Trialkyloxonium salts are known to be strong
alkylating agents toward substances possessing a lone
pair of electrons.®!” Thus the reaction of (CHj)s-
O*+PF¢~ with polar solvents used here was not un-
expected. The alkylation reaction which occurs with
acetonitrile was slow, however, so that useful spectral
data using this solvent could be obtained. Our nmr
data on approximately 40 97 solutions of (CH;);O+tPF;—
in acetonitrile suggest that over a 15-min period reac-

(17) H. Meerwein, G. Hinz, P. Hoffmann, E. Kroning, and E. Pfeil,
J. Prakt. Chem., 147, 257 (1937); H. Meerwein, H. Gold, E. Pfeil, and
G. Willfang, ibid., 154, 83 (1939) (these are the two basic papers in
this field; other isolated references have appeared since).
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tion to give the methylnitrilium ion CH;C=NCH;*
occurs to the extent of about 9097. Similar results
were obtained from the infrared spectra taken in this
solvents.

Trimethylsulfonium hexafluorophosphate did not
react with acetonitrile. However, a slow reaction of
(CH,),SSCH;+PF,~ was observed in this solvent. No
product was characterized from this reaction.

Acknowledgment. We are pleased to acknowledge
the partial support for this work provided by the Wis-
consin Alumni Research Foundation, We are indebted
to Miss P. Carney for assistance in running the proton
nmr spectra.
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Abstract: A study is described of the kinetics of the following series of reactions in benzene and dimethylform-
amide, trans-IrX(CO)(PPh;), + YZ — IrXYZ(CO)PPh;)., where X = Cl, Br, and I and YZ = H,, O, and

CH.I.

The kinetics, in each case, were found to obey the second-order rate law, rate = k,[IrX(CO)(PPh;),][YZ].

The kinetic patterns of the reactions with H: and O, were very similar. The activation parameters for these reactions,
in benzene, were all in the range AH* = 10.8 to 13.1 keal/mole and AS* = —14to —24 eu. In each case the de-

pendence of rate on the halogen followed the order I > Br > Cl.

The reactions with CH;I exhibited a somewhat

different reactivity pattern, the dependence of the rate on the halogen following the reverse order, Cl > Br > I. The
activation parameters for these reactions (in benzene) were in the range AH* = 5.6 t0 8.8 kcal/mole and AS* = —43

to — 51 eu and exhibited a marked solvent dependence.

Complexes of group VIII metals of d® configuration,
notably square-planar complexes of platinum-
aDn,>* iridium(I),*7 and rhodium(I)’® (as well as
certain pentacoordinated ruthenium(0) complexes®®)
are well known to add a variety of covalent molecules
such as hydrogen,® halogens,® hydrogen halides,**
methyl iodide,?” and oxygen® to form (generally hexaco-
ordinated) complexes of d¢ configuration. In recent
years such oxidative addition reactions have attracted
widespread interest and have been studied extensively
from the standpoint of their novel stoichiometry and
products and also of their significance in homogeneous
catalytic reactions such as hydrogenation and hydro-

(1) Support of this work by grants from the National Institutes of
Health and the National Science Foundation and by a grant to the Uni-
versity of Chicago from the Advanced Research Projects Agency is
gratefully acknowledged.

(2) J. Chatt, L. A, Duncanson, and B. L. Shaw, Chem. Ind. (London),
859 (1958).

(3) J. Chatt and B. L. Shaw, J. Chem. Soc., 5075 (1962).

(4) C. D. Falk and J. Halpern, J. Am. Chem. Soc., 87, 3523 (1965).

(5) L. Vaska and J. DiLuzio, ibid., 83, 2784 (1961); 84, 679 (1962).

(6) L. Vaska, Science, 140, 809 (1963).

(7) R. F. Heck, J. Am. Chem. Soc., 86, 2796 (1964).

(8) M. C. Baird, D. N. Lawson, J. T. Mague, J. A. Osborn, and G.
Wilkinson, Chem. Commun., 129 (1966).

(lég) J. P. Collman and W. R. Roper, J. A4m. Chem. Soc., 87, 4008
5).
(10) J. Chatt and G. M. Davidson, J. Chem. Soc., 843 (1965).

The mechanistic implications of these results are discussed.

formylation.!'-!'* However, the study of the kinetics
and mechanisms of these reactions has hitherto received
virtually no attention. We report here the results of
the first such systematic investigation of the kinetics of
the series of reactions

trans-IrX(CO)(PPh;), + YX —> IrXYZ(CO)(PPh;).

where Ph = C¢H;, X = Cl, Br, and I and YZ = H,,
02, and CHsI

Experimental Section

Materials. trans-IrCI(CO)(PPh;), was prepared by the method
described by Johnson.!* H;IrCls.-6H:O was dissolved in 2-meth-
oxyethanol and neutralized with sodium carbonate. The solu-
tion was refluxed for about 5 hr, while CO was continuously bubbled
through, until reduction to iridium{I) (presumably IrCI(CO);)
was achieved, the solution at this stage being light yellowish brown
in color. The mixture was then cooled and the stoichiometric
equivalent of triphenylphosphine added. The yellow product
which separated out was recrystallized from toluene. Anal.
Caled for IrCI(CO)P(C¢H:)s): C, 56.96; H, 3.88; P, 7.94.
Found: C,56.7; H,4.1; P, 7.64.

(11) J. F. Young, J. A. Osborn, F. H. Jardine, and G. Wilkinson,
Chem. Commun., 131 (1965).

(12) J. Halpern, Ann. Rev. Phys. Chem., 16, 103 (1965).

(13) L. Vaska and R, E. Rhodes, J. Am. Chem. Soc., 87, 4970 (1965).

(14) N. P. Johnson, Ph.D. Thesis, University of London, 1964. The
preparation of trans-IrBr(CO)(PPhs); from Ir(CO)sBr was first reported
by M. Angoletta, Gazz. Chim. Ital., 89, 2359 (1959).
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trans-IrBr(CO)(PPh3). was prepared by dissolving IrClI(CO)-
(PPhy); in tetrahydrofuran and adding a tenfold excess of LiBr.
After standing for 1 hr, the solution was evaporated to dryness, the
residue extracted with water (to remove LiCl and excess LiBr),
and the water-insoluble product recrystallized from benzene.
Anal. Calcd for IrBr(CO)[P(CeH:)sl; C, 53.89; H, 3.67, Br,
9.69; P,7.51. Found: C, 53.75; H, 3.80; Br, 9.52; Cl,0.0.

trans-IrI(CO)PPh;). was prepared by dissolving IrCI(CO)PPh;).
in benzene, adding a tenfold excess of Nal in ethanol, shaking the
mixture for 1 hr in the dark, and then evaporating to dryness.
The residue was taken up with a benzene-water mixture. The
benzene layer was separated and evaporated to dryness; the
product was recrystallized from benzene. Aral. Calcd for Irl-
(CO)P(CeHs)sl: C, 5098, H, 3.47; I, 14.56. Found: C,
50.75; H,3.39; 1,14.74.

All of the above preparations were performed under a nitrogen
atmosphere.

Reagent grade methyl iodide was extracted with aqueous sodium
thiosulfate (to remove iodine), dried over 5A molecular sieve,
distilled (bp 43°), and stored over clean mercury. Benzene and
dimethylformamide (DMF) were redistilled and dried over 5A
molecular sieve. Prior to use, the solvents were deoxygenated
with purified nitrogen.

Kinetic Measurements. The kinetics of the reactions with O, and
H, were studied by measuring the rate of uptake of the gas at
constant pressure using the apparatus and procedure described
earlier.’® The initial concentration of IrX(CO)(PPh;): in these
experiments was generally in the range 5 X 104 to 5 X 1073 M.
The partial pressures of H, and O: were varied from approximately
200 to 700 mm and the corresponding concentrations in solution
computed from solubility data in the literature.’® The reactions
with CH;l were followed spectrophotometrically using the follow-
ing absorption peaks to measure the rate of disappearance of
IrX(CO)PPh;s):: IrCI(CO)PPhs)s, Amax 387 My (€mex 3.89 X 109);
IrBr(CO)PPhs)z, Amax 389 mu (emax 3.65 X 10%); IrI(CO)PPhs).,
Amex 397 mu (emex 1.87 X 103). These experiments were made
using either a Cary 14 or Beckman DB recording spectrophotometer
with a thermostated cell compartment. The initial concentration
of IrX(CO)(PPh;), in these experiments was generally in the range
§ X 10~4to 5 X 103 M and the concentration of CHsl in at least
20-fold excess (0.1 t0 0.8 M). Oxygen was rigorously exciuded.

A Cary Model 14 spectrophotometer was used to record the
yisible and ultraviolet spectra and a Beckman IR-7 spectrophotom-
eter to record the infrared spectra. Microanalyses were performed
by Mr. W. Saschek of the Department of Chemistry, University
of Chicago.

Results and Discussion

The reactions whose kinetics were examined (in each
case for X = Cl, Br, and I) are

trans-I'X(COXPPhy), + Hy —> IrXHyCOXPPhy), (1)
trans-Ir'X(CO)PPhy)y + Oy —> IrX(0.XCOXPPhy),  (2)
trans-IrX(CO)(PPhs), + CH;I —> IrXI(CH;XCO)XPPH;): (3)

Under the conditions of the kinetic measurements all
the reactions went essentially to completion. At
lower H, partial pressures (<200 mm) the reaction of
IrClI(CO)XPPh;), with H. was readily reversible and
preliminary measurements yielded a value of approxi-
mately 1.5 X 104 M-! for the equilibrium constant
K (={IrCIHy(CO)(PPhj,),)/[IrCI(CO)PPh;).][H:]) in ben-
zene at 30°.

The infrared spectra of all the reactants and products
are summarized in Table I. The spectra determined for
IrCI(CO)(PPh;); and its adducts, all of which have
previously been characterized, are in satisfactory agree-
ment with those reported earlier.™7 Apart from small
shifts, the spectra of the bromo and iodo compounds
all resembled those of the corresponding chloro com-
pounds suggesting that they are isostructural. The

(15) A. ). Chalk and J. Halpern, J. Am. Chem. Soc., 81, 5846 (1959).
(16) Landolt-Bornstein, “Zahlenwerte und Funktionen,” Vol. II,
6th ed, Part 2b, Springer-Verlag, Berlin, 1962.

structure of IrCl(O)(CO)PPh;). has been determined,
and it has been claimed!? that infrared and nmr evi-
dence favors a cis-dihydride trans-diphosphine con-
figuration for IrClH,(CO)}PPh;),. The configuration
of the IrXI(CH3)(CO)PPh;), compounds are, at present,
unknown and X-ray determinations of these are
planned.

Table I. Infrared Spectra of Reactants and Products®
Yco, YIrH Y00

Compound cm~! cm™! cm™!
IrCI(CO)PPhy). 1950
IrBr(CO)(PPh;). 1955
IrI(CO)(PPh;), 1975
IrClO,(CO)(PPhs), 2000 858
IrBrOyCO)(PPhs), 1996 862
IrIO«(CO)PPhs): 1995 862
IrClHy(CO)(PFPhs), 1975 2100,2190
IrBrHXCO)(PPh;). 1982 2105,2200
IrTHx(CO)(PPhs), 1995 2100,2225
IrCIDy(CO)(PPhs). 1995 1460,1573¢
IrCIICH3(CO)(PPhs). 2048 (2047)®
IrBrICH;(CO)PPh;). 20462
IrI,CH3(CO)(PPhj3). 20450

e In Nujol mull unless otherwise noted. °In tetrahydrofuran
solution, ¢ py,p, in chloroform. In Nujol only one peak at 1572
cm™! was detected in agreement with earlier observations.

The general trend of increasing CO stretching fre-
quencies, in agreement with that reported earlier™’ for
the chloro compounds, is IrX(CO)PPh;). < IrX(O,)-
(CO)PPh;3); =~ IrXHx(CO)PPh;), < IrXI(CH;YCO)-
(PPhj),. This presumably reflects the decreasing extent
of w back donation from Ir to CO and hence the in-
creasing effective oxidation state of the Ir.!®!® The
only marked halogen dependence noted was in the case
of the CO stretching frequencies of IrX(CO)(PPh;),
which increased in the order X = Cl < Br < I. For
all the other compounds vco (as well as vy, and voo)
were essentially independent of the nature of the halo-
gen.

Kinetics. All the reactions studied exhibited second-
order kinetics, 7.e.

— d[IrX(CO)PPhy),)/dt = kIrX(COXPPhs)][YZ] (4)

Since the concentration of YZ was always either con-
stant throughout each experiment (for H;, and O;) or in
sufficiently large excess (for CH;I) to remain essentially
constant, the observed disappearance of IrX(CO)-
(PPh;); in every case obeyed a pseudo-first-order rate
law. For each reaction it was established at least at
one temperature that the pseudo-first-order rate con-
stant (k;) was proportional to the concentration of YZ
(typical data in Table II) in accord with eq 4. Second-
order rate constants for the other temperatures were
generally computed from kinetic experiments at a
single YZ concentration assuming the second-order
rate law to be valid. The kinetic data are summarized
in Tables IIT and IV.

The kinetic patterns for the additions of H, and of
O, to IrX(CO)(PPh;), exhibited many similarities. In
both cases the reactivity sequence was found to be
IrI(CO)(PPhj); > IrBr(CO)PPh;). > IrCI(CO)PPhs)..

(17) J. A. Ibers and S. J. LaPlaca, Science, 145, 920 (1964).
(18) L. Vaska and 8. S. Bath, J. Am. Chem. Soc., 88, 1333 (1966).
(19) E. W, Abel, Quart. Rev. (London), 17, 133 (1963).
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Table II. Typical Kinetic Data for the Addition of Various Molecules to IrCI(CO)PPhs), in Benzene

Partial
pressure
Temp, of addend, Concn of k1, ko,
Addend °C mm addend, M sec™! M™1 sec™?
H. 30 255 1.00 X 10-3 0.94 X 1073 0.94
415 1.63 X 1073 1.50 X 108 0.92
613 2.42 X 1073 2.24 X 1073 0.93
0, 30 242 3.24 X 10~¢ 1.21 X 10~¢ 3.74 X 1072
371 4.97 X 103 1.93 X 10~¢ 3.91 X 1072
473 6.25 X 1073 2.48 X 10~¢ 3.98 X 1072
630 8.45 X 1073 3,25 X 10 3.85 X 1072
CHiI 25 0.20 7.8 X 104 3.9 X 1073
0.40 1.28 X 10-? 3.2 X 102
0.60 1.98 X 1073 3.3 X 1073
0.80 2.90 X 1072 3.6 X 1072
Table III. Summary of Kinetic Data for the Reactions Table IV. Activation Parameters
IrX(CO)(PPhy); + YZ — IrXYZ(CO)(PPh;). AR, AS*
Temp, ks, X YZ Solvent kcal/mole eu
° -1 gpp—1
X Yz Solvent ¢ M7 sec Cl H, Benzene 10.8 —23
Cl H, Benzene 20 0.50 Br H. Benzene 12.0 —14
25 0.67 Cl 0. Benzene 13.1 -21
30 0.93 Br (023 Benzene 11.8 —24
35 1.30 1 (023 Benzene 10.9 —24
Cl H, Toluene 20 0.34 Cl CH;l Benzene 5.6 - 51
Cl H. DMF 30 1.86 Br CH;l Benzene 7.6 —46
Cl D, Benzene 30 0.76 I CH;l Benzene 8.8 —43
Br H: Benzene 20 7.1 Cl CH;l DMF 16.4 -10
25 10.5
30 14.3
1 H: Benzene 30 >102 . R R R
Cl 0. Benzene 20 2.07 X 10-2 either a marked increase in polarity, or unusually
25 3.36 X 102 stringent stereochemical restrictions, in going from
30 3.9X 10:: reactants to the transition state. The suggestion of a
a 0, DMF gg ?".}SXXI?O_I polar transition state also derives some support from
Br 0, Benzene 20 0.62 X 10-1 the appreciable increases in rate observed on going from
25 0.74 X 10-1 benzene to the more polar solvent dimethylformamide.
30 1.07 X 10! The significance of this in terms of the detailed mech-
35 1.49 X 107 anisms of the apparently simple addition reactions
I 0. Benzene 20 0.21 k R R . ?
25 030 whose stereochemistry is depicted below, is, however,
30 0.41 not clear.
35 0.54
o CHJ  Benzene 20 2.6 X 10-8 Ph;P.
25 3.5 X 10-3 0C——Tr——0l
30 3.9 X103
35 4.3 X107 PPh,
Cl CH;I DMF 25 2.8 X 102
30 4.1 X102 y ‘
35 7.2X 102
Br CH,l Benzene 20 1.2 X103
25 1.6 X 10°3 0\
30 1.8 X 1073 Ph, \/ 0 Ph,P.
33 23X107 oc—1r" 0C——Tr—H
1 CH;lI Benzene 20 0.64 X 10-3
25 0.91 X 1073 PPh, PPh;
30 1.05 X 103

The AH* values for these reactions were all in the range
10.8 to 13.1 kcal/mole, and the AS* values in the vicinity
of —20 eu. These entropies of activation (which are,
however, of the same order as those commonly ob-
served®2! for substitution reactions of square-planar
complexes) are unexpectedly negative for reactions
involving uncharged reactants and products and suggest

(20) F. Basolo in ‘““Mechanisms of Inorganic Reactions,” Advances in
Chemistry Series, No. 49, American Chemical Society, Washington,
D. C, 1965, p 81.

(21) C. D. Falk and J. Halpern, J. Am. Chem. Soc., 87, 3003 (1965).

The reaction of IrCI(CO)(PPh;), with H; exhibited only
a small deuterium isotope effect (ku,/kp, = 1.22).

The reactions of IrX(CO)PPh;), with CH,l ex-
hibited a markedly different kinetic pattern. Thus the
reactivities of IrX(CO)(PPh;), toward CH;l followed
the opposite order of dependence on the nature of the
halogen, namely IrCI(CO)}PPh;), > IrBr(CO)(PPh;),
> IrI(COYPPh;),. The rate constants in each case
were markedly lower than the corresponding rate con-
stants for reaction with H,, despite the much lower dis-
sociation energy of CH;l and the apparently greater
thermodynamic driving force for the formation of
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IrXI(CH;}(CO)(PPh;). (as judged from the smaller
tendency of the latter, as compared with IrXH,(CO)-
(PPh;)., to dissociate). Furthermore, the reactions of
IrX(CO)(PPh3), with CH;l in benzene exhibited lower
activation enthalpies (~5 to 9 kcal/mole) and
more negative activation entropies (~—50 eu) than
the corresponding reactions with H, and O,. The
increase in rate in going from benzene to dimethyl-
formamide solution was also somewhat greater as a
result of a markedly less negative AS* compensated
only in part by an increase in AH*. The activation
parameters and their solvent dependence are rather
reminiscent of those reported for the Menschutkin
reactions, R;N + RX -» RN+X- and interpreted in
terms of the highly polar transition state [R;Né+...
R..-X#7] approaching that of the products.?22% The
extension of this interpretation to the present case
is a reasonable one and would perhaps favor a transi-

(22) A. A. Frost and R. G. Pearson, “‘Kinetics and Mechanisms,”
2nd ed, John Wiley and Sons, Inc., New York, N. Y., 1961, p 137.

(23) K. B. Wiberg, ‘“Physical Organic Chemistry,” John Wiley and
Sons, Inc., New York, N. Y., 1964, p 379.

tion-state configuration of the type i rather than ii.
R
Ldr |

I
N

[Lrst...R...Is]
i ii

We hope to explore this theme more fully through
studies on other alkyl halides and other solvents.

Other Reactions. The rates of the reactions of
IrC1(CO)(PPh;), with HCl, HBr, Cl,, Br, and I, all
were found to be too high for measurement by con-
ventional methods, but we hope to study these reactions
using a stopped-flow apparatus. The reaction with
CH;Br proved too slow for measurement. IrCl(CO)-
(PPh;), was found to react with CHLICH,I to yield
IrClI,(CO)}(PPh;), and ethylene, but no kinetic meas-
urements were made. In addition, IrCI(CO)(PPh;), in
benzene was observed to react with CH,l,, CCly, SOCl,,
and acetyl halides but the products of these reactions
have not yet been characterized.
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