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The rates of reactions of methyl iodide with four- 
coordinated iridium(l) complexes, IrL?XY with X = 
Cl, and Y =CO, generally increase with increasing 
basicity of L such as P(OPh)j< PPh3< P(ptolyl)s< 
PMcPhz < PEt3 < PMezPh. Triphenylarsine iridium(l) 
complexes react faster with methyl iodide than the cor- 
responding triphenylphosphine complexes. The rates 
for the iridium complexes with LZ and X=Cl increase 
as Y 1s CO< PPhJ<Nz. The rates for the complexes 
with Y = CO and L = PPh3, AsPh, P(p-tolylk, or 
PMe?Ph increase as X is I < Br< Cl, and reasons for 
the increasing rates with decreasing basicity or decrea- 
sing tendency of the iridium complex to undergo oxi- 
dative addition upon variation of X have been suggest- 
ed. The rates for the complexes with X = CO and 
L = PPh3 and AsPhj increase as X is NCS< NC0 < 
NNN. The dependence of the rates on L and X are 
compared with data for reactions of iridium(I) com- 
plexes with oxygen and hydrogen, and mechanistic 
implications are discussed. 

Introduction 

Considerable interest has been recently focused on 
oxidative-addition reactions of iridium(I) complexes, 
especially lralzs-Ir(CO)Cl(PPhj)2, 1 because of the 
relevance of these reactions to fundamental processes 
involved in reactions which are homogeneously cata- 
lyzed by transition metal complexes. Most of the 
carlicr investigations have dealt with the characteriza- 
tion and structures of the products of the oxidative- 
additicn reactions,‘*2 and more recently attention has 
been directed to the mechanisms of such reactions? 
The kinetics and mechanisms of the oxidative addition 
reactions of 1 with hydrogen, oxygen, and methyl 
iodide were first reported by Chock and Hslpern.’ 
Kinetic data for reactions of 1 with 02, CO, ClH4, SOZ 
and HZ have been discussed by Vaska.’ Strohmeier 
and co-workers reported kinetic studies of reactions 
of hydrogen and various phosphine and halogen sub- 
stituted derivatives of 1.j Other kinetic studies inclu- 
de reactions of 1 with organoazidesP 2-chloroacetyle- 

(I) (a) I.P. Collman, Accounts Chern. Res.. I, 13G (1968); (b) I.P. 
Collman and W.R. Roper. Advan. OrwW?wtal. Chem., 7, 53 (1968). 

(2) L. Vaska, Accouttts Chem. Res.. I, 335 (1968). 
(3) I. Halpern.. ibid.. 3, 386 (1970). 
(4) P.B. Chock and I. Halpern, j, Amer. Chem. Sot., 88, 3511 

(1966). 
(5) W. Strohmcicr and T. Onoda, Z. Noturforsch., 236, 1527 (1968); 

246. 515 (1969). 
(6) J.P. Collmon. M. Kubota. I.Y. Sun, I. Kang, and F. Vaslinc, 

j. Amer. C/tern. Sot., 901 5430 (1968). 

nes,’ trans-I ,2-dicyano-1,2-bis( trifluoromethyl)ethylene* 
and benzenethiol? Kinetic studies of oxidative addi- 
tion reactions of related iridium(I) complexes with 
substituted silanes’O and methyl iodide” have also 
been reported. The kinetics of reactions of methyl 
iodide with complexes of rhodium(I) have been report- 
ed.12 There is clear evidence from the above studies 
that oxidative addition reactions are first order in 
both metal complex and oxidant, but important finer 
details of the mechanisms of these reactions remain 
to be elucidated. 

A perplexing mechanistic consideration is whether 
oxidative-addition reactions proceed via a transition 
state involving a concerted three-center interaction of 
metal and oxidant atoms such as 2,3 or 4, or a transi- 
tion state involving a two-center interaction of metal 

M:::? 
/H -CH, 

‘0 
M::.,A Mq I 

‘I 

2 3 4 

B 
M __ __,+ __ 1 M -- ---0, 

5 6 

and oxidant atoms such as 5 or 6. A biphili? reac- 
tion involving transfer of a pair of electrons to the 
antibonding molecular orbital of one oxygen atom 
leading to 6, followed by a rapid nucleophilic attack 
by the other oxygen atom leading to 2, may be diffi- 
cult to differentiate kinetically from a concerted inter- 
action of three atoms such as in 2. Kinetic data pu- 
blished thus far are suggestive of two distinct mecha- 
nistic types. The activation parameters for the reac- 
tions of trans-Ir(CO)X(PPh& with hydrogen and oxy- 

(7) 1.P. Collman, I.N. Cawsc. and J.W. Kang. lnorg. Chem., 8, 
2574 (1969). 

(8) 1. Ashley-Smith, M. Green, and D.C. Wood, j. Chem. Sot. 
(A), 1874 (1970). 

(9) I.R. Gaylor and C.V. Senou Proceedings of XIV lnt. Conf. 
Chem. (1972). 

(10) (a) I.F. Harrod and CA. Smith, I. Amer. Chem. Sot., 92, 
2699 (1970). (b) I.F. Harrod and C.A. Smith. Can. I. Chem., 48. 
870 (1970). (c) 1.F. Harrod, D.F.R. Gllson, and R. Charles, ibid., 
47, 2205 (1969). 

(11) A.!. Hart-Davis and W.A.G. Graham, fnor8. Chem., 9, 2658 
,19x?, 

‘“ii?) (a) I.C. Douek and G. Wilklnson, /. Chem. Sot. (A), 2604 
(1969). (b) P. Uguagliati. A. Palazzi, G. Deganello. and U. Belluco, 
Inorg. Chem., 9, 724 (1970). (c) A.]. Hart-Davis and W.A.G. Graham, 
ibid., 10. 1653 (1971). 

(13) D.U. Dewey. D.Z. Denney, C.D. Hall, and K.L. Marsi, 1. 
Amer. Chem. Sot., 94, 245 (1972). 
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Table I. Analytical Data a 

C H N Other M.p? 

ID Ir(CO)[P(CsH,),]zNCO 

IE Ir(CO)[P(CsHd]tN, 

IF Ir(CO)[P(GH&]~NCS 

IG Ir(CO)[pGH,),-jP 

IIA Ir(CO)[P(pCH,C6H,),]tC1 

IIB Ir(CO)[ P(pCH3CsHI)~]2Br 

IIC Ir(CO)[P(p-CH,C6H,),]~I 

llIA Ir(CO)[PCH~(GH&]El 

IIIB Ir(CO)[ PCH~(CGH&]zBr 

IIIC Ir(CO)[PCH,(CH&]J 

1IID Fr(CO)[ PCH,(C,H&]~NCO 

IV Ir(CO)[PGH~)I]2CI 

VA IT(CO)[ P(CH,XC,H,]ICI 

VIA Ir(CO)[ P(OGH&]Kl 

VIIA Ir(CO)[As(GH&JKt 

VIIB Ir(CO)[As(GH,),]zBr 

VIIC Ir(CO)[As(C,H&]J 

VIID Ir(CO)[As(CsH&J~NCO 

VIE Ir(CO)[As(GH&l~N, 

VIIF Ir(CO)[As(GH,),]2NCS 

58.01 
(58.07) 
56.44 

(56.21) 
56.87 

(56.66) 
58.2 

(60.4) 
59.76 

(59.63) 
56.8 

(57.9) 
54.0 

(56.3) 
49.43 

(49.25) 
46.3 

(46.2) 
43.4 

(43.2) 
50.7 

(50.6) 
31.7 

(30.7) 
37.80 

(38.39) 
52.33 

(51.32) 
51.19 

(51.04) 
48.7 

(49.2) 
46.2 

(46.5) 
52.19 

(52.20) 
51.06 

(51.11) 
51.25 

(50.51) 

3.84 
(3.96) 
3.84 

(3.90) 
3.76 

(3.66) 
3.96 

(4.19) 
4.94 

(4.71) 
4.66 

(4.66) 
4.42 

(4.70) 
3.99 

(3.94) 
3.74 

(3.73) 
3.51 

(3.48) 
3.96 

(3.88) 
6.14 

(6.02) 
4.17 

(3.91) 
3.33 

(3.46) 
3.48 

(3.30) 
3.31 

(3.30) 
3.15 

(3.15) 
3.45 

(3.50) 
3.47 

(3.53) 
3.39 

(3.39) 

1.78 7.87 b 
(1.76) (7.80) 
5.34 7.87 b 

(5.43) 
1.74 

(7.85) 

(1.70) 

2.11 
( 1.82) 

2.49 
(2.31) f 
4.11 c 

(4.11) 
a.79 d 

(8.82) 
13.3 e 

(13.6) 
9.42 b 

(9.22) 
11.4d 

(11.3) 
17.0 c 

(17.5) 

6.14 
(7.03) c 

1.60 
(1.87) 
4.83 

(4.90) 
1.57 

(1.55) 

4.08 c 
(4.45) 
a.76 d 
(8.64) 
13.2 e 

(13.1) 

250-253 

186-191 

201-204 

194-238 

232 

156 

147-151 

63 

113-115 

157-160 

198-235 

161-163 

181 

n First line, calculated, Second line, found; 5 Analysis for P; c Analysis for Cl; d Analysis for Br; e Analysis for I; f Ana- 
lysis for F; g Decomposes upon melting. 

gen in benzene were in the range AH* = 10.8 to 13.1 
Kcal/mole and AS* = -14 to -24 eu.4 Transition 
states involving interaction of atoms 2 and 3 have 
been proposed.0 The activation parameters for the 
reactions of Ir(CO)X(PPh& with methyl iodide were 
in the range AH” = 5.6 to 8.8 kcal/mole and AS’ 
= -43 to -51 eu. The marked solvent dependency 
of the reaction proceeds through interaction of atoms 
in the intermediate such as 5 analgous to that for the 
Menschutkin reaction! Further support for this pro- 
posal comes from studies of the pressure dependence 
of the reaction of methyl iodide with 1, which show 
characteristics similar to those of the Menschutkin 
reaction.14 Stereochemical studies of the oxidative ad- 
dition of alkyl halides to Ir’ complexes have not clearly 
established whether the reaction is similar to SN2 
nucleophilic displacements. While inversion of con- 
figuration at carbon has been reported in the addition 
of truns-1-bromo-2-fluorocyclohexane to Ir(CO)Cl[ P- 
(CH3)s]r,15 this finding could not be verified.16 More 

(14) H. Stieger and H. Kelm. 1. Phys. Chem., tn press. 
(15) J.A. Lablnger, R.J. Braus. D. Dolphin, and J.A. Osborn, 

Chem. Comnr.. 612 (1970). 
(16) F.R. Jensen and II. Knlckel, I. Amer. Chem. Sot., 93, 6339 

(1971). 

recently, the addition of GH&H(F)CH(Br)COGHs 
to Ir(CO)C’l[P(CH~),]2 has been shown to proceed 
with inversion of configuration at carbon.” Evidence 
for retention of configuration at carbon has been report- 
ed for the reaction of optically active CH$HBr- 
COOC2Hj with tmrzs-Ir(CO)C1[P(CH3)Phz12 and the 
proposal for a transition state involving three atoms 
such as 4 has been advanced.ls Some problems regard- 
ing interpretation of this latter report remain to be 
resolved.” Recently, it has been demonstrated that 
an alternate pathway, a free-radical process may be 
operative for oxidative addition of certain alkyl bro- 
mides.m 

The rates of reaction of oxygen and hydrogen with 
frans-Ir(CO)X(PPh& increase as the halogen X is 
varied: Cl< Br < 1. This is the order corresponding 
to increasing basicity or nucleophilicity of the metal 
and the tendency of such complexes to undergo oxi- 

(17) I.A. Osborn, private communication. 
(16) R.G. Pearson and W.R. Muir, 1. Amer. Chem. Sot., 92, 5519 

(1970). 
(19) (a) F.R. Jensen, V. Madan, and D.H. Buchanan. ibid., 93, 

5283 (1971). (b) G.M. Whitesides and D.J. Boschetto, ibid.. 93. 
1529 (1971). (c) P.R. Jcnscn and D.D. Davis, ibid., 93, 4048 (1971). 
(d) D. Dodd and M.D. Johnson, Chem. Comm., 5771 (1971). 

(20) I.S. Bradley, D.E. Connor, D. Dolphin, J.A. 
J.A. Osborn, I. Amer. Chem. Sot., 94, 403 (1972). 

Labinger, and 
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Table II. Rates of reactions of methyl iodide with complexes orIridium(1) in benzene solution at 25°C. 

lD Ir(PPh,),(CO)NCO d IE Ir(PPh&(CO)Ns 

cc;11 lO’k(obsd) 
set-’ 

101k, 
M-‘set-’ 

1.11 
1.00 

_ 1.12 
1.00 

Fyi 

0.190 
0.400 
0.600 
0.800 

lO’k(obsd) 
set-’ 
0.66 
1.43 
2.15 
2.94 

k, = 3.57x IO-’ 

IO’k, 
M-‘set-’ 

3.45 
3.58 
3.59 
3.67 

0.260 2.90 
0.400 6.70 
0.600 6.70 
0.800 7.69 

k, = 1.06x10-’ 

IF Ir(PPh&(CO)NCS 

w-y 

0.200 
0.400 

lO’k(obsd) 
set-’ 
2.79 
7.84 

IG Ir(PPh&(CO)F 

cy1 lO’k(obsd) 
set- ’ 

0.130 2.49 
0.145 3.71 

10’kz 
M-‘set-’ 

1.40 
1.96 
2.08 
2.16 

lO’k, 
M-‘set-’ 

1.92 
2.58 
2.19 
2.01 
2.45 
2.18 
1.94 

0.600 12.5 
0.800 19.1 

0.213 4.67 
0.329 6.57 
0.337 
0.459 
0.536 

8.26 
10.0 
10.4 

kz = 2.18x10-= 

k, = 1.90x10-’ 

IlA Ir[P(p-tolyl),]l(CO)C1 

CcMH,ll lO’k(obsd) 
set-’ 

0.100 8.5 
0.198 17.2 
0.200 17.8 
0.401 47.0 

k, = 1.00x10-* 

IIB Ir[ P(p-tulyl)j]z(CO)Br 

ccy 10Sk(obsd) 
see-’ 

0.176 1.10 
0.176 1.09 
0.178 1.21 
0.334 1.85 
0.346 1.92 

k, = 6.0x10-’ 

lO’k2 
M-‘set-’ 

8.5 
8.7 

10.0 
11.6 

IO’kz 
M-‘set-’ 

6.3 

E 
5:5 
5.6 

IIC Ir[P(p-tolyI),],(CO)I 

C~JI 10sk(obsd) 
see-’ 

0.307 1.78 
0.395 1.29 

IIIA Ir[ PCH,(PPbh]#XVCI 

WJJI lO’k(obsd) 
set-’ 

0.0180 3.21 
0.065 1 10.6 
0.0685 9.64 

IO’kr 
M-‘set-’ 

5.8 
3.2 
5.3 
4.8 

lo’k, 
M-‘set-’ 

1.8 
1.6 
1.4 
1.7 
1.5 

0.40 1 1.98 
0.404 1.94 0.404 67.6 

1.185 176.0 
k, = 4.8x lo-’ 

k, = 1.6x10-* 

IlIE Ir[PCHJ(PPhJ)&(CO)Br 

lC$Jl 

0.0100 
0.135 
0.138 
0.141 
0.146 
0.149 

lO’k(obsd) 
set-’ 
1.26 
2.07 
2.17 
2.09 
2.19 
2.09 

k, = 1.5x IO-* 

1lfC Ir(PCH,(PPhJ)I]z(CO)I 

y-J1 lO’k(obsd) 
see-’ 

0.110 1.23 
0.175 1.70 

k, = 1.1x10-’ 

IO’kz 
M-‘set-’ 

1.3 
1.5 
1.6 
1.4 
1.5 
1.5 

IO’k, 
M-‘sec-L 

1.1 
1.0 

WA Ir[ P(GH&]~(CO)CI 

ccp1 lO’k(obsd) 
set- ’ 

IO’k, 
M-‘set-’ 

3.2 
3.1 
2.9 
3.1 
3.1 
2.9 
2.6 

VA Ir[ P(CH,)IPPh,]l(CO)CI 

CqJl lO’k(obsd) IO’k, 
set-* M-‘set-’ 

0.050 2.56 5.1 d 
0.099 4.85 4.9 d 
0.150 8.18 5.5 d 
0.197 8.75 4.4 d 

k, = 5.0x10-’ 

0.0656 2.07 
0.0753 2.34 
0.0961 
0.0985 
0.152 
0.270 
0.319 

2.82 
3.05 
4.72 
7.71 
8.28 

k, = 2.9x lo--’ 
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Table IX. (Continued) 

VIA Ir[ P(OPh),],(CO)CI 

w$:,11 lo’k(obsd) 
set-’ 

0.80 1.3 
1.50 2.6 
3.00 4.8 

k, = 1.7~10-~ 

VIIA Ir[As(Ph)l]z(CO)C1 

K$JI lo’k(obsd) 
set-’ 

0.050 2.29 
0.099 4.76 
0.200 10.7 
0.400 24.6 
0.602 38.0 

k, = 5.4x10-’ 

VIIC Ir[As(Ph)l]2(CO)I 

CC$Jl lO’k(obsd) 
set-’ 

0.190 0.83 
0.379 1.53 
0.516 2.14 
0.698 2.67 

k, = 4.1x10-’ 

VIIF Ir[As(Ph),12(CO)NCS 

K$II lO’k(obsd) 
set-’ 

0.209 1.0 
0.303 1.7 
0.338 1.9 
0.482 3.0 
0.516 3.0 
0.63 1 4.01 
0.789 3.67 

k, = 5.2x lo-’ 

IXA Ir[ PPh,]l(NJCI 

wp lO’k(obsd) 
see-’ 

0.0110 3.25 
0.0205 5.58 
0.0249 5.71 
0.0256 6.72 
0.0328 7.08 
0.0379 8.31 
0.0424 12.4 

k, = 0.23 

ltik, 
M-‘set-’ 

1.6 
1.8 
1.6 

102kz 
M-‘see-’ 

4.6 
4.8 

::: 
6.3 

lO’k, 
M-‘se& 

4.4 
4.0 

5:: 

1fYkz 
M-‘set-’ 

4.9 
5.7 
.4.1 
6.3 
5.8 
6.4 
4.6 

k, 
M-‘set-’ 

0.24 
0.24 
0.21 
0.24 
0.20 
0.20 
0.28 

VIA Ir[ P(OPh),],(CO)Cl = 

yJ1 

1 .oo 
1.51 
2.00 
2.00 
2.00 
2.50 

lO’k(obsd) 
set-’ 
2.6 
3.5 
5.8 
5.5 
5.5 
7.1 

k, = 2.7x lo-’ 

VllB Ir[As(Ph),lz(CO)Br 

w$l lO’k(obsd) 
set-’ 

0.168 0.77 
0.234 1.15 
0.261 1.34 
0.391 1.98 
0.538 2.59 

k, = 4.9x10-l 

VIIE Ir[As(Ph)J]t(CO)NCO 

c=y iO’k(obsd) 
set-’ 

0.602 1.6 
0.801 3.4 
0.399 1.3 
0.598 2.1 

k, = 3.4x lo-’ 

VIIIA Ir[ PPh,],Cl 

yJ1 lO’k(obsd) 
set-’ 

0.0216 7.8 
0.0239 7.9 
0.0298 7.2 
0.0312 7.1 
0.0335 9.8 
0.0382 10.1 

k, = 0.16 

l#k, 
M-‘se& 

;*: 
2.9 d 
2.8 b 
2.8 c 
2.8 

i@kl 
M-‘set-’ 

4.8 
4.9 
5.1 
5.1 
4.8 

1Wkz 
M-‘set-’ 

2.7 * 
4.2 * 
3.3 d 
3.5 d 

k, 
M-‘set-’ 

0.19 
0.18 
0.12 
0.12 
0.19 
0.17 

11 in dichloromethane solution at 25°C; 
d Guggenheim treatment. 

b from appearance of product using ir; 
using ir; 

c from disappearance of iriduim(1) carbonyl 

dative addition reactions.‘a*2’ On the other hand, 
the rate of addition of methyl iodide to truns-IrX(CO)- 
(PPh3)2 has the inverse rate dependence, namely Cl> 
Br>I. This observed decrease in the rates of the 

(21) A.]. Deeming and B.L. Shaw, I. Chem. Sm. (A). 1802 (1971). 
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nucleophilic addition reaction with methyl iodide with 
apparent enhanced basicity of the iridium atom re- 
mains to be explained. To elucidate factors contri- 
buting to this apparent anomaly, and to obtain further 
general information on the placement of reactant 
fragments on metal sites, we have studied the kine- 
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tics of reactions of methyl iodide with various four- 
coordinated iridium(I) complexes, IrL?XY, where L 
is triaryl or alkyl phosphine or arsine, X is CO, Nz 
or PPhj and Y is halogen or pseudohalogen. 

Experimental Section 

Materials. Reagent grade benzene was redistilled 
and stored over molecular sieves. All solvents were 
de-oxygenated with dry argon or nitrogen which was 

passed through Alfa de-oxo catalyst. Reagent grade 
methyl iodide was treated with an aqueous solution 
of sodium thiosulfate, driect over molecular sieves, 
distilled and stored over clean mercury. 

The complexes Ir(PPh&Cl and Ir(N2)(PPh&Cl were 
freshly prepared prior to kinetic studies using the 
mcthorl described by Colhnan and co-workersP The 
iridium(I) complexes were prepared by previously 
described methods.” The purity of the iridium com- 
plexcs were checked by noting the absence of extra- 
~vzous bands in the 2000-2200 cm-’ region as well as 

Table III. Comparison of rates of reactions of methyl iodide with Iridium(l) complexes at 25°C and spectral data. 

A. Dependence cm Phosphine 

Rate 
W’sec-’ 

v(C0) = 
cm-’ 

Visible max 
nm 

VIA 
IA 
IIA 
IIIA 
IVA 
VA 

Ir[P(OPh),lt(CO)Ct 
Ir[ PPh,ll(CO)CI c 
Ir[ P(p-totyl)l]r(CO)C1 
Ir[P(CH,)Phl](CO)Cl 
Ir[ PCGH&]~CCO)Cl 
Ir[ P(CHj),Ph]L(CO)CI 

1.7 x lo-” 2000 466 390 
3.5 x 10-j 1957 440 388 

;.;; :;:2 2 
1958 442 388 
1957 434 383 

2.9x lo-* 1938 434 377 
5.0 x 10-l 1953 428 376 

B. Comparison of Pbosphine and Arsine Complexes 

IA Ir[ PPh,]~(CO)CI c 
VIIA Ir[AsPhl]z(CO)C1 
IB Ir[PPhl]2(CO)Elr c 
VIIB Ir[AsPh,]z(CO)Br 
ID Ir[ PPh,12(CO)N, 
VIID Ir[AsPhJ]z(CO)NJ 
IE Ir[PPh,12(CO)NC0 
VIIE Ir[AsPhl]2(CO)NC0 
IF Ir[ PPh,],(CO)NCS 
VIlF Ir[AsPh,],(CO)NCS 

3.5 x lo-’ 
5.4 x lo-’ 
1.6x lo-’ 
4.9 x lo-’ 
3.6x lo-’ 
6.7x 10“ 
1.1x10“ 

1957 440 388 
1955 436 389 
1961 445 392 
1960 440 392 
1959 444 392 
1954 445 393 
1962 440 383 
1960 439 386 
1973 450 397 
1968 448 396 

35.09 (36.64). 

IA 
VIIIA 
IXA 

Ir[PPh,]LXCO) c 
Ir[ PPh,]zCI(PPh,) 
Ir[PPhl]lCI(N,) 

D. Dependence on halogen or 

3.5 x 10-j 440 388 
O.t6 b 

0.23 416 373 

pseudohalogen 
1. Triphenylphosphine complexes 

IG Ir[PPh,]l(CO)F 2.0x 1o-2 1955 434 
IA Ir[ PPh,],(CO)CI c 3.5 x 10-l 1957 440 
IB Ir( PPh,)l(CO)Br C 1.6x 10-j 1961 445 
IC Ir(PPh,)l(CO)I c 0.9 x 10-I 1963 452 
:: Ir(PPh&(CO)N, Ir(PPh,)2(CO)NC0 3.6 1.1 x x lo-’ lo-’ 1959 1962 444 440 

IF Ir(PPh,),(CO)NC’s 0.2 x IO-’ 1973 450 

2. Tri(p-tolyl)phosphine Complexes 

IlA Ir[P(p-tolyl),]r(CO)CI 
;.;; $3 I 

1958 442 
IIf3 Ir[P(ptolyI)~]~(CO)Br 1960 441 
IIC Ir[ P(p-tolyl),]r(CO)I 4.7 x 10-j 1963 450 

3. Methyldiphenylphosphine Complexes 
IIIA Ir[P(CHI)Ph,]z(CO)Cl 1.6x IO-’ 1957 434 
IIIB Ir[P(CH,)Phz]t(CO)Br 1.5x lo-’ 1961 439 
IllC Ir[P(CH,)Phz]t(CO)I 1.1 x lo-’ 1963 450 

4. Triphenylarsine Complexes 
VIIA Ir(AsPh,),(CO)Cl 5.4 x lo-’ 1955 436 
VIIB Ir(AsPh&(CO)Br 4.9 x lo-’ 1958 440 
VllC Ir(AsPh&(CO)I 4.1 x lo-’ 1960 448 
VIID Ir(AsPh&(CO)N1 6.7 x lo-’ 1954 445 
VIIE Ir(AsPh,),(CO)NCO 3.4 x 10-j 1960 439 
VIIF Ir(AsPh&CO)NCS 5.2 x IO-’ 1968 448 

0 Spectra in chloroform. b No maxima in this region, kinetics followed at 440 or 410 nm. c Data from reference 6. 
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bands at 850 cm-l due to IrOz absorption. Analytical 
data for the compounds are given in Table I. 

Kinetic Measurements. The reactions were follow- 
ed spectrophotometrically using either a Cary 16K or 
Cary 13 recording spectrophotometer outfitted with 
thermostated cell compartments. The rates of disap- 
pearance of bands shown in Table III were follow- 
ed to obtain kinetic data. These systems were shown 
by us and others’ to obey Beer’s Law. The initial 
concentrations of the iridium(I) complexes were in 
the range 2 X lo-” to 5 x lo-’ M and the concentra- 
tion of methyl iodide was in at least 20-fold excess. 
Special precautions were taken to reduce losses of 
methyl iodide by evaporation and to exclude oxygen 
by usmg argon and serum cap techniques. A Perkin- 
Elmer Model 621 was used to record infrared data. 
Microanalyses were performed by Chemalytics, Inc., 
Tempe, Arizona and Dr. F. Pascher, Bonn, Germany. 

Results and Discussion 

The kinetics of the reactions of methvl iodide with 
iridium(I) complexes, IrLzXY were studied by follow- 
ing the disappearance of the iridium complex by mea- 
suring the decay of the absorption band in the 374-392 
nm region (see Table III). Pseudo-first order rate 
constants were obtained from linear plots of In (A, - 
A,) vs time for solutions containing an excess of 
methyl iodide. The second order rate constants (kz) 
calculated from the methyl iodide concentrations are 
given in Table II and confirm the rate law (1). 

-d[IrL,XY]/dt= kJIrL,XY][CHJ] (1) 

There was some scatter for certain systems especially 
for those with low methyl iodide concentrations and 
for those which react rapidly with oxygen. While 
most of the systems examined in this study showed 
good conformity to this rate law, deviation from linc- 
arity of plots of in (At - A,,) vs. time was observed 
after one-half life for certain systems such as complex- 
es which reacted with a small kz, e.g. Ir(PPh&(CO)- 
NCS or Ir[P(OPh)J]Z(CO)CI. This deviation was 
also more prominent for those solutions containing 
larger concentrations of methyl iodide. The absor- 
bance readings for these systems changed appreciably 
with time even after 10 half-lives due to a second 
slower reaction of the iridium complex with methyl 
iodide. The A, values for these systems were thus 
taken when the absorbance readings reached a rela- 
tively constant value, which in some cases correspond- 
ed to periods of over 30 half-lives of the first reaction. 
Plots of In (A, - A,) vs time (cf. Figure 1) gave indic- 
ation of two consecutive first order reactions, the 
second generally having a rate constant 100 times 
smaller than the first. 

The Guggenheim method2 was thus used to deter- 
mine the rate constants for the first of these two reac- 
tions which is for example: 

Ir(CO)C~[P(OPh),]~+CHJ~Ir(CO)Cl[P(OPh),]~(CH,)I (2) 

7 8 

That the rate constants obtained by the Guggenheim 
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treatment of the rate data during the initial stages of 
the reaction corresponds to reaction (2) was verified 
by measuring the rates of disappearance of 7 and ap- 
pearance of 8 by monitoring the intensities of infrared 
absorption qt 1997 and 2064 cm-’ respectively. The 
rate constant 2.9 X lo-’ M-‘-set’ obtained by the 
Guggenheim tretatment of the visible absorption data 
compared favorably with the values 2.8 X lo-’ M-l- 
-set-’ and 2.8 X lo-” M-‘-set-’ obtained by monitor- 
ing the disappearance of 7 and the appearance of 8 
using the infrared data. The values of kz obtained by 
the Guggenheim treatment of the visible spectral data 
also compared favorably with the values calculated 
from plots of la (A( - A,) vs t when At after 10 half- 
lives was taken as A,,. Accordingly, where it is not 
indicated in Table I, this latter method was used to 
obtain rate constants. 

TIME IO3 SECONDS 

Figure 1. Kinetic plots showing deviation from linearity for 
lirst order single reaction and subsequent reaction (A) Ir- 
(PPh)&(CO)CI in 0.80 M CHJ; (B) Ir(PPhA(CO)NCO in 
0.40 M CHJ. Rate constant for the first reaction is 1.00~ 
IO-‘W’scc- and for the subsequent reaction it is 7.5~ 
10 ‘W’scc-’ . 

The second reaction which is much slower than 
the first reaction is presumed to be due to the substi- 
tution reaction (3). While we have not succeeded in 

Ir(CO)Cl[ P(OPh),],(CH:)I +CH,I- + 

9 

Ir(CO)I [ P(OPh)l]z(CH,)I + CH,Cl 

10 

(3) 

isolating pure samples of the diiodide 10, we note that 
analyses of the methyl iodide adducts 9 are often 
characterized by high iodide content. The second 
reaction does not lead to marked changes in the infrar- 
ed spectrum of 9 in the CO stretching region, an 
observation which would be expected for a reaction 
involving a halogen exchange. This second reaction 
was also more prominent in systems in which the 
pseudohalogen was more labile. Thus the rates of 
the second reaction were faster for X = NC0 or Cl 
compared to X = Br. As we are primarily concerned 
with the details of the first reaction, careful quanti- 

(22) E.A. Guggenheim, Phil. Mug., 2, 538 (1926). 
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tative assessment of the second reaction was not persu- 
ed. While the reaction -of methyl iodide with IrCI- 
PPhsP),-2CHJ,23 it is likely that the product is Ir- 
(PPh&(CHs)Iz analogous to the isomorphous Rh- 
(PPh&(CH&, the structure of which has been deter- 
mined.24 The reaction leading to the formation of 
lr(PhsPh(CH$;! is thus analogous to the reaction of 
the iridium complex with a second molecule of me- 
thyl iodide suggested earlier. The reaction of IrCl- 
(PPh&N2 with methyl iodide leads to the same pro- 
duct, Ir(PPh&(CH3)12. 

Initial determinations of the rate constants for the 
reaction of Jr(PPh&Cl and methyl iodide gave consi- 
derable scatter. Mec?surements of the absorption 
spectrum of Ir(PPh3)sC! in benzene in the absence of 
methyl iodide revealed that the compound was dis- 
appearing by a reaction such as the insertion of the 
iridium atom into the aromatic carbon-hydrogen 
bondBs2’ or reaction of the compound with residual 
oxygen. The rate of this background disappearance 
of Ir(PPhj)&l was observed to follow first order kine- 
tics with a rate constant 3.6*0.4X 10v3 set-‘, which 
is much faster than the rate of appearance of the pro- 
duct of the insertion reaction measured by Bennett and 
Milner.25 13rieE cxposurc of the solutions to atmo- 
spheric oxygen led to acceleration of the rate of di- 
sappearance of Ir(PPh&CI. The pseudo-first order 
rate constant observed for the reaction of Ir(PPh&Cl 
with excess methyl iodide determined by monitoring 
the disappearance of Ir(PPh3)Fl is thus the sum of 
the first order rate constants for the parallel reactions, 
namelv 3.6 >( 10m3 see-’ and I~,, the pseudo-first order 
rate constant for the reaction with methyl iodide. 
The second order rate constants for the reaction of 
methyl iodide with Ir(PPhJ)&l can then be calculated 
from kl and are shown in Table II. Similarly, lr- 
(PPh&ClNz in benzene was observed to decompose 
with a rate constant of 6.0~ lo-’ see-’ and the second 
order rate constant for the reaction of methyl iodide 
with Ir(PPh&ClN? was calculated using the proce- 
dure outlined above for the reaction with Ir(PPhs)Kl. 

The rate data are organized and summarized in 
Table III to facilitate comparison and discussion. The 
tendency for iridium(I) complexes to undergo oxidati- 
vc addition reactions has frequently been related to 
the basicity of the iridium(I) atom as affected by the 
nttached ligands.‘~2*26,27 The basicity of the iridium 
atom has been determined by measuring the extent 
of protonation of the complexes Ir(CO)LzX by ben- 
zoic acide2’ The more basic phosphines were observ- 
cd to enhance the baslcity of the iridium complex. 
It can bc seen from Table III that the rates of the 
reactions of methyl iodide are faster for the iridium 
complexes cont&ing the more basic phosphines. 
Thus the dimethylphenyl phosphine complex VA re- 
acts 2000 times faster than the triphenylphosphite 
complex VIA. The complexes of triphenylarsine re- 
act at faster rates than the corresponding triphenyl- 
phosphine complexes. The triphenylarsine complexes 
have a greater affinity for protons than the triphenyl- 

(23) MA. Dcnnctt and D.L. Milncr. Chem. Conrrrz.. 581 (1967). 
(24) P.G.H. Troughton and A.C. Skopski, ibid., 575 (1968). 
(25) MA. Dcnnctl and D.L. Milncr, /. Amer. Chcrn. SIX.. 91, 

6983 (1969). 
(26) L. Voska. L.S. Chcn, and C.V. Send, Science, 174, 587 

(1971). 
(27) L. Vnskn and M.1:. Werncke. Truns. N. Y. Accrd. Sci., 33. 

70 (1971). 

phosphine complexes?’ 
The dependence of the rates of reaction of methyl 

iodide on the halogen attached to the iridium if F> 
Cl> Rr> I, a trend which is opposite to that observed 
for the rates of reaction of iridium complexes with 
oxygen,f*4 hydrogen,2e4 chloroacetylenes,7 benzene- 
thiols? and organ0 azides.6 The reversal of the rate 
dependence also extends to the pseudohalogens. For 
example, the rate of reaction of methyl iodide with 
Ir(CO)(PPh3)2NC0 is faster than with Ir(CO)(PPh&- 
NCS, but the rate of reaction of hydrogen with 
Ir(CO)(PPhl)2NCS is faster than with Ir(C0) 
( PP~~)zNCO.*~ The extent of protonation of com- 
plexcs Ir(CO)(PPhMei)zX by benzoic acid, and 
thus the order of increasing basicity is Cl<Rr< I.*’ 
The iodine atom which is the most polarizable and 
least electronegative is expected to release the largest 
amount of electron density to the iridium atom. The 
decreasing rates of reactions of methyl iodide with 
increasing basicity of the iridium complexes by the 
variation of the halogen ligand is thus unexpected. 
The difference in rates with variation of haloggn is 
much smaller than the difference with variation of 
phosphine, but the definite consistent differences in 
the trends of the rates of reactions of the iridium 
complexes with methyl iodide as contrasted with 
hydrogen, oxygen, chloroacetylenes, benzenethiols, and 
organ0 azides is noteworthy. We suggest that the 
difference in the trend of rates is due to distinct dif- 
ferences in the geometries or the electronic properties 
of the activated complex. 

The proposed transition states for the reactions of 
Ir(CO)XL2 with oxygen and with methyl iodide are 
I1 and 12. The most significant differences between 

x,i,o 
Ir I 

Y'J ‘0 
T 

i 

x\’ ‘...l 
2 

y/Ii 7-5 L X 
L L Y’ 

11 12 

11 and 12 are (a) that the iridium atom in 1 I is six- 
coordinated and the bonding may involve interaction 
of x orbitals of Ir and 7~~ orbitals of 02; (b) that the 
iridium atom in 12 is five-coordinated and the bond- 
ing of lr-C is mostly d in character. In a subsequent 
step, the iodide ion is released and re-attached at a 
position tram to the methyl group.** Stabilization of 
the tra.nsition states 11 and 12, hence enhancement 
of the relative rates ot reactions, may be electroni- 
cally and sterically affected by substituents L and 
X in a different way. The rates of all reactions of 
iridium(I) complexes which proceed via a six-coordin- 
ated transition state may be expected to have the 
same type of dependency on L and X substituents. 

The inductive release of electrons from the more 
basic phosphines and the arsines enhances the nucleo- 
philicity of the iridium atom in 11 and 12. Similarly, 
from a consideration of polarizabilities and electro- 
negativities of the halogen atom, the nucleophilicity 
of the iridium atom would be enhanced to a greater 
degree by an attached iodine atom than a chlorine 

(28) A.J. Deeming and B.L. Shnw, I. Chcm. SOC. (A), 1128 (1969). 
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atom. Thus, the dependency of X where I >Br> Cl 
is observed in reactions with biphiles13 such as oxygen, 
hydrogen, acetylenes, benzenethiols and organ0 azides. 
These reactions probably proceed by transition states 
in which these molecules occupy two coordination 
sites on the transition state. 

Another significant way in which the transition 
states may differ is the extent to which the electron 
pair is transferred from the iridium atom to the sub- 
strate. This may be depicted, for example, by 13 
and 14, where the Ir-C bond in the activated com- 
plex 14 more closely resembles the product than the 
reactant. 

OS: 
Ir’:. . . 

b 

13 14 

The high solvent dependency of rates of reactions of 
methyl iodide lends support to the significance of a 
transition state characterized by 14 in which the elec- 
tron pair is more closely associated with the carbon 
atom that the iridium atom, which thereby has the 
oxidation number I I I. 

This difference in the transition states provides a 
reasonable explanation for the reversal of the rate 
dependence on the halogen in reactions of JrLlXY 
with oxygen and methyl iodide. It has recently been 
reported that iridium(I) binds fluorine more strongly 
than iodine, whereas iridium( IIJ) binds iodine more 
5trongly than fluorine.?’ Using a model similar to 
that proposed by Zumdahl and Drago,“’ we suggest 
that the carbon atom in 12 will share the same px and 
py orbitals as the ligands X and Y. Good utilization 
of px and pr orbitals for strong Jr-X and Jr-Y bonding 
would lead to poor Jr-C a-orbital overlap and con- 
sequently a raising of the energy of the transition 
state 12 and a slower rate of reaction. Since the 
methyl group would share the same px and pr orbitals 
as the ligands X and Y, good overlap of orbitals of 
the ligsnds X and Y with Jr would lead to decreasing 
rates. Good overlap of orbitals of L with Jr would 
involve pL orbitals of Jr, thus would contribute to 
increared rates due to the inductive release of electrons 
mentioned earlier. Reactions of methyl iodide with 
complexes with X = J which form a stronger bond 
with Jr”’ in 12 would lead to a slower rate than reac- 
tions with complexes with X = F. The slower rate 
of reaction of methyl iodide with Jr(PPh~~2ClCO than 
with Ir(PPhhCIN2 and with Ir(PPh,)&I ‘is also con- 

sistent with the model since CO forms a stronrger bond 
with iridium than Nz or PhjP.6 From a consideration 
of inductive effects, it is unexpected that the rate of 
reaction of methyl iodide with Jr(PPhJ)lCI is slightly 
slower than the rate observed with Jr(PPh?)2CIN:. 
This result may be due to steric factors such as de- 
formation of Jr(PPh&Cl from a square planar struc- 
ture as reported for Rh(PPhl),Cl.-” 

Correlation of rates to electronic and injrared spec- 
!ru. Four-coordinated iridium( 1) complexes can be 
readily distinguished from five-coordinated complexes 

by the presence of low energy d-d bands in the 
visible spectra in the four-coordinated compJexes.32 
The extent of protonation of iridium complexes Ir- 
Cl(CO)L2 was found to be greafer as the wavelengths 
of the electronic absorption band in the 430-445 nm 
region appeared at lower wavelengths.*’ Specifically, 
as L was varied, the extent of protonation decreased 
as PMeJ(43 1) > PMezPh(432) > PMePh2(437) > PPh;- 
(440) and AsPh3(438)> PPhj(440). (The numbers 
given in parenthesis refer to the wavelength maxima 
in nm of the lowest excitation band). On the other 
hand, the extent of protonation of complexes Jr(CO)- 
(PPhzMe)zX was found to be fess as the wavelength 
of the maxima appeared at Zower wavelengths. viz. 
J(445) > Br(437) > Cl(432). A similar linear relatio- 
nship between the excitation energy and the free 
energy of oxygenation of Jr(CO)(PPh&X has been 
reported.” 

Examination of the data in Table II I reveals that the 
rates of reactions of methyl iodide with Jr(CO)ClL2 
are generally faster for those complexes which have 
maxima at lower wavelengths as L is varied. A no- 
table exception to the trend is the complex IrCO- 
(P(OJ’h)&CI. The variation of rates with halogen 
in Ir(CO)L?X follows tiic same order, namely faster 
rates with those complexes with maxima at lower 
wavelengths. A model relating the structure of the 
excited electronic state, the structure of the activated 
complex and the thermodynamics or the reactions 
remains to be explored. 

The CO stretching frcqucncies in the infrared spec- 
tra of the iridium(I) carbonyls which generally reflect 
the amount of back-bonding from the metal to CO 
has been related to the reactivity of these compounds 
with hydrogen.” In can bc observed in Table JJ1 that 
the rates of reactions of a related series of compounds 
can be related to the CO stretching frequencies. Those 
compounds with higher CO frequencies react with 
methyl iodide at a slower rate than those with lower 
CO frequencies. The high CO frequencies and low 
rates of reaction of Jr(CO)[P(OPh)3]2Cl and the 
thiocyanato derivatives stand out in this regard. Com- 
plexes of triphenylphosphin:: have CO stretching fre- 
quencies which arc slightly higher than those of the 
corresponding triphenylarsinc complexes, and the tri- 
phenylphosphine complexes react at a slower rate than 
the triphenylarsinc complexes. The CO stretching 
frcquencics in the halide and pseudo halide complexes 
incrcasc in the order Cl<Br< I and Nl<NCO< NCS 
and the rales of reaction with methyl iodide decrease 
in the order Cl>Br> I and N,>NCO>NCS. The 
complexes with the more basic phosphines which have 
low CO frequencies react at a faster rate with methyl 
iodide. 
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