands L to yield Co,4(CO),,L
was too fast to measure, which suggests an associative
mechanism [20]. Carbonyl substitution in Rh4(CO),,
occurs so rapidly that only a lower limit could be set
on the rate of CO substitution [23]. Since the
prototypical M4(CO),, clusters are important for
understanding the mechanism of substitution in
clusters we have examined the kinetics of CO
substitution in Co4(CO);, and Rh4(CO),; using
stopped flow methods.

Experimental

Materials

All manipulations were carried out under a pre-
purified and dried N, atmosphere using standard inert
atmosphere techniques [24], unless otherwise stated.
Dichloromethane was distilled from phosphorus
pentoxide. Hexane and pentane were washed with
sulfuric acid, predried over sodium hydroxide, and
distilled from sodium/benzophenone. Chlorobenzene
was washed with H;S0,, saturated aqueous sodium
bicarbonate, and water; it was then predried over
calcium chloride and distilled from P,0s. Toluene
was distilled from melted sodium. The deuterated
toluene solvent was stored over melted sodium,
degassed, and vacuum distilled into the reaction
vessel.

Triphenylphosphine (PPhj) was purchased (Strem)
and recrystallized from ethanol. 'C labelled carbon
monoxide (99%) was purchased (Monsanto).
Rhodium trichloride trihydrate was obtained on loan
(Johnson-Matthey). Dicobaltoctacarbonyl was pur-
chased (Strem) and stored cold under N,. The Rhy-
(CO),, was synthesized by a literature procedure
[25].

Instrumentation

All NMR spectra were recorded with a Varian
XLA-400 spectrometer. Chemical shifts are refer-
enced to 85% HzPO, (external reference) for 3'P
NMR and to TMS for '*C NMR. Positive shifts are
downfield. Infrared spectra were recorded on either
a Perkin-Elmer Model 283 spectrophotometer or a
Nicolet 170-FX Fourier Transform spectrometer. The
variable temperature IR cell (SPECAC model P/N
21.000) was equipped with a 0.5 mm path length cell,
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CaF, cell windows, AgCl outer jacket windows, and
copper—constantan thermocouple. The stopped flow
apparatus was a modified Applied Photophysics
(London) Model 1705 instrument with a 2 cm path
length quartz cell. The stopped flow spectrometer
was interfaced to an Apple II Plus personal computer
for data collection. The analog to digital converter,
timing board, collection board, and software were
purchased from Interactive Microware.

Co4(CO)y,

This cluster was synthesized according to modified
literature methods [26]. A quantity of Co,(CO)s
(<10 g) was dissolved in toluene, the solution filtered
to remove impurities, heated to 85 °C for 90 min, and
to 95 °C for 2 h. The solution was cooled overnight
and black crystals formed. These were filtered, dis-
solved in CH;Cl,, and column chromatographed using
silica gel (60—200 mesh) as solid support and CH,Cl,
as eluent. The solution collected was concentrated
and cooled for several days to yield black crystals,
whose solution IR spectra matched those reported in
the literature [27].

Kinetics Techniques

Substitution reactions that occurred at a rate too
fast to monitor by IR or UV—Vis absorption spec-
troscopy were followed either by use of stopped flow
spectrophotometry or by use of a variable tempera-
ture IR cell. The major obstacle to conducting kinetic
studies with the VT-IR cell is that known volumes of
the cluster and ligand solutions must be mixed at low
temperature outside the cell and the reaction solution
delivered into the VT-IR cell at low temperature. A
vacuum jacketed low temperature (LT) syringe
proved successful. The VT-IR cell is used with the
FT-IR spectrometer operating in single beam
mode. A sample of ligand solution at the exact con-
centration as used during the kinetic reaction was
injected into the IR cell. The temperature is allowed
to equilibrate and a background spectrum obtained
and stored. The cell is cleaned and kept at the desired
temperature (N, gas flush). Two more slush baths are
prepared, one to cool the synringe and one to cool
the reagents. These two baths should be 5~10 °C
below the VT-IR cell reaction temperature. One prob-
lem with the LT syringe concerns cooling the needle,
as this part of the syringe is not directly cooled by
the slush bath. This problem can be overcome by
making the needle as short as possible and by having
the reagents and syringe at temperatures slightly
below the VT-IR cell reaction temperature so any
warming as the solutions pass through the needle
only brings the temperature up to reaction tem-
perature, and not above. The flasks in which the
reagents are mixed must be small (<5 ml volume)
to accommodate the short syringe needle. Care
must also be taken to pass dry N, gas through
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the syringe and over the needle when at temperatures
below the dew point of H,O0.

A specified concentration of ligand is added to
one flask as a 1.0 ml volume. A second flask is
charged with 3.0 ml of a 2.0 X1073 M solution of
metal complex. These solutions are allowed to
equilibrate to the slush bath temperature (5—10
degrees below reaction temperature). The LT syringe
is then cooled by adding the third slush bath to the
batch chamber (N, gas must be blown through
syringe). With the LT syringe 5—10 degrees below
reaction temperature 1.0 ml of the metal complex
solution is delivered to the 1.0 ml solution of ligand.
The contents of this flask are mixed rapidly and a
known volume drawn up into the LT syringe and
injected into the VT-IR cell. The VT-IR cell is placed
into the FT-IR spectrophotometer and spectra are
recorded for kinetic analysis. This technique was used
to study the reaction between Co4(CO);; and PPh,
(eqn. (1)) at low temperatures.

C04(CO)12 + PPh3 - C04(CO)11(PPh3) +CO (1)

The stopped flow instrument used in these studies
employed a visible light spectrophotometer (light
source, monochromator, 2 c¢cm path length quartz
cell, and photomultiplier tube) and the reaction was
monitored at a single wavelength. The stopped flow
kinetic technique has been used to obtain data for the
reactions between Co4(CO);; and PPhy (eqn. (1)),
between Rh4(CO);, and PPh; (eqn. (2)), and between
Rh,4(CO),1(PPh3) and PPh; (eqn. (3)).

Rh4(CO),; + PPh; — Rhy(CO);,(PPh3) +CO  (2)
Rh4(CO);(PPh3) + PPh; —>
Rh4(CO)10(PPh3), + CO  (3)

The theory and technique of stopped flow kinetic
methods have been well discussed [28]. The voltage
signal trace obtained from the photomultipiier tube
was passed to an analog to digital converter and
stored as a set of digital readings on an Apple II Plus
personal computer. Data collection was controlled by
the computer and readings were obtained at specified
time intervals triggered from the internal clock of the
computer. The dead-time for the stopped flow equip-
ment used in these studies is about 5 ms. Data was
analyzed with the program CURFIT (Interactive
Microwave, Inc.).

Results

Co4(CO) 1,

The reaction of eqn. (1) was studied by both
stopped flow and low temperature IR techniques.
Substitution is known [29] to yield a product substi-
tuted in a basal-axial site of the parent C3, Co4(CO);,.
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Fig. 1. Stopped flow trace from reaction between Co4(CO) 12
and PPhj in chlorobenzene solvent at 28 °C.

Figure 1 shows a typical trace for the rise in
absorbance at 520 nm (other wavelengths gave similar
plots) for the reaction between PPh; and Co4(CO),2
in chlorobenzene solvent at 28 °C. The reaction
proceeds through an induction period, where little or
no reaction takes place, after which the rate acceler-
ates dramatically to completely form product. Thus,
rapid substitution in this cluster is not an intrinsic
property of Co4(CO);,, but results from some
catalytic process.

The time observed for the induction period
exceeds or equals the accelerated rate period at low
PPh; concentrations, and is less than the accelerated
rate period at high PPh, concentrations. A 102 molar
range in the entering ligand concentration was em-
ployed in this study. The duration of the induction
period and the total reaction time are listed with the
PPh; molar concentrations in Table I. The length of
the induction period and the total reaction time
exhibit a nonlinear dependence on ligand concentra-
tion. The induction periods varied as the amount of
sample used to flush the cell between runs varied.
Incomplete flushing of the cell shortened the induc-
tion period for the subsequent reaction.

The nonlinear kinetic behavior for the reaction
between Co04(CO);; and PPh; in chlorobenzene
prompted us to conduct a series of low temperature
IR experiments. This was done (i) to measure the rate
of disappearance of Co4(CO);, compared to the rate
of appearance of Co4(CO);,(PPh;), and (ii) to observe
any intermediates or by-products formed during the
course of reaction. A 1.0 X1073 M concentration of
the cobalt carbonyl cluster was used in the low tem-
perature IR experiments. Pseudo-first order condi-
tions (25 fold or greater excess of PPh;) were em-
ployed to obtain the kinetic data. The rate data
obtained at —43 °C were determined for a greater
than ten-fold ligand concentration range (~40- to
~1000-fold excess PPh;). At —20 °C, a 25- and a
50-fold excess of ligand was used. The first spectrum
of any individual kinetic run was obtained within
5 min of mixing the reagents. The substitution
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TABLE L Stopped Flow Data for the Reaction Between Co4(CQ)1; and PPhj at 28 °C in Chlorobenzene Solvent

[PPh3} (M) Induction period Reaction time kobs Range of ko No. of determinations
(s) () N

7.45 x1074 12-15 25-31 0.45 0.39-0.46 3

2.24x1073 5.0-8.5 12-16 0.73 0.59-0.85 9

7.45 x 1073 2.3-3.1 5.5-7.5 1.6 1.3-2.0 12

7.45 x 1072 1.4-2.4 4.5-6.5 1.8 1.3-2.2 8

[Coa(COY 1] = 1.78 X 1075 M.

reaction (eqn. (1)) appears straightforward and the
observation of isosbestic points in the composite
spectral diagram of the reaction implies that Co,-
(CO);, and Co4(CO);y(PPh3) are the only metal
carbonyl complexes changing concentration in solu-
tion. The decrease in the concentration of Co4(CO);,
was monitored by noting the change in absorbance at
2064 cm™! and the increase in Co4(CO)(PPhs) con-
centration was monitored at 2083 cm™! [19].

The kinetic behavior observed in the low tempera-
ture IR experiments resembles that observed in the
stopped flow experiments. No significant difference
in behavior was observed between the rate of dis
appearance of C04(CO)y, and the rate of formation
of Co4(CO),(PPh3). At —43 °C, over the PPh; con-
centration range studied, the total time of reaction
was greater than 10 h. The induction period was
observed to be less than the accelerated rate period
at all PPh; concentrations employed, and there is
little correlation between ligand concentration and
length of induction period. This contrasts with
stopped flow experiments. The duration of the induc-
tion period was always 2 h or less at —43 °C. Rates of
reaction were zero (within experimental error) during
this period.

Although the kinetic behavior was similar for both
formation of Co4(CO);(PPh3) and loss of Co4(CO);,,
a low temperature >*C NMR (400 MHz) experiment
was conducted to further probe the possibility of
intermediates or by-products appearing during the
reaction. A chlorobenzene/dg-toluene solution of
13CO enriched Co4(CO);, was prepared in an NMR
tube. A solution of PPhj (9 equivalents) was added
to the cooled (< —20 °C) Co4(CO)y, solution in the
NMR tube and the reaction was monitored at —45 °C.
The only species observed were Co4(CO);, and
Co4(C0O),(PPh3). After complete formation of
Co4(CO),(PPhs) further spectral changes were
observed to occur in the IR spectrum and a new
absorbance at 2063 c¢m ™' was noted. This process
was not amenable to a kinetics study.

Rh4(CO)y,

Addition of one or two equivalents of PPh; to a
chlorobenzene solution of Rhy,(CO),, yields
Rh4(CO)“(PPh3) and th(CO) 10(PPh3)2, which were

identified by comparison of their infrared spectra to
literature spectra [30] determined in CH,Cl,. The
similarity between the IR spectra of Rh4(CO);,(PPh;)
and the cobalt analogue [19, 30] suggests that the
rhodium cluster also binds PPh; in a basal-axial site.
In Rh4(CO),0(PPh3),, crystallographic studies [31]
show axial and radial substitution on two basal
rhodium atoms. A low temperature IR investigation
revealed that a 2.0 X 1073 M solution of Rh4(CO),,
will react with a twenty-fold excess of PPh; at
—40 °C. An IR spectrum obtained within 5 min of
mixing shows only carbonyl stretching absorptions
for Rh4(C0O),o(PPhs),. To determine the kinetic
parameters for the reaction between Rh4(CO);, and
PPh3, a stopped flow study was performed. Reactions
were monitored at several wavelengths between
360 nm and 450 nm; the rate was independent of the
wavelength used to monitor the reaction. At low con-
centrations of PPhj, the stepwise substitution of CO
on Rh4(CO)y, to first form Rhy(CO);(PPhs) and
then Rh4(CO);0(PPh3), is apparent in the stopped
flow trace (Fig. 2). By adjusting the observation
wavelength, a larger absorbance change can be ob-
served for the first or second substitution depending
on which rate one wants to measure.

Rate data have been obtained for the reactions
of eqns. (2) and (3) at 28 °C in chlorobenzene
solvent. Ligand concentrations from 5.00 X10™* to
7.55 X107 M were used to study the initial substitu-
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Fig. 2. Stopped flow trace (monitored at 450 nm) from the
stepwise substitution reactions ((a) and (b)) of Rha(CO);,
with PPhj in chlorobenzene solvent at 28 °C.
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TABLE II. Stopped Flow Rate Data (kopg in s~1) for CO Substitution by PPhj in Rh4(CO)y; at 28 °C in Chlorobenzene Solvent

[PPh3] (M)
5.00x 1074 2.50x1073 7.55 x1073
33.2 98.6 344
38.2 84.8 284
40.7 122 204
39.6 75.8 177
41.5 116 232
39.3 122
34.9 88.2
40.3
ave. Kopg 2 = 38.5 (x2.9)s7! 101 (+19) 57! 248 (£67) 5!
kq (avg)P = 25.1 (£2.2) 57!
k; (avg)P = 2.96 (£ 0.05) x 104 M~ 1 571
ky(al)e = 24.9 (+10.9)s™!
ka (al¢ = 2.97 (£0.27) x 10° M~ ¢!

[Rh4(CO) 12} = 2.50 X 1075 M.

8Number in parentheses represents one standard deviation on the mean.

bValue obtained

from linear least-squares analysis of the average (avg.) k gps 5. [PPh3] plot. Numbers in parentheses represent one standard devia-

tion. ®Value obtained from linear least-squares analysis of kopg ¥s. [PPh3] plot using all values. Number in parentheses repre-
sents one o.

00 v _— — Kinetic data for the formation of Rh4(CO),e-

/ (PPh;), from Rhy(CO),(PPh3) and excess PPh; (eqn.

0} . - (3)) are listed in Table III. Pseudo-first order plots

K(085) (1/SEC)
g8
- ¥ T

§

o —7.5 T T
[PPH31X10E3 (M)

Fig. 3. Plot of kopg (s™1) vs. [PPh3] for the reaction between

Rh4(CO); and PPh3 in chlorobenzene solvent at 28 °C,

tion on Rh4(CO),, (eqn. (2)). At PPh; concentrations
above 7.55X1073 M and an initial Rh4(CO),, con-
centration of 2.50 X107% M, the reaction occurs
within the dead-time of the instrument (~5 ms). At
a low concentration of PPhj,, the precision of the kg
values is high, but as the rate limits of the instrument
are approached the scatter in the data increased
(Table II). Figure 3 shows a plot of kg, versus
[PPh;], which obeys a two term rate law (eqn. (4)).
The ligand independent rate constant (k,) was about
25 s7! and the ligand dependent rate constant (k)
was about 30000 M~!s™! at 28 °C in C¢H;Cl.

-d [R}14(C0)12]

i = (ky + k2 [PPh3])[Rh4(CO) 2] (4)

were linear, which show a first order contribution of
the Rhy(CO),(PPh3) concentration to the rate law.
Additionally, plots of kg, versus PPh;y concentration
(Fig. 4) show the rate law may be two termed (eqn.
(5)), as that governing the formation of Rh4(CO);-

(PPh;) (eqn. (4)).

—d[Rh4(CO),;(PPh;)]
dt

= (ky + k2 [PPh3])[Rh4(CO)4y(PPh3)] ®)

The ligand independent rate constant of 1.5 X107}
s7! at 28 °C, however, borders on being statistically
significant because of the scatter in data points and
the extrapolation to zero concentration to obtain
its value.

The exchange reaction of egn. (6) was studied to
see whether it affects the kinetics. Addition of
Rh,(CO),, to a chlorobenzene solution of Rhg-
(CO)1o(PPh3), results in the formation of Rhg-
(CO),1(PPhj) after several hours at room temper-
ature, a reaction too slow to be involved in the rapid
reaction between Rh4(CO),, and PPh;. These results
confirm other findings [31]. After standing in
solution, further spectral changes occurred after
formation of Rh4(CO),(PPh;) in the reaction mix-
ture (eqn. (6)), which may result from isomerization,
as reported previously [31], but this was not
investigated.
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TABLE III. Stopped Flow Rate Data (kg in s™1) for CO Substitution by PPhj in Rha(CO)1,(PPh3) at 28 °C in Chlorobenzene

Solvent
[PPh3] (M)
5.00 x 1074 2.50x1073 7.55 x 1073 2.52 x1072
0.462 1.675 5.28 16.40
0.483 1.688 5.79 16.02
0.399 1.729 4.71 16.26
0.488 1.762 4.68 16.97
0.516 1.818 5.05 17.33
0.532 1.833 4.72 17.26
0.521 1.901 4.80 15.84
5.52 16.88
5.34
avg. kops® 0.486 (20.045) st 1.772 (+0.083) 5.10 (+ 0.40) 16.62 (+0.57)
kq (avg)P = 0.154 (+0.010) s !
ko (avg)P = 6.54(x0.01) x 102 M 1571
ki (alh€ = 0.154 (+0.089) s™!
ky (all)¢ = 6.54 (x0.07) x 102 M 151

[Rh4(CO)1y(PPh3)] = 2.50 X 1075 M.

aNumber in parentheses represent one standard deviation.
linear least-squares analysis of the average (avg.) kopg vs. [PPh3] plot. Number in parentheses represents one 0.

byalue obtained from
€Value ob-

tained from linear least-squares analysis of ko1, ¥s. [PPh3] plot using all values. Number in parentheses represents one o.

K(0BS) (1/59EC)

[PPH31X10E3 (M)

Fig. 4. Plot of kgps (571) vs. [PPh3] for the reaction between
Rh4(CO)11(PPhs) and PPhjs in chlorobenzene solvent at
28 °C.

Rh4(CO),; + Rhy(CO),o(PPhs), —>

2Rh4(CO)1(PPhs)  (6)

Discussion

The rapid formation of Co4(CO),,(PPh3) at room
temperature in a solution of Co4(CO),; and PPh,
has been shown to proceed too fast to be governed by
a CO dissociative path [19]. This reaction is reported
to be unaffected by addition of the radical trap

2,6-di-t-butylphenol [20]. Good evidence has been
presented that the reaction does not proceed via a
cluster fragmentation—reformation mechanism [32].
Reactions between Co04(C0O);; and a variety of
phosphorus donor ligands proceed rapidly to yield
Co04(CO),,L in the absence of light. These reactions
have been suggested to proceed by an associative or
interchange mechanism, perhaps involving metal—
metal bond cleavage [20, 32]. Our studies of the
reaction between Co04(CO);; and PPh; to form
C04(CO),1(PPh,) in chlorobenzene solvent show that
this rapid reaction does not follow simple associative
or interchange mechanisms.

The reaction between Co4(CO);, and PPhj to
afford Co4(CO),(PPh;) proceeds in two stages. The
initial stage involves little or no reaction, followed by
a period where the reaction rate accelerates to com-
pletely form the product. This latter period appears
to be autocatalytic. Both loss of Co04(CO);; and
formation of Co4(CO),;(PPhs) follow this kinetic
behavior. No detectable reaction occurs during the
induction period. The CO dissociation rate constant
determined from CO exchange reactions of Cos-
(CO)y, [20] is about 2.3 X 1075 5! at 28 °C. This
represents a half-life of reaction of 3 X10% s, but the
longest induction period we observed at this temper-
ature was 15 s. At —43 °C, the CO dissociative rate
constant is about 4.5 X 107! 571, corresponding to a
half-life of 500 years! The induction period at this
temperature was always less than 2 h. Considering
the extent of reaction possible, observation of the CO
dissociative reaction during the induction period is
not expected.
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TABLE IV. Comparison of &, Values for CO Substitution in M4(CO) 12 and M4(CO);1(PPh3) (M = Co, Rh, Ir) Clusters at 28 °C
Reactant Ligand Solvent ky(sh Relk; Reference
Co4(CO) 1 Bco CeHu 2.3x10752 1 19
Rh4(CO), PPh, CeHsCl ~25 108 this work
Ir4(CO) 12 AsPh; CeHsCl <8x10710b <4 x1075 13
C04(CO);,(P(OMe)3) PPh, CeHug 1.4 x1075P 1 20
Co04(C0)1,(P(OEt)3) Bco C7Hyg 1.7x10752 1 19
Co4(CO);y(PPhy) PPh, CsHys 3x1074¢ 20

Rh4(CO)14(PPh3) PPh, CeHsCl ~1.5x1071 104 this work
Ir4(CO) 5(PPh 3) PPh, CeHsCl 6x1078P 4x1073 11

2Fstimate at 28 °C from k, activation parameters.
tion. ®k obs at 20 °C, rate law unknown.

A possible mechanism for the catalytic process
could involve redox catalysis. Recent results [33]
have shown Co4(CO)e[HC(PPh,);] is subject to
electrocatalyzed substitution reactions. Thus, the
radical anion Co4(CO)s[HC(PPh,)3]”, generated
either chemically or electrochemically, undergoes
CO substitution much more rapidly than neutral
Co04(CO)s [HC(PPh,);]. These reactions were sug-
gested to proceed via a CO dissociative pathway. The
initial electron transfer in our system may involve a
phosphine substituted derivative of Co4(CO),,. The
induction period may allow formation of a poly-
substituted cluster because the rate of reaction on the
neutral clusters increases [34,35] during the step-
wise formation of Co4(CO)s(PPhj3), from Co4(CO)y,-
(PPh,). The possibility of oxidative catalysis from
traces of O, cannot be excluded.

A linear relationship was shown to exist between
the degree of substitution (n) and the oxidation
potential of Co04(CO),;_,L, clusters [33,36,37].
Reduction becomes more difficult and oxidation
becomes easier as the degree of substitution by
phosphine increases on these clusters [33, 36—38]*.
Thus the higher substituted Co4(CO),, derivatives,
or fragments derived from them, may act as reduc-
tants toward Co4(CO);,. On the cyclic voltammetry
time scale the Co4(CO);2/Co4(CO);2 couple exhibits
chemical reversibility in DCE solvent at —0.303 V
versus SCE [33, 37]. This low reduction potential in
comparison to Rhs(CO)y, or Irs(CO)y, [38] helps
explain why only Co,(CO),, exhibits unusual kinetic
behavior. Attempts to apply electrochemical tech-
niques to probe for redox catalysis were unsuccessful
because the normal thermal catalytic process
interfered. Radical behavior may also be responsible
for the reported [20, 39] observation that Co4(CO),,-
(P(OMe),) reacts with P(OMe); via a ligand depen-

*The reduction potentials for Co4(CO}yy(PPh3) are not
experimental values but estitnates based on the linear rela-

tionship between degree of substitution and redox couple:

potential (—200 mV per n).

bEstimate at 28 °C from kobs dctivation parameters of predominate k; reac-

dent process but the rates of reaction are CO
inhibited.

The cluster Rh4(CO),, reacts with PPhj in chloro-
benzene solutions at 28 °C under pseudo-first order
conditions to yield, in consecutive reactions,
Rh4(CO)“(PPh3) and R.h4(CO)]0(PPh3)2 Substitu-
tion to form Rh4(CO),,;(PPh;) occurs faster than the
following reaction to form Rh4(CO),o(PPh3),. Both
reactions obey two term rate laws (eqns. (4) and (5),
respectively) and both the ligand independent (k,)
and ligand dependent (k,) rate constants are smaller
for formation of Rh4(CO);0(PPh3), from Rhs(CO); ;-
(PPh3) than for formation of Rh4(CO);(PPh;) from
Rh4(CO);,. Because of the high reactivity of
Rh4(CO),; and its phosphine derivatives with CO, the
ligand independent pathway could not be tested for
CO inhibition. Addition of excess CO causes cluster
fragmentation to occur [32, 40].

With these new observations for Co4(CO);, and
Rh4(CO),; one can make reactivity comparisons
among the M4(CO);, cluster series. Table IV lists the
estimated k, values for M4(CO),, and M4(CO).-
(PPhj) derivatives adjusted to 28 °C. It has been
shown that the k, term, attributed to CO dissocia-
tion, depends on the specific L in Cos(CO),,L and
Ir,(CO)y,L clusters. Therefore L = PPh; is chosen to
compare these clusters. Unfortunately no accurate
k, value is known for Co4(CO),{(PPh;), so values
from reactions of other Co4(CO);,L species must be
used as estimates. Our study of the reactions of
Co04(CO);; with PPh; in C¢HsCl solvent yields an
upper limit for k,.

In both M4(C0)12 and M4(C0)11(PPh3) clusters
the relative values of k, for rhodium significantly
exceed those for the cobalt and iridium, and the rate
for cobalt exceeds that for iridium. Indeed, the k;
value for Rh4(CO),, exceeds that for iridium by 10
and that for cobalt by 10® (Table IV). In M4(CO)1;-
(PPhs), this difference decreases somewhat, as the k,
value for rhodium is 10° greater than for iridium and
at most 10* greater than for cobalt (Table IV).
Hence, rhodium exhibits a much greater lability
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toward CO dissociation (assuming the k; term repre-
sents this pathway) than either cobalt or iridium. This
trend in dissociative rates Co << Rh >>> Ir parallels
that found for reactions of M(CO)¢ complexes dis-
cussed in ‘Introduction’; however, the magnitude of
the effect in the clusters is greater.

The observation [11] of a drastic increase in the
k, term for CO substitution in Ira(CO),, —,(PPh3),
clusters, as n increases from zero to two, provided an
impetus to further studies on M4(CO),, clusters. It
was believed that Ms(CO);, clusters could show a
cooperativity between metal centers in their reac-
tivity, ie. a cluster effect. Later, studies on cobalt
derivatives [19, 20, 34, 39, 41] revealed they behaved
differently than iridium clusters as consecutive
substitution of CO by phosphorus donor ligands had
little effect on the k, term. Our studies for rhodium
show that the behavior of the k, term differs from
cobalt or iridium because the stepwise substitution of
CO by phosphine decreases the k, term. The relative
values of k,, estimated at 28 °C from reported activa-
tion parameters and our data (Table IV), for stepwise
substitution of CO on cobalt [19], rhodium, and
iridium [15] clusters are shown in eqns. (7)-(9).

1.0 0.6
Co4(CO);; —> Co,4(CO),; [P(OMe);] —
Co4(C0)10[P(OMe)3](PPhs)  (7)

1.0 0.006
Rh4(CO),; —> Rhg(CO)y(PPh3) —
Rh4(CO),o(PPh3),  (8)

1.0 >60
Ir4(CO) 1, — Ir4(CO)y(PPh3) —
Ir4(CO)10(PPh3),  (9)

Thus, cobalt shows a slight effect, iridium shows
enhanced reactivity, and rhodium shows reduced
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reactivity of the &k, path as the degree of substitution
increases.

Ligand dependent rate constants, k,, for CO
substitution reactions on M4(CO),, clusters (M = Co,
Rh, Ir), adjusted to 28 °C using reported activation
parameters, are compared in Table V. The scope of
this comparison and the required estimate of certain
k, values lessen the quantitative accuracy of com-
parison, but the trends are unambiguous. We could
not obtain data for a ligand dependent term from
room temperature UV—Vis stopped flow and low
temperature IR kinetic experiments involving reac-
tions of Co,4(CO),, with PPh;. An upper limit on &,
can be set with the assumption that, at most, 10%
reaction occurred during the induction period. For
substitution reactions of M4(CO),, with PPh;, the
rhodium associative rate constant is 10"! greater than
for iridium. The reactions of M4(CO),(PPh;) with
PPh; are similar in that rhodium reacts 107 faster
than iridium and at least 10° faster than the rate for
cobalt. These relative values of k, parallel trends in
relative values of k;. Thus, for M4(CO),,, relative &,
values of 10%:10':1 (Co:Rh:Ir) compare well with
relative k, values of <107:10':1 (Co:Rh:Ir). For
Ma(CO),(PPhs), relative k, values of 102:10°:1
(Co:Rh:Ir) compare with relative %k, values of
10%:107:1 (Co:Rh:Ir). The presence of a catalytic
path for substitution in Co4(CO);, and not for Rh or
Ir analogues is attributed to the much greater ease
with which the Co species is reduced [33, 36]. These
results should be contrasted to the reactivity of
M3(CO)y, clusters where the reactivity toward CO
dissociation is Fe > Ru> Os [7] with the rates at
298 K in the ratio 105:10%:1.

The rate of associative reaction, k,, decreases as
the degree of substitution by PPh; increases on
Rh4(CO),; clusters, similar to the k, term. This
contrasts with the larger observed k, value for
Ir4(CO),(PPh;) than Irs(CO),, at 89 °C (Table V).
The relative change in k, on phosphine substitution

TABLE V. Comparison of k3 Values for CO Substitution in M4(CO) 1, and M4(CO);(PPh3) (M = Co, Rh, Ir) Clusters at 28 °C

Cluster Ligand Solvent ky(M™1 571 Rel k, Reference
Co4(CO) 15 PPh; CeHsCl <38 <107 this work
Rh4(CO) 1, PPh, Ce¢HsCl 3.0 x 104 101 this work
Irg(CO) 1y PPh; CeHsCl 1.6 x1077P 1 13
Ir4(CO) 12 PPh, CeHsCl 9.1x1075¢ 13
C04(CO);1(PPh3y) PPhj CqHye <5x1073 d 102 34
Rh4(CO)1(PPh3) PPh, CgHsCl 6.5 x 102 107 this work
Ir4(CO) 1 (PPh3) PPh3 CioHz1 5x1075¢ 1 15
Ir4(CO) ;1(PPh3) PPh; CioH2, 46 x1073¢ 15

8Limit derived by assuming at most 10% undetected reaction occurred during the induction period.
€At 89 °C.
®This value is roughly estimated by assuming a AH T of 15 kcal/mole, typical of associative reactions, and calculating the

kobg activation parameters of the predominantly & reaction.

s—‘l

bEstimate at 28 °C from
9At 20 °C [PPh3] = 6 X 1072 M and kopg = 3 X 1074

k7 value at 28 °C knowing the reported k, value at 89.5 °C [15]. Changing AHT from 10 kcal/mole to 20 kcal/mole alters the ka

estimate at 28 °C from 2 X 1074 M 151 t0 1 x10"5 M1 571,
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in Rh4(CO),; and Ir,(CO),, is illustrated in eqns.
(10) and (11), respectively.

1.0 0.02
Rh4(CO),, el Rh4(CO)4(PPh3) Tl

Rh,4(CO)1o(PPh3),  (10)

1.0 50
Ir4(CO),, a@‘* fr4(C0O),1(PPhs) m"

Ir4(C0O)o(PPh3); 00))

It is interesting to compare the predominant term
of the rate law for the substitution reactions (eqns.
(12) and (13)). For the reaction of eqn. (12), with
M= Co and L =PPhj, the rate law is unknown and
not simple, although a CO dissociative path has been
measured when L=13CO. The same reaction when
M = Rh and L = PPh; obeys a two term rate law, and
when M = Ir, a primarily ligand dependent rate law is
found. The reaction illustrated in eqn. (13) follows
a two term rate law when M = Co. When M = Rh and
L = PPh;, a two term rate law is observed (similar to,
but slower than, Rh4(CO),;), and when M=1Ir a CO
dissociative rate law predominates (a switch from
Ir,(CO),, because of a drastic increase in the &, con-
tribution to the rate law). Rhodium carbonyl clusters
are more prone to associative substitution reactions
than are either cobalt or iridium carbonyl clusters.
More limited data for the M3(CO),, clusters [7—9]
suggest Ru3(CO),, is considerably more susceptible
than Os3(C0O),, toward nucleophilic attack.

M4(C0)12 +L— M4(CO)11L +CO (l 2)
M4(C0)11L + LI i M4(C0)10LL' + CO (1 3)
Conclusions

We have shown that the rapid substitution of CO
by PPh; on Co4(CO);, in chlorobenzene solvent does
not take place via an associative or interchange
mechanism but may be subject to redox catalysis.
Indeed electron transfer catalysis is a well docu-
mented mechanism for substitution reactions in
mononuclear and polynuclear complexes [42].
Contrary to this, the rapid substitution reactions of
Rh4(CO);, follow pseudo-first order behavior and
obey a two term rate law with both ligand dependent
and ligand independent terms. Our studies allow for
the complete ordering of the k; term for M4(CO)y,
clusters as Rh > Co > Ir. This ordering is expected
when previous studies on mononuclear systems are
considered. However when compared to the Fe >
Ru > Os ordering of the M3(CO);, system this is
perhaps unexpected.
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The only apparent similarity between the kinetic
behavior of the M3(CO),, and M4(CO),, clusters and
their substituted derivatives is an increased suscep-
tibility to attack by nucleophiles for the second row
transition metals. If this reactivity trend proves
general then it may reflect the operation of two
opposing periodic trends Second row transition
metals, because of their greater size, should be more
susceptible to nucleophilic attack than first row
metals. Since second and third row metals have
similar sizes, steric effects should be less important in
determining their comparative reactivities. First row
transition metals have lower energy frontier acceptor
orbitals [38] on the metal than the second or third
row metals. Thus trends in frontier orbital energies
may run counter to steric effects on reactivity. For
metal carbonyl clusters the structural changes caused
by the decreasing tendency of carbonyl bridging on
descending the triad introduces a further complica-
tion. Since bridging carbonyls withdraw more
electron density than terminal carbonyls [38,43]
this may enhance electrophilicity at the metal core.

Both M3(CO);, and M4(CO);; clusters are electron
saturated. In both systems the third row metal cluster
reacts the slowest and has the highest energy carbonyl
fluxional processes. In the M3(CQ);, clusters the Ru
and Os derivatives have similar structures in which
there are no, bridging carbonyls and the Fe derivative
has bridging carbonyls. In the M4(CO),, clusters the
Co and Rh derivatives have similar structures in which
there are bridging carbonyls, and the Ir derivative has
no bridging carbonyls. For any set of M3(CQ);, or
M4(CO),, clusters with equivalent carbonyl configu-
rations it appears that the reactivity trends observed
in mononuclear systems are observed in clusters (i.e.
Ru>O0s and Rh> Co). However, when there are
structural differences between a set, the cluster with
the higher degree of bridging carbonyls can react
faster (e.g. Fe > Ru). This might imply that a ground
state bridging carbonyl configuration lies closer in
energy to the transition state than a nonbridged form.
This idea of the importance of the carbonyl configu-
ration and the influence of the carbonyl fluxionality
on reactivity needs to be explored in much greater
detail for these and other systems.
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