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ABSTRACT: Kinetic measurements are reported for the oxidative addition reactions of methyl chloride and acetyl
chloride with [Ir(CO),Cl,] . At 40 °C the second-order rate constant for MeCOCI addition is estimated to be nearly
40000 times larger than that for MeCl addition. The Ir(III) products, [Ir(CO),CI3R]™ (R =Me, COMe) have been
isolated and characterised by spectroscopy and x-ray crystallography. In the absence of excess organic chloride, both
Ir(IIT) complexes undergo reductive elimination of RCI. Kinetic measurements show these reactions to be first order in
the Ir(III) complex with elimination of MeCOCI estimated to be ca 7000 times faster than MeCl elimination at 40 °C.
Combination of activation parameters for the forward and reverse reactions allows calculation of thermodynamic
parameters for oxidative addition. Both MeCl and MeCOCI additions are exothermic (by 44 and 68 kJmol ',
respectively) but disfavoured entropically. The trends are predicted satisfactorily by ab initio and DFT computational
methods. The results for MeCl addition to [Ir(CO),Cl,]™ are compared with data for Mel addition to [Ir(CO),l,]".
Kinetic data are also reported for carbonylation of [Ir(CO),ClzMe]  into [Ir(CO),Cl3(COMe)]” under mild
conditions in PhCI-MeOH. It is concluded that the low activity of iridium—chloride carbonylation catalysts is due
primarily to the relatively slow reaction of [Ir(CO),Cl,]~ with MeCl. Copyright © 2004 John Wiley & Sons, Ltd.

Additional material for this paper is available in Wiley Interscience
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INTRODUCTION

Activation of organic molecules by oxidative addition to
transition metal complexes plays a key role in many
catalytic processes.' In a typical oxidative addition reac-
tion, cleavage of a covalent bond in the substrate is
accompanied by formation of two new metal—Iligand
bonds to give a product complex in which the coordina-
tion number and formal oxidation state of the transition
metal are both raised by two, Eqn (1). The reverse of this
process, reductive elimination, is often the step in a
catalytic cycle by which an organic product is released
from the transition metal centre.

[L.M]+X — Y = [L,MX)(Y)] (1)

Many of the fundamental studies of oxidative addition
reactions have been carried out using Vaska’s complex,
trans-[Ir(CO)(PPh3),Cl] and its analogues.2 Such square
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planar d® Ir(I) complexes react with a variety of sub-
strates, including H,, HX, X, and RX (X =halide,
R =alkyl, aryl or acyl). The kinetics and thermody-
namics of oxidative addition depend on the steric and
electronic properties of the coordinated ligands and on
the substrate being added. Oxidative addition of methyl
iodide and reductive elimination of acetyl iodide are key
steps in the industrial processes for carbonylation of
methanol to acetic acid, catalysed by [M(CO),l,]"
(M =Rh, Ir).** Although methyl iodide is found to be
the most effective co-catalyst in these processes, methyl
chloride has also been used in some studies. For example,
Gelin et al. found that MeCl is almost as effective as Mel
as a promoter for the vapour phase carbonylation of
methanol, using Ir dicarbonyl species entrapped in zeolite
cavities.”

In this paper we report the reactivity of [Ir(CO,Cl,] ™
with methyl chloride and acetyl chloride. In each case,
the kinetics of both the forward (oxidative addition) and
reverse (reductive elimination) reaction have been
measured, enabling thermodynamic parameters to be
estimated and compared with the results of theoretical
calculations. X-ray crystal structures of the Ir(IIl)
products are reported, as well as kinetic data for carbo-
nylation of [Ir(CO),Cl;Me] " into [Ir(CO),Cl3(COMe)] .
Implications for halide effects on methanol carbonylation
activity are considered.
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RESULTS AND DISCUSSION
Oxidative addition of MeCl to [Ir(CO),Cl,]

The tetraphenylarsonium salt of [Ir(CO),Cl,]™ was found
to react very slowly with neat MeCl at 55°C. After
several days, a pure sample of Ph,As[Ir(CO),ClsMe]
was isolated and characterised by IR and NMR spectro-
scopy and by elemental analysis. In the IR spectrum,
two strong /(CO) absorptions at 2116 and 2056 cm '
are consistent with a cis-dicarbonyl geometry for
[Ir(CO),ClsMe] . The methyl ligand gives rise to reso-
nances at 6 1.6 and § —13.7, respectively, in the 'H and
3C NMR spectra, while the two equivalent CO ligands
give a '°C resonance at § 156.1. The fac—cis geometry of
[Ir(CO),ClsMe]™ was confirmed by an x-ray crystal
structure of PhyAs[Ir(CO),Cl;Me] (vide infra).

The kinetics of the reaction of [Ir(CO),Cl,]™ with
MeCl were monitored using IR spectroscopy. Since
MeCl exists as a gas at room temperature and pressure,
experiments were performed by condensing MeCl into a
Fisher Porter vessel at —196 °C. The sealed vessel was
then warmed to the required temperature (40-55°C),
generating a vapour pressure of 7-10 atm. At regular
time intervals the pressure was released allowing the
MeCl to evaporate, hence quenching the reaction.
The resulting mixture of solid [Ir(CO),Cl,]” and
[Ir(CO),ClsMe]~ was dissolved in CH,Cl, and an IR
spectrum recorded. During the reaction, the two v(CO)
bands of [Ir(CO),Cl,]~ at 2054 and 1971 cm ! decayed
and new absorptions due to [Ir(CO),ClsMe]  grew at
2116 and 2056 cm ™' The intensities of the well resolved
reactant and product bands at 1971 and 2116cm™ ',
respectively, were used to generate concentration vs
time plots for the two Ir species. The decay in concentra-
tion of [Ir(CO),Cl,]” was well fitted by an exponential
curve, showing the reaction to be first order in the Ir(I)
complex. Values of the observed pseudo-first-order rate
constant, ks, are given in Table 1.

Since neat MeCl was employed as both reactant and
solvent to achieve convenient reaction rates, it was not
feasible to determine the order of the reaction in MeCl by
measuring the dependence of k.,s on [MeCl]. If it is
assumed that the reaction is first order in MeCl (and
therefore second order overall) as commonly found for
this type of reaction,”®® the second-order rate constant,
ki, can be calculated using k| =kg,,/[MeCl] (with
[MeCl] = 18.14 M for neat methyl chloride). Values of

Table 1. Kinetic data for MeCl addition to [Ir(CO),Cl;]™ (in
neat MeCl)

T(°C) 10% kops (s 1) 107k, (v~ 's7h
40 2.56 1.41
45 3.44 1.90
50 5.23 2.88
55 8.21 453

Copyright © 2004 John Wiley & Sons, Ltd.
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Scheme 1. Sy2 mechanism for oxidative addition of MeX to
a square planar complex

ky over the range 40-55°C are given in Table 1 and
activation parameters calculated from the slope and
intercept of an Eyring plot [In(k,/T) vs 1/T] are given in
Table 5. The large negative entropy of activation is
consistent with the reaction proceeding through a highly
ordered transition state, typical of an Sy2-type reaction
mechanism (Scheme 1).°

Oxidative addition of MeCl to [Ir(CO),Cl,]™ is much
slower than the analogous reaction of Mel with
[Ir(CO),I,] ", for which kinetic data have been reported
previously.® For example, at 40 °C we estimate that MeCl
addition is ca 70000 times slower than Mel addition.
Although the most likely reason for the large difference
in rates is the change in the alkyl halide substrate, the
change in the halide ligands coordinated to Ir may also
contribute. We therefore measured the kinetics of oxida-
tive addition of Mel to [Ir(CO),Cl,]~ for comparison.
The reaction of [Ir(CO),Cl,]” with Mel gives a mixture
of two cis-dicarbonyl isomers of [Ir(CO),Cl,IMe] ", with
the methyl ligand frans to either I or Cl. Full details of
these experiments will be reported elsewhere. The
second-order rate constant obtained (3.22 X 103m st
at 25 °C in CH,Cl,) is very similar to that for the reaction
of Mel with [Ir(CO),1,]~ (3.09 x 10> M~ 's™"). There-
fore the much lower reactivity observed for the MeCl
reaction is clearly due to the nature of the alkyl halide.
Qualitative tests on the reaction of MeBr with
[Ir(CO),Br,] ™ revealed a reactivity intermediate between
the chloride and iodide systems. The reaction was found
to reach completion in within 48 h using 2M MeBr in
-BuOMe at 75 °C.

Our results concur with the trend in reactivity found for
alkyl and aryl halides in other oxidative addition reac-
tions. For example, the rate of reaction of trans-
[Ir(PPh3),(CO)CI] with methyl halides® and with p-tolyl
halides.'” decreases in the order RI > RBr > RCI. Coll-
man and Maclaury reported that oxidative addition to a
rhodium(I) macrocycle complex is more than 10> times
faster for CsH; I than for CsH; ;CL This trend reflects
the increase in C—X bond dissociation energy [D(C—
X)/kImol ' 327, X =Cl; 285, X =Br; 213, X =1)."* The
results of both experimental2’6’13 and theoretical™'* stu-
dies indicate that oxidative addition of methyl halides to
square planar d® complexes proceeds via initial nucleo-
philic attack by the metal centre on the methyl carbon
(Scheme 1). The SN2 type transition state will have a
significantly weakened C—X bond, and hence the acti-
vation barrier is expected to be sensitive to the reactant
C—X bond strength.
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Scheme 2. Oxidative addition of MeX to [Ir(CO),X5]
X=dCl,

Reductive elimination of MeCl
from [Ir(CO),ClsMe] ™

The stability of [Ir(CO),ClsMe]  at elevated tempera-
tures was studied using in situ high pressure IR spectro-
scopy. When a solution of BuyN[Ir(CO),ClsMe] in
chlorobenzene was heated above 90°C under N, (5
atm), the two (CO) bands of [Ir(CO),ClsMe]  at 2111
and 2052cm™' were replaced by bands due to
[Ir(CO),Cl,] ™ at 2051 and 1970cm ™, indicating reduc-
tive elimination of MeCl from the Ir(IIT) methyl complex
(Scheme 2). The decay of [Ir(CO),ClsMe] ™~ was found to
obey first-order kinetics, and values of the rate constant,
k_, are reported in Table 2. Activation parameters
obtained from an Eyring plot of these data are given in
Table 5. Combination of the activation parameters for
oxidative addition and reductive elimination of MeCl
allow the reaction thermodynamics to be estimated as
AH® —37kImol " and AS° —95Tmol ' K~'. Thus the
oxidative addition reaction is exothermic, but disfavoured
entropically.

Reductive elimination of Mel from [Ir(CO),IsMe] ™

For comparison, we have conducted a study of reductive
elimination of Mel from [Ir(CO),IsMe] . On heating a
solution of PhyAs[Ir(CO),IsMe] in PhCl under N, to
100°C, a weak absorption appeared in the IR spectrum
at 1968 cm ™', corresponding to the low frequency 1(CO)
band of [Ir(CO),l,]". This band reached a maximum
intensity that remained constant for several hours, indi-
cating an equilibrium lying in favour of the Ir(IIl)-methyl
complex (Scheme 2, X =1).

In order to determine the kinetics of reductive elimina-
tion from [Ir(CO),IsMe], we monitored the rate of
methyl exchange between [Ir(CO),I3CD3]™ and CH;l.
The CDj; labelled Ir complex displays weak IR bands at
2120 and 2065cm™ in addition to the strong v(CO)

Table 2. Kinetic data for MeX elimination from
[I(CO),X5Me]~ (X=Cl, I) (in PhCl)

T(°C) 10%_, (s7h 107k, (s
X =Cl X=I
93 3.94 1.05
108 8.02 3.36
119 26.9 9.00
132 91.9 25.4

Copyright © 2004 John Wiley & Sons, Ltd.

bands at 2095 and 2045 cm ™~ '. The weaker pair of bands
are assigned to v(CD) vibrational modes, and on heating
in the presence of excess CHj;l, these absorptions dis-
appear [the »(CO) bands remaining constant], due to the
exchange reaction, Eqn (2).

[IT(CO)213CD3]7 +CH’§I (XS) — [II’(CO)ZI'5CH3}7 + CDgI
(2)

The kinetics of this reaction were found to be first order
in [Ir(CO),I3CD5s] . Assuming that the methyl exchange
occurs via a stepwise reductive elimination—oxidative
addition sequence, the observed rate constant can be
equated to k_; for reductive elimination of CDsl from
[Ir(CO),15CD3] . Values of k_; are given in Table 2 and
are ca 30 times larger than the corresponding rate con-
stants for elimination of MeCl from [Ir(CO),ClsMe] .
Activation parameters derived from an Eyring plot of the
data are given in Table 5. Combination of these para-
meters with published data® for the oxidative addition of
Mel to [Ir(CO),L,] ™ allows estimation of thermodynamic
parameters AH° —44kJmol™ ' and AS® —56Jmol !
K~ '. Thus the oxidative addition process is more exother-
mic for Mel than for MeCl.

Oxidative addition of MeCOCI to [Ir(CO),Cl,]™

The reaction of acetyl chloride with [Ir(CO),Cl,] to
give [Ir(CO),CI;(COMe)]” has been reported by
Forster.'> We have used a similar procedure to isolate
Ph,As[Ir(CO),Cl3(COMe)], which was characterised
by IR and NMR spectroscopy and elemental analysis.
Spectroscopic data are given under Experimental and
are consistent with a fac—cis geometry for
[Ir(CO),Cl3(COMe)] ", analogous to [Ir(CO),Cl;Me] .
This structure was confirmed by an x-ray crystal structure
(vide infra).

The kinetics of oxidative addition of acetyl chloride to
[Ir(CO),Cl,] ™~ were monitored by IR spectroscopy using
acetonitrile as the solvent. The concentration of acetyl
chloride was kept in large excess over [Ir] in order to
achieve pseudo-first-order conditions. The kinetic data
for each experiment were well fitted by an exponential
curve, showing the reaction to be first order in
[Ir(CO),Cl,] . Observed pseudo-first-order rate con-
stants, kgps, are given in Table 3. A plot of kgps VS
[MeCOCI] at constant temperature (25°C) is linear,
indicating the reaction to be first order in MeCOCI and
therefore second order overall. The second-order rate
constant, k,, obtained from the gradient of this plot is
2.09 (£0.1) x 10> M 's™'. Kinetic measurements were
also made over the temperature range 5-35°C and
second-order rate constants were calculated using
ko = kop/[MeCOCI], assuming that second-order beha-
viour persists at each temperature. Activation parameters

J. Phys. Org. Chem. 2004; 17: 1007-1016
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Table 3. Kinetic data for MeCOCI addition to [Ir(CO),Cl5]™ (in MeCN)

10% kops(s™)
T(°C) 0.1M MeCOCI 0.2M MeCOCl 0.3M MeCOCl 0.4M MeCOCl 0.5M MeCOCl 103 kv 's™h
5 0.755 0.755
15 1.63 1.63
25 2.11 4.63 6.64 8.12 10.8 2.09
34 4.18 4.18
calculated from an Eyring plot of the data are given in Under  these conditions the decay of

Table 5, the large negative value of AS* being consistent
with an associative mechanism. Extrapolation to 40°C
predicts a rate constant for the addition of MeCOCI to
[Ir(CO),Cl,]~ of 53x10°M 's™', which is nearly
40000 times larger than that for MeCl addition at the
same temperature. This difference in rate constant arises
from a lowering of AH* by 27kJmol .

Reductive elimination of MeCOCI| from
[Ir(CO),Cl;(COMe)] ™

This reaction has been described briefly by Forster,'® and
occurs under much milder conditions (25-60°C) than
elimination of methyl chloride from [Ir(CO),Cl;Me] ™
(90-130°C). When a solution of BuyN[Ir(CO),Cls
(COMe)] in MeCN was monitored by IR spectroscopy,
conversion of the acetyl complex into [Ir(CO),Cl,]™ and
MeCOCI was observed, until an equilibrium was attained
in which a significant amount of the acetyl complex
remained (Scheme 3).

In order to drive the reductive elimination to comple-
tion, an amine was added to scavenge the acetyl chloride.
In the presence of excess diphenylamine, IR spectroscopy
indicated the conversion of [Ir(CO),Cl5(COMe)]™
(2128, 2074, 1690, 1670cm™ ") into [Ir(CO),Cl,]~
(2054, 197lcm_1). In addition, an absorption grew at
1666 cmfl, corresponding to the amide, Ph,NCOMe
(confirmed by a separate reaction of acetyl chloride
with diphenylamine in MeCN). The reaction stoichio-
metry can be defined as Eqn (3), the HCl produced
presumably being scavenged by the amine to give
[Ph,NH,]CL.

[Ir(CO),Cl3(COMe)]~ + Ph,NH —

3
[Ir(C0),Cl,]” 4 Ph,NCOMe + HCI G)

Me 0 -|—
_ ks
C|>Ir,co'| \ MecOC] = Cl>r:CO
c1” ~co kel co
o]

Scheme 3. Oxidative addition of MeCOCI to [Ir(CO),Cl5]~

Copyright © 2004 John Wiley & Sons, Ltd.

[Ir(CO),Cl3(COMe)]~ goes to completion and follows
simple pseudo-first-order kinetics. Essentially identical
rate constants were obtained for a range of amine con-
centrations (Table 4), indicating zero-order dependence
on Ph,NH. This confirms that the amine acts merely as a
scavenger for acetyl chloride, and is not directly involved
in the rate-determining step. When the more nucleophilic
N-methyl aniline was used in place of diphenylamine, a
first-order dependence of k., on [PhMeNH] indicated an
alternative pathway involving direct nucleophilic attack
of amine on the acetyl acomplex. Full details of these
results will be reported elsewhere. The measured ko
values can therefore be equated with the rate constant for
reductive elimination of acetyl chloride (k_). Some
solvent dependence was observed, with a significantly
slower rate being observed in the less polar chloroform.
Activation parameters calculated from an Eyring plot of
the variable temperature data obtained in MeCN are
given in Table 5. Based upon these data, elimination of
MeCOCl is estimated to be ca 7000 times faster than
elimination of MeCl at 40 °C.

Combination of the activation parameters for oxidative
addition of MeCOCI and its reverse generates thermo-
dynamic parameters for the reaction, AH® —68kJ mol '
and AS° —180Jmol~' K~ !. Thus, the reaction of
[Ir(CO),Cl,]~ with acetyl chloride is significantly more

Table 4. Kinetic data for MeCOC| elimination from
[In(CO),ClIs(COMe)]~ (in MeCN, unless stated otherwise,
with Ph,NH added as MeCOCI scavenger at stated concen-
tration)

100k (s

0.08 M 0.2M 0.3M 0.4Mm
7(°C) Ph,NH Ph,NH Ph,NH Ph,NH
26 0.833
34 2.83 2.98
43 8.89 9.19
51 30.9 28.7 28.8 29.4
51 4752
51 20.5°
51 23.1¢
62 80.6
4 In CHCls.
® In THE.
¢ In MeNOz.
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Table 5. Activation parameters (conditions as described in the text)

Reaction AHY/KImol ™! ASH /T mol 'K ™!
[Ir(CO),Cl,]~ 4+ MeCl — [Ir(CO),ClsMe] ™ 64 (£5) —172 (£ 16)
[Ir(CO),Cl;Me] ™ — [Ir(CO),Cly]~ + MeCl 101 (£ 13) —77 (£34)
[Ir(CO),I,] ~ + Mel — [Ir(CO),IsMe] ™ (ref. 8) 54 (£1) —113 (+4)
[Ir(CO),15Me]™ — [Ir(CO),15]~ + Mel 98 (£+2) —56 (+4)
[Ir(CO),Cl,]~ 4+ MeCOCI — [Ir(CO),Cl3(COMe)] 37 (£5) —171 (£18)
[Ir(CO),Cl;(COMe)]~ — [Ir(CO),Cl,]~ + MeCOCI 105 (£ 4) 9 (+14)
[Ir(CO),Cl3Me]~ + CO — [Ir(CO),Cl5(COMe)] ™ 52(+2) —136 (+4)

exothermic than its reaction with methyl chloride.
Similarly, the reaction enthalpies for oxidative addition
of Mel and MeCOI to [Ir(CO)(PMes),Cl] have been
reported as ca 117 and 125kJ mol ™', respectively.'’

Although the C—CI bond strengths of methyl and
acetyl chlorides are similar, addition of MeCOCI to
[Ir(CO),Cl,] " is more favourable, both thermodynami-
cally and kinetically, than addition of MeCl. The C—Cl
bond dissociation enthalpy of MeCOCl is calculated to be
354.1 kJ mol ' based on standard enthalpies of formation
for MeCOCI and the MeCO and Cl radicals. The stability
of the Ir(Ill)—acetyl product may be enhanced by the 7-
acceptor nature of the acetyl ligand, whereas methyl is
essentially a pure o-donor. The difference in reactivity
reflects the higher electrophilicity of acetyl chloride. Our
data do not distinguish between ionic (SN2) and concerted
mechanisms for oxidative addition of MeCOCI. Recent
DFT calculations identified a number of transitions states
for concerted elimination of cis-acetyl and-iodide ligands
from the analogous iodide, [Ir(CO),(COMe)l5] ™ (and, by
microscopic reversibility, for oxidative addition to
[Ir(CO),1,]")."® For the fac—cis isomer, acetyl iodide
elimination was calculated to have an activation energy
of ca 120kJmol™' and to be endothermic by ca
35kJmol~'. An alternative Sy2 mechanism (possibly
involving a tetrahedral intermediate, with negative charge
localised on the carbonyl oxygen) was not considered in
that study but cannot be ruled out by the experimental
data.

Theoretical calculations

Computational methods were also employed to estimate
the energetics of these oxidative addition reactions.
Reactant and product geometries were optimised using
both ab initio (MP2) and DFT (B3LYP) methods. The

calculated reaction energies are summarised in Table 6
and compared with experimental values of reaction en-
thalpy, where available. The B3LYP results are in reason-
able agreement with experiment, and concur that
oxidative addition to [Ir(CO),Cl,]™ is more exothermic
for MeCOCI than for MeCl. The MP2 results tend to
overestimate the exothermicity of oxidative addition in
all cases, but reproduce the experimentally observed
trends, with oxidative addition being more exothermic
for MeCOClI and Mel than for MeCl.

X-ray crystal structures

Crystallographic studies were carried out on the Ir(III)
compounds, PhyAs[Ir(CO),ClsMe] and PhyAs[Ir(CO),
CI3(COMe)]. CCDC 217786 and 217787 contain sup-
plementary crystallographic data for this paper. Both
adopt a monoclinic crystal system with the P1 space
group, and the PhyAs' cations have the expected ap-
proximate tetrahedral geometry. The methyl complex
[Ir(CO),ClsMe]™ has a distorted coordination octahe-
dral geometry, as illustrated in Fig. 1, with a facial set of
three chloride ligands and cis-carbonyls. The coordina-
tion geometry around Ir in [Ir(CO),ClsMe] ™ is very
similar to that reported for the chloride bridged dimer,
[Ir(CO),Cl,Me],." The acetyl complex [Ir(CO),Cl;
(COMe)]~ (Fig. 2) also has a distorted octahedral
geometry, with the plane of the acetyl ligand rotated
85° relative to the approximate mirror plane of the
Ir(CO),Cl; fragment. The bond lengths and angles in
both structures (listed in Table 7) lie within the expected
ranges. The Ir—Cl distances trans to CO are very
similar in both complexes (ca 2.37A) whereas those
trans to methyl (2.50 A) or acetyl (2.56 A) are signifi-
cantly longer. This can be attributed to the strong trans
influences of methyl and acetyl, which also lead to

Table 6. Computed energetics for oxidative addition reactions. Reactants and products optimised at MP2 and B3LYP levels

using the LANL2DZ basis set

Reaction AE (MP2) AE (B3LYP) AH° (expt)
[Ir(CO),Cl,]~ + MeCl — [Ir(CO),Cl3Me] —81.6 -35.1 —37
[Ir(CO),15]" + Mel — [Ir(CO),1sMe] -97.0 —35.4 —44
[Ir(CO),Cl,]™ + MeCOCI — [Ir(CO),Cl3;(COMe)] —104.6 —55.9 —68
[Ir(CO),1,]™ + MeCOI — [Ir(CO),15(COMe)] —131.2 —065.6 —

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 1. ORTEP plot of the [Ir(CO),ClsMe]™ anion in the x-
ray crystal structure of PhyAs[Ir(CO),ClsMe]. Thermal ellip-
soids are shown at the 50% probability level. Cation and
hydrogen atoms are omitted for clarity

relatively low frequency v(IrCl) absorptions for
[Ir(CO),ClsMe] ™ (249 cm™ ") and [Ir(CO),Cl; (COMe)] ™
(229cm ™).

Carbonylation of [Ir(CO),ClsMe]™

The organometallic reaction cycle for methanol carbo-
nylation requires insertion of CO into a metal—methyl

Figure 2. ORTEP plot of the [I(CO),Cls(COMe)]~ anion in
the x-ray crystal structure of Ph4As[Ir(C0O),Cl3(COMe)]. Ther-
mal ellipsoids are shown at the 50% probability level. Cation
and hydrogen atoms are omitted for clarity

Copyright © 2004 John Wiley & Sons, Ltd.

Table 7. Selected bond lengths (A) and angles (°) from the
x-ray crystal structures of PhAs[Ir(C0O),CIsMe] and PhjAs

[Ir(CO),ClsMe] ™ [Ir(CO),Cly(COMe)]
Ir(1)—CI(1) 2.386(2) 2.369(2)
Ir(1)—CI(2) 2.500(2) 2.560(2)
Ir(1)—CI(3) 2.365(2) 2.368(2)
Ir(1)—C(1) 1.875(9) 1.904(9)
Ir(1)—C(2) 1.873(10) 1.897(10)
Ir(1)—C(3) 2.114(10) 2.087(9)
C(1H)—O0(1) 1.094(10) 1.111(10)
C(2)—0(2) 1.114(12) 1.106(11)
C(3)—0@3) — 1.186(11)
C(3)—C(4) — 1.504(13)
O()—C(H—Ir(1)  177.5(9) 177.9(8)
0(2)—C(2)—Ir(1)  175.0(11) 178.0(9)
C(2)—TIr(1)—C(1) 95.6(4) 96.4(4)
C(1)—Ir(1)—C(3) 92.3(4) 90.8(4)
C(2)—Ir(1)—C(3) 88.8(5) 92.4(4)
CI3)—Ir(1)—Cl(1)  91.35(9) 90.14(9)
C(3)—Ir(1)—CI(1) 88.2(3) 88.2(3)
C(3)—Ir(1)—CI(3) 87.5(3) 90.3(3)
CR)—Ir(H)—CI(2)  177.8(3) 179.1(3)
C(H—Ir(H)—CI(3)  178.7(3) 177.12)
C2)—Ir(1)—CI(1)  175.9(3) 176.3(3)
0(3)—C(3)—Ir(1) — 120.0(7)
C(4)—C(3)—Ir(1) — 119.0(7)

bond, in addition to the MeX oxidative addition and
MeCOX reductive elimination steps discussed above.
We have therefore investigated the reactivity of
[Ir(CO),ClsMe]~ with carbon monoxide, using in situ
high-pressure IR spectroscopy. In PhCl at 93°C,
[Ir(CO),ClsMe]~ was found to be unreactive towards
CO (80 psi), whereas in a 1+1 v/v PhCl-MeOH solvent
system, carbonylation of [Ir(CO),ClsMe]™ (2119,
2060cm ') into [Ir(CO),Cl;(COMe)]~ (2130, 2075,
1690cm ') was achieved under relatively mild condi-
tions (30-50 °C). The promotional effect of methanol has
previously been noted for the iodide analogue,
[[r(CO),IsMe] ", and was explained by a mechanism
involving substitution of 1™ by CO, aided by a protic
solvent.”® Kinetic data obtained by monitoring the ex-
ponential decay of the band of [Ir(CO),Cl;Me] at
2119cm ™' are listed in Table 8 and activation parameters
are given in Table 5. An approximate first-order depen-
dence on CO pressure is observed, consistent with a pre-
equilbrium involving substitution of CI1™. The activation
parameters show a larger AH* but a less negative AS* for
the chloride compared with the iodide. Under identical
conditions (33°C, 80 psi CO, 1:1 PhCl-MeOH) the
observed pseudo-first-order rate constant for carbo-
nylation of [Ir(CO),Cl;Me]  is ca half that for
[[r(CO),IsMe] . In these carbonylation experiments,
the v(CO) bands of [Ir(CO),Cl3;(COMe)]” reach a
maximum before decaying (with ¢, ~20min at 33°C)
to give [Ir(CO),CL]~ (2059, 1978 cm ') and methyl
acetate (1745 cmfl). Thus, methanolysis of the iridium
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Table 8. Kinetic data for carbonylation of [Ir(CO),ClsMe]~
(in 1:1 PhCl/MeQOH)

CO pressure(psig) T(°C) 10* Kobs s
80 30 5.48
80 33 7.04
80 39 10.7
80 44 15.2
80 47 17.1
80 52 24.3

150 33 9.87

200 33 9.73

250 33 13.4

300 33 18.0

350 33 19.2

400 33 21.5

'|— Me o] ']—
cl \hl/le,co co el co MeOH  CI_ _CO|” + MeOAG 4 HC
al /‘g‘co al /érl‘co o~ “co

Scheme 4. Carbonylation of [Ir(CO),ClsMe]™ in PhCl-
MeOH

acetyl complex is also fairly facile under mild conditions
(Scheme 4).

CONCLUSIONS

Kinetic measurements have been made for the oxidative
addition of both MeCl and MeCOCI to [Ir(CO),Cl,] . In
each case the kinetics have also been measured for the
reverse process, reductive elimination of RCI from
[Ir(CO),CIsR]™ (R =Me, COMe). Combination of acti-
vation parameters for the forward and reverse steps has
allowed thermodynamic parameters to be estimated for
the oxidative addition reactions. Addition of acetyl
chloride has a lower activation barrier and is more
thermodynamically favourable than addition of methyl
chloride. In the series of reactions of MeX with
[Ir(CO),X,]", reaction rate decreases in the order
X =1>Br>Cl, as found in related systems. This trend
can be ascribed mainly to the increase in C—X bond
strength. Carbonylation of [Ir(CO),ClsMe]™ into
[Ir(CO),Cl5(COMe)]~ occurs under mild conditions in
PhCl-MeOH, at a rate comparable to that with the iodide
analogue. Methanolysis of the Ir—acetyl species leads to
formation of methyl acetate and [Ir(CO),Cl,] . Using the
experimental activation parameters in Table 5, extrapo-
lated rate constants at 180 °C indicate that MeCl oxida-
tive addition (at 1M MeCl) would be ca 10°-10° times
slower than migratory CO insertion and MeCOCI
reductive elimination. The lower catalytic activity of
iridium—chloride compared with iridium—iodide based
methanol carbonylation catalysts can therefore be as-
cribed to the much lower reactivity of Ir(I) with MeCl
relative to Mel.

Copyright © 2004 John Wiley & Sons, Ltd.

EXPERIMENTAL
Materials

All solvents used for synthesis or kinetic experiments
were distilled and degassed prior to use following litera-
ture procedures.21 Synthetic procedures were carried out
utilizing standard Schlenk techniques. Nitrogen and car-
bon monoxide were dried through a short (20 X 3cm
diameter) column of molecular sieves (4 A), which was
regenerated regularly. Carbon monoxide was also passed
through a short column of activated charcoal to remove
any iron pentacarbonyl impurity.22 The Ir complexes
[Ir(COD)Cl]5,%* PhyAs[Ir(CO),1,],® PhyAs[Ir(CO),Br,]**
and Ph4As[Ir(CO)ZI3Me]8 were synthesized according to
literature procedures. Methyl iodide (Aldrich) was dis-
tilled over calcium hydride and stored in a foil-wrapped
Schlenk tube under nitrogen and over mercury to prevent
formation of I,. Acetyl chloride, methyl chloride, methyl
bromide, Ph AsCl (Aldrich) and IrCl;-xH,O (Johnson
Matthey) were used as supplied.

Instrumentation

Ambient pressure FTIR solution spectra were measured
using a CaF, liquid cell (0.1 or 0.5 mm path length) and
either a PerkinElmer 1600 spectrometer or a Mattson
Genesis spectrometer controlled by WINFIRST software.
For v(IrCl) absorptions below 400 em !, IR spectra of
nujol mulls between polyethylene sheets were recorded
using a PerkinElmer 684 dispersive spectrometer. In situ
high-pressure FTIR spectra were recorded using a Spectra-
Tech Cylindrical Internal Reflectance (CIR) cell® and a
PerkinElmer 1710 spectrometer fitted with an MCT
detector. 'H and '*C NMR spectra were recorded using
a Bruker WH400 or a Bruker AC250 spectrometer fitted
with a Bruker B-ACS60 automatic sample changer oper-
ating in pulsed Fourier Transform mode, using the
solvent as reference. Elemental analyses were performed
using a PerkinElmer 2400 Elemental Analyzer.

Synthesis of Ir complexes

(a) Ph4As[Ir(CO),Cl,]. PhyAsCl (1.08 g, 2.6 mmol) was
added to a solution of [Ir(COD)CI], (0.874 g, 1.3 mmol)
in dichloromethane (25 cm?®) and stirred under an atmo-
sphere of CO (2h). The volume of the yellow solution
was reduced and diethyl ether was added to crystallise the
product. The pale yellow crystals were filtered and dried
invacuo; yield 1.243 g (68%). IR [CH,Cl,; 1(CO)/cm ™ ']:
2054, 1971; [nujol; v(IrCl)/em™']: 329, 299. The Bu,N™
salt was prepared in an analogous manner using BuyNCI
in place of PhyAsCl.

(b) Ph4AS[|r(CO)2CI3ME] Ph,As[Ir(CO),Cl,] (0.2 g,
0.28 mmol) was placed in a Fisher Porter tube. Excess
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methyl chloride was condensed into the tube (—196°C)
which was then sealed. After allowing the vessel to warm
up to room temperature it was heated to 55 °C (resulting in
a pressure of 10 atm) and stirred for 7 days. The pressure
in the Fisher Porter tube was released and the methyl
chloride allowed to evaporate in the fume hood. The
resulting solid was recrystallised from dichloromethane—
diethyl ether and dried in vacuo to give orange crystals;
yield 0.152 g (71%). Anal. Calcd for Co7H3As  CL3IrO5:
C,43.1;H, 3.1; Cl, 14.1. Found: C, 42.5; H, 3.0; Cl, 14.5.
IR (CH,CL,; »(CO)/ecm™'): 2116, 2056; [nujol; v(IrCl)/
cm™']: 327, 298 249. 'H NMR (CDCls; 6): 1.6 (s, 3H,
IrCH;), 7.6-7.9 (m, 20H, PhyAs). °C {'H} NMR
(CDCl3; 6): 156.1 (CO), 135.0, 133.2, 131.7 (Ph4As,
C—H), 120.4 (Ph4As, C—As), —13.7 (IrCH3). A suitable
crystal was selected for an x-ray diffraction study (vide
infra). The BuyN" salt was prepared in an analogous
manner from BuyN[Ir(CO),Cl,].

(c) Ph,As[Ir(CO),Cl3(COMe)]. A variation of the
method described by Forster'> was used. PhyAs[Ir-
(CO),Cl,] (49mg, 70 umol) was dissolved in dichloro-
methane (5cm?) and acetyl chloride (1 cm’, excess) was
added. After 10min a dark green precipitate appeared.
This was removed by filtration and discarded. The re-
maining yellow solution was evaporated to dryness and
the resulting solid recrystallised from dichloromethane—
diethyl ether and dried in vacuo to give yellow crystals;
yield 0.043 g (78%). Anal. Calcd for CogH,3AsCl3IrO5: C,
43.1; H, 3.0; CI, 13.6. Found C, 42.9; H, 2.8; Cl, 13.7. IR
[CH,Cl,; I/(CO)/cmfl]: 21285, 2074s 1690m 1667 m;
[nujol; v(IrCl)/em ™ ']: 332, 305 229. '"H NMR (CDCls; 6):
2.6 (s, 3H, COCHs;), 7.6-7.9 (m, 20H, Ph,As). *C {'H}
NMR (CDCl3; 6): 196.7 (COMe) 153.0 (CO), 135.0,
133.0, 131.5 (Ph4As, C—H), 120.3 (Ph4As, C—As),
42.2 (COCHj;). A suitable crystal was selected for an x-
ray diffraction study (vide infra). The BuyN" salt was
prepared in an analogous manner from BuyN[Ir(CO),Cl,].

Kinetic experiments

(a) Reaction of [Ir(CO),Cl,]~ with MeCl. [Ir(CO),
Cl,]Ph4As (0.5 g, 0.71 mmol) and a magnetic stirrer were
placed in a glass Fisher Porter tube and connected to a gas
manifold. The tube was cooled to —196 °C (liquid N,) to
condense MeCl (ca 15cm®) admitted from a cylinder.
After sealing the tube it was allowed to warm up to room
temperature resulting in a pressure of ca 4 atm. The
tube was then heated using an oil bath (thermostatted to
40-55 °C using an Heidolph EKT 3000 contact thermo-
meter). At regular timed intervals, the tube was removed
from the oil bath and the pressure was released, allowing
the MeCl to evaporate in the fumehood. The solid residue
was dissolved in dichloromethane and a small sample
was removed for FTIR analysis. The tube was then
reconnected to the manifold and the solvent removed in

Copyright © 2004 John Wiley & Sons, Ltd.

vacuo. MeCl was condensed as before and the reaction
was allowed to continue. The PhyAs[Ir(CO),ClsMe]
product was recovered at the end of the reaction for use
in other experiments.

(b) Reaction of [Ir(CO),Cl,]~ with MeCOCI. The
required amount of acetyl chloride was placed in a
10cm® graduated flask which was then made up to the
mark with MeCN and shaken. A portion of this solution
was used to record a background spectrum. Another
portion (1 cm?) was added to the solid complex PhyAs
[[r(CO),Cl,] (7mg, 10 umol) in a sample vial to give a
reaction solution containing 10 mm [Ir]. A portion of the
reaction solution was quickly transferred into an IR cell
(0.5 mm pathlength, CaF, windows), which was main-
tained at constant temperature throughout the kinetic run
by a thermosttated jacket. FTIR spectra were recorded at
regular time intervals using a Mattson Genesis spectro-
meter under computer control.

(c) Elimination of MeCOClI from [Ir(CO),Cl;
(COMe)] . The required amount of Ph,NH (MeCOCI
scavenger) was placed in a 10cm? graduated flask which
was then made up to the mark with the required solvent
and shaken. A portion was used to record a background
spectrum. Another portion (1 cm?) was added to the solid
complex BuyN[Ir(CO),Cl;(COMe)] (6 mg, 10 pmol) in a
sample vial to give a reaction solution containing 10 mm
[Ir]. A portion of the reaction solution was transferred into
a thermostatted IR cell and the kinetic experiment per-
formed using the same procedure as in (c) above.

(d) Reactivity of [Ir(CO),ClsMe]~. The reaction solu-
tion was prepared by dissolving [Ir(CO),Cl;Me]BuyN
(0.18 g, 0.29 mmol) in PhCl (8 cm®). The solution was
filtered into the high-pressure IR cell and the head fitted.
The cell was flushed at least four times with N, or CO, as
required (whilst stirring the solution) and then pressurised
with 5 atm N, or the required pressure of CO. The cell was
then heated to the required temperature and FTIR spectra
were recorded at regular time intervals under computer
control.

(e) Data analysis. After each kinetic run, absorbance vs
time data for the appropriate v(CO) absorptions were
extracted and analysed off-line using Kaleidagraph
curve-fitting software. First-order (or pseudo-first-order)
rate constants were obtained from fitting exponential
curves to the experimental data (correlation coefficients
>0.999). Each kinetic run was repeated at least twice
to check reproducibility, the k., values given being
averaged values with component measurements deviating
from each other by <5%.

X-ray structure determinations. Three-dimensional,
room temperature Xx-ray data were collected in the
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Table 9. Summary of crystallographic data
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Parameter Ph,As[Ir(CO),ClsMe] Ph,As[Ir(CO),Cl5(COMe)]
Formula C27H23ASC131I'02 C28H23ASC13II'03
Formula wt 752.92 780.93
Cryst syst. triclinic triclinic
Space group P1 P1
Colour pale yellow yellow
a (A) 9.331(3) 9.162(3)
b (A) 12.173(3) 12.371(3)
c (A) 13.578(3) 14.176(6)
a (°) 108.66(2) 109.01(3)
B(°) 107.59(3) 108.79(3)
v (°) 92.68(2) 92.48(3)
Temp. (K) 293(2) 293(2)
Z 2 2
Final R indices [I > 20(I)] R1=0.0475 R1=0.0396
wR, =0.1188 wR,=0.1011
R indices (all data) R1=0.0561 R1=0.0435
wR, =0.1245 wR, =0.1042
GOF 1.043 1.022

range 3.5 <26 <45° on a Siemens P4 diffractometer by
the omega scan method using Mo-K, radiation
(A=0.71073 A). The structures were solved by direct
methods and refined by full matrix least squares on F.
Hydrogen atoms were included in calculated positions
and refined in riding mode. Complex scattering factors
were taken from the program package SHELXL93%® as
implemented on the Viglen 486dx computer. Crystal-
lographic data are summarized in Table 9 and full listings
of data are given in the Supplementary Material.

Computational details

Quantum mechanical calculations using second-order
Mgller-Plesset (MP2) theory or DFT (B3LYP) were
performed using the Gaussian94 suite of programs.>’
Geometries of reactant and product molecules were
optimized using the Berny algorithm®® as implemented
in Gaussian94 and the LANL2DZ Gaussian basis set
developed by Hay and Wadt.”® This uses a semi-core
double-C contraction scheme for the heavy elements Ir,
and Cl, with the light atoms C, O and H being described
by the split-valence Dunning 9-5V all-electron basis.
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