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Kinetic data for the oxidative addition of Me1 and H2 to Ir(CO)(Cl)L2, as well as the data for 
the association and dissociation of 0 2 ,  were analyzed satisfactorily in terms of the three 
stereoelectronic parameters x, 8, and E, of the phosphine ligands according to the following 
equation: log k = ax + b8 + cE, + d .  Literature data for Me1 and H2 addition have been 
supplemented with data from our laboratories. The addition of Me1 involves the most polar 
transition state of the group, whereas the addition of H2 involves the least polar transition state 
based on the size of the coefficients of x. All the reactions show a significant dependence on 
E,, including the addition of H2, which shows little dependence on x. The steric sensitivity 
(coefficient of 8) is greatest for the addition of Me1 and least for Ha. The coefficients of both 
x and E, for the Me1 reaction are smaller in acetone compared to those in benzene, whereas 
the steric sensitivity shows a smaller variation on changing solvent. The addition of H2 is 
insensitive to the nature of the solvent. The dissociation of 0 2  from Ir(CO)(Cl)L2(02) is insensitive 
to both 8 and x but does show a statistically significant dependence on E,. 

Introduction 
The chemistry of the iridium complexes Ir(CO)(Cl)L2 

(Vaska’s complexes) is a paradigm of organometallic 
chemistry.l In particular, the oxidative addition of Me1 
toIr(CO)(Cl)L2 (eq 1) has beenstudied extensively.2 There 

ki 
Ir(CO)(C1)L2 + Me1 - Ir(CO)(C1)L2(Me)(I) (1) 

seems to be agreement that the reaction proceeds by 
nucleophilic displacement of iodide to form the transient 
complex Ir(C0) (Cl)Lz(Me)+. The ligand-effect studies of 
Thompson and Sears3 and Ugo et al.* appear to support 
this conclusion. Both groups observed that the rate of 
addition of Me1 to the P(p-XPh)a complexes increases as 
the electron-donor capacity of the ligands increases. In 
addition, both groups noted that the reactivity pattern 
for the PEt,Ph%, complexes was curiously PEtPhz > 
PEtzPh > PPh3; this pattern correlates with neither the 
size (8) nor the electron-donor capacity (x or pK,) of the 
ligands. 
For several years now, we have been interested in the 

interpretation of ligand-effect data.5 A growing body of 

(1) Dickson, R. S. Organometallic Chemistry of Rhodium and Iridium; 
Academic Press: New York, 1983. 
(2) (a) Puddephatt, R. J.; Crespo, M. Organometallics 1987,6, 2548. 

(b) Bennett, M. A.; Crisp, G. T. Aust. J. Chem. 1986,39,1363. (c) Stang, 
P. J.; Schiavelli, M. D.; Chenault, H. K.; Breidegam, J. L. Organometallics 
1984,3,1133. (d) Yoneda, G.; Blake, D. M. Inorg. Chem. 1981,20,67. 
(e) Pearson, R. G.; Figdore, P. E. J.  Am. Chem. SOC. 1980,102,1541. (0 
Labinger, J. A.; Osbom, J. A.; Colville, N. J. Znorg. Chem. 1980,19,3236. 
(g) Labinger, J. A.; Osborn, J. A. Znorg. Chem. 1980,19,3230. (h) Miller, 
E. M.; Shaw, B. L. J. Chem. Soc., Dalton Trans. 1974,480. (i) Kubota, 
M.; Kiefer, G. W.; Ishikawa, R. M.; Bencala, K. E. Inorg. Chim. Acta 
1973, 7,195. (j) Stieger, H.; Kelm, H. J. Phys. Chem. 1973,77,290. (k) 
Bradley, J. S.; Conner, D. E.; Dolphin, D.; Labinger, J. A.; Osbom, J. A. 
J.  Am. Chem. SOC. 1972,94,4043. (1) Peareon, R. G.; Muir, W. R. J .  Am. 
Chem. SOC. 1970,92,5519. (m) Halpern, J.; Chock, P. B. J. Am. Chem. 
SOC. 1966,88, 3511. 
(3) Thompson, W. H.; Sears, C. T. Inorg. Chem. 1977,16, 769. 
(4) Ugo, R.; Pasini, A.; Fusi, A.; Cenini, S. J. Am. Chem. SOC. 1972,94, 

7364. 
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evidence suggests that ligand-effect data can be separated 
into steric and electronic c ~ m p o n e n t s . ~ ~  This can be 
accomplished by graphical methods or by linear regression 
analysis according to eq 2 if there are no steric thresholds, 
as is the case for the systems described herein8 In eq 2, 
x is an electronic parameter derived from the infrared 
data for Ni(C0)3L,S 8 is the cone angle of the phosphorus 

~ ~ 

(5) (a) Woska, D. C.; Bartholomew, J.; Greene, J. E.; Eriks, K.; Prock, 
A.;Giering, W. P. Organometallics 1993,12,304. (b) Woeka,D. C.; Wilson, 
M.; Bartholomew, J.; Eriks, K.; Prock, A.; Giering, W. P. Organometallics 
1992,11, 3343. (c)  Prock, A.; Giering, W. P.; Greene, J. E.; Meirowitz, 
R. E.; Hoffman, S. L.; Woska, D. C.; Wilson, M.; Chang, R.; Chen, J.; 
Magnuson, R. H.; Eriks, K. Organometallics 1991,10,3479. (d) Panek, 
J.; Prock, A.; Eriks, K.; Giering, W. P. Organometallics 1990,9,2175. (e) 
Liu, H.-Y.; Erika, E.; Prock, A.; Giering, W. P. Organometallics 1990,9, 
1758. (0 Tracey, A. A.; Eriks, K.; P m k ,  A.; Giering, W. P. Organometallics 
1990, 9, 1399-1405. (g) Liu, H.-Y.; Eriks, E.; Prock, A.; Giering, W. P. 
Acta Crystallogr. 1990, C46, 51. (h) Erika, K.; Liu, H.-Y.; Prock, A,; 
Giering, W. P. Znorg. Chem. 1989,28, 1759. (i) Rahman, M. M.; Liu, 
H.-Y.; Erika, K.; Prock, A.; Giering, W. P. Organometallics 1989,8,1-7. 
(j) Erika,K.;Liu,H.-Y.;Koh,L.;Prock,A.;Giering,W.P.ActaCrystallogr. 
1989, C45,1683-1686. (k) Rahman, M. M.;Liu,H.-Y.; Prock, A.;Giering, 
W. P. Organometallics 1987,6,650-658. (I) Golovin, M. N.; Rahman, M. 
M.; Belmonte, J. E.; Giering, W. P. Organometallics 1985,4,1981-1891. 
(6) (a) Poe, A. J.; Farrer, D. H.; Zheng,Y. J.  Am. Chem. SOC. 1992,114, 

5146. (b) Chen, L.; Poe, A. J. Znorg. Chem. 1989,28,3641. (c) Poe, A. 
J. Pure Appl. Chem. 1988,60, 1209. (d) Brodie, N. M.; Chen, L.; Poe, 
A.J.Znt.J.Chem.Kinet.1988,20,467. (e)Gao,Y.-C.;Shi,Q.-Z.;Kershner, 
D. L.; Basolo, F. Znorg. Chem. 1988,27,188. (f) Dahlinger, K.; Falcone, 
F.; Poe, A. J. Znorg. Chem. 1986,25, 2654. 

(7) (a) Romeo, R.; Arena, G.; Scolaro, L. M. Inorg. Chem. 1992, 31, 
4879. (b)Hester,D.M.;Sun,J.;Harper,A.W.;Yang,G.K.J.Am.Chem. 
SOC. 1992,114,5234. (c) Zhang, S.; Dobson, G. R.; Brown, T. L. J.  Am. 
Chem. SOC. 1991,113,6908. (d) Beringhelli, T.; DAlfonso, G.; Minoja, 
A. P.; Freni, M. Inorg. Chem. 1991,30, 2757. (e) Moreno, C.; Delgado, 
S.;Macazaga, M. J. Organometallics 1991,10,1124. (0 Ching, S.; Shiver, 
D. F. J. Am. Chem. SOC. 1989,111,3228. (g) Baker, R. T.; Calabrese, J. 
C.; Krusic, P. J.; Therien, M. J.; Trogler, W. C. J. Am. Chem. SOC. 1988, 
110,8392. (h) Herrick, R. S.; Peters, C. H.; Duff, R. R.Znorg. Chem. 1988, 
27, 2214-2219. (i) Leising, R. A.; Ohman, J. S.; Takeuchi, K. J. Inorg. 
Chem. 1988,27,3804. 0’) Zizelman, P. M.; Amatore, C.; Kochi, J. K. J. 
Am. Chem. SOC. 1984,106,3771. (k) Chalk, K. L.; Pomeroy, R. K. Inorg. 
Chem. 1984,23,444-449. (1) Yoneda, G.; Lin, S.-M.; Wang, L.-P.; Blake, 
M. D. J.  Am. Chem. SOC. 1981, 103, 5768-5771. (m) Schenkluhn, H.; 
Berger,R.; Pittel, B.; Zahres, M. Transition Met. Chem. 1981,6,277-287. 
(n) Heimbach, P.; Kluth, J.; Schenkluhn, H. Angew. Chem., Int. Ed.  
Engl. 1980, 19, 569 and references therein. 

(8)  Wilson, M. R.; Woska, D. C.; Prock, A.; Giering, W. P. Organo- 
metallics, in press. 
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Ozidatiue Addition ~f MeI, H2, and O2 to 1r(C0)(C1)L2 

log k = ax + be + CE, + d (2) 

ligand,1° and E, is an electronic parameter, the magnitude 
of which depends on the number of aryl groups attached 
to the phosphorus(II1) ligand? 

Application of this graphical method (using x and 8 
only) to the literature data for the addition of Me13v4 or 
0211a to Ir(C0) (Cl)L2 (eqs 1 and 3) does not give satisfactory 
re~ul t s .~  Thus, our graphical analysis of the kinetic data 

Ir(CO)(Cl)L, + 0, * Ir(CO)(Cl)L,(O,) (3) 
k,i 

k-:i 
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for the Me1 reaction affords a steric profile that resembles 
a scatter diagram (Figure 1). Attempts to separate the 
stereoelectronic componenta of the kinetics of addition of 
02 to Ir(CO)(Cl)L, (in terms of the PKa values of HPR3+ 
and 8 )  led to a curious steric profile that suggested steric 
acceleration for small ligands and steric inhibition for the 
PCy3 complex.51 

In order to understand why the data for reactions 1 and 
3 do not correlate with x and 8, we embarked on a program 
to extend the set of kinetic data for the addition of Me1 
to Ir(CO)(Cl)L,. It was our hope that an interpretable 
pattemof reactivity wouldemerge. In this paper, wereport 
the results of this study and compare these results to those 
of our reinvestigation of the addition of H212 to Ir(C0)- 
(C1)Lz (eq 4), which appears to proceed via a nonpolar 
transition state. 

k4 

Ir(CO)(Cl)L, + H, - Ir(CO)(Cl)L,H, 

Results 
The literature kinetic data for the addition of MeI2'v3 

and H212c9e to Ir(CO)(Cl)L, in several solvents has been 
supplemented by measurements made in our laboratories. 
For the addition of MeI, we found good second-order 
kinetics with no evidence of complicating side reactions 
except for the complexes where L = PPhz(t-Bu) and 
PPhzCy. In each of these cases it appears that the initially 
formed product undergoes further reaction. These side 
reactions do not appear to influence the kinetics of the 
initial addition of MeI. We were unsuccessful in our 
attempts to characterize the decomposition producta. For 
the reactions that afforded stable adducts, we characterized 
the products by lH NMR and IR spectroscopy. We were 
unable to measure the rates of reaction of a few of the 
complexes in the more polar solvents because of their 
insolubility. Thus, we were not able to study the PCy3 or 
P@-Me2NPh)3 complexes in DMF or acetone. All data 
are presented in Table I. 

The resulting kinetic data were analyzed in terms of the 
phosphorus stereoelectronic parameters x, 8, andE,. Only 
the data for the PPhCy2 complex did not fit the analyses. 

(4) 

(9)Tolman, C. A. Chem. Rev. 1977,77, 313. 
(10) Bartik,T.;Himmler,T.;Schulte,H.-G.;Seevogel,K. J.Organomet. 

Chem. 1984,272, 29. 
(11) (a) Veska,L.; Chen, L. S. J .  Chem. S0c.D 1971,1080. (b) Veska, 

L.; Chen, L. S.; Senoff, C. V. Science 1971,174, 587. (c) Mercer, E. E.; 
Peterson, W. M.; Jordan, B. F. J.  Znorg. Nucl. Chem. 1972,3290. 

(12) (a) Burk, M. J.; McGrath, M. P.; Wheeler, R.; Crabtree, R. H. J.  
Am. Chem. SOC. 1988,110,5034. (b) Hyde, E. M.; Shaw, B. L. J .  Chem. 
SOC., Dalton Tram. 1976,765. (c) Schmidt, R.; Geis, M.; Kelm, H. 2. 
Phye. Chem. 1974,92,223. (d) Vaska, L.; Werneke, M. F. Tram. N.Y.  
Acad. Sci. 1971,31, 70. (e) Strohmeier, W.; Onoda, T. 2. Naturforsch. 
1969,24B, 515. (0 Strohmeier, W.; Onoda, T. 2. Naturforsch. 1968,23B, 
1527. 

* +  

eQ 
0 

-24 

3 

0 
Figure 1. Steric profile for the addition of Me1 to Ir(C0)- 
(C1)L2 (eq 3). The profile is based on the analysis (in terms 
of x and 8) of the kinetic data reported by Thompson and 
Seam4 

Discussion 
There are a number of cases where the simple graphical 

separation of kinetic data in terms of x and 6 provides 
insightful r e~u l t s .~  The analysis of the decarbonylation 
of (v-Cp)Mo(CO)zLCOMe (eq 5) is a relevant exam~1e.l~ 

(7-Cp)Mo(CO),LCOMe - k5 

(9-Cp)Mo(CO),LMe + CO (5) 

The electronic profile for this first-order reaction is a 
scatter diagram (Figure 2a) showing no particular pattern. 
The line drawn through the points for complexes con- 
taining the isosteric ligands P@-XPh)3 does show that 
the reaction is slightly accelerated as the electron-donor 
capacity of the ligands decreases (larger x) .  Importantly, 
the data point for P(i-Bu)a, which is virtually isosteric (e 
= 143O) with P@-XPh)3 (8 = 1 4 5 O ) ,  falls on the line 
determined by the data for the P@-XPh)3 Complexes. The 
steric profile of the reaction (constructed by plotting venue 
8 the deviations of the data from the line in Figure 2a) 
shows that the reaction is sterically accelerated and that 
steric effects appear to be continuously operative over the 
entire range of 8 for this set of ligands. The fact that 
P@-XPh)s points fall on the steric profile indicates that 
E, makes an insignificant contribution to the rate of this 
reaction (vide infra).8 The stereoelectronic demands of 
this decarbonylation reaction are consonant with a procese 
where the rate-determining step involves primarily the 
dissociation of a u-acid ligand. 

We could not analyze the kinetic data for the addition 
of Me1 to Ir(CO)(Cl)L2 (eq 1) in this manner. The difficulty 
arises because there is a second electronic effect, the aryl 
effect8 (E,), which assumes significance here. The im- 
portance of the aryl effect can be readily appreciated when 
the analysis of log kl for the addition of Me1 is performed 
graphically in terms of x and 8 alone. In Figure 3a, we 
show the electronic profile for the addition of Me1 to 
Ir(CO)(Cl)L2. There are several features to note about 
this electronic profile. First, examination of the P@-XPh)a 
data shows that the rate of reaction is dramatically 
enhanced as the electron-donor capacity of the ligand 
increases (smaller x). Second, all the other data fall below 
the line defined by the P@-XPh)3 complexes. For 
example, the data point for P(i-Bu)s, which is a strong 
electron-donor ligand and nearly isosteric with P@-XPh)3, 

(13) Barnett, K. W.; Pollman, T. G. J .  Orgonomet. Chem. 1974,69, 
413. 
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Kinetic Data for the Addition of Mer, 0 2 ,  and H2 to Ir(CO)(Cl)b 
Table I. Stereoelectronic Parameters ( x ,  8, and &) for the Phosphine Ligands, Infrared Data (vc0) for Ir(CO)(CI)L*, and 

entry no. phosphine X a  eb  E,,C YCOd 103krc 1O3klf 1OZk3g 1OSk-3g 102k4" 102k4' 106ky' 
1 PMe2Ph 
2 PEt3 

PEt3 
3 PEt,Ph 
4 PMePhz 
5 P B u ~  
6 PEtPh2 
7 P( i-Bu) 3 
8 P( Me2NPh)3 
9 P@-MeOPh) 3 

10 P@-MePh)3 
11 PPh3 

PPh3 
12 PPh2@-CIPh) 
13 P@-FPh)3 
14 PPh@-ClPh)2 
15 P@-CIPh)3 
16 P@-CF3Ph)3 

18 PCyPh2 
19 P(t-Bu)Phz 

21 PCy2Ph 

17 P(i-Pr)(Ph)z 

20 P(i-Pr)j 

22 PCY3 

10.6 
6.3 

9.3 
12.1 
5.25 

11.3 
5.7 
5.25 

10.5 
11.5 
13.25 

14.4 
15.7 
15.6 
16.8 
20.5 
10.1 
9.3 
8.8 
3.45 
5.35 
1.4 

122 
132 

136 
136 
136 
140 
143 
145 
145 
145 
145 

145 
145 
145 
145 
145 
150 
153 
157 
160 
161 
170 

1 .o 
0 

1 .o 
2.0 
0 
2.0 
0 
2.7 
2.7 
2.7 
2.7 

2.7 
2.7 
2.7 
2.7 
2.7 
2.0 
2.0 
2.0 
0 
1 .o 
0 

1954.7 
1942.0 

1951.0 
1959.4 
1940.1 
1955.5 
1938.9 
1951.9 
1960.6 
1961.5 
1964.7 

1968.0 

1969.8 
1974.9 

1949.5 
1950.4 
1936.3 
1948.7 
1931.7 

50k 
23 
29k 
11.5' 
17.7' 

13.6' 
0.55 

25.3' 
13.2' 
3.6 
3 . 9  
0.449' 
0.0854' 
0.0932' 
0.0 144' 

4.9 
0.18 
0.19 

c0.002 
0.31 

128 

45 
30 

107 

21 
20m 

3.3 

1.3 
0.25 

40 
16 
0.96 
0.26 

33.8 

26.1 
14.2 

48.4 
21.6 
13.9 

3.10 

0.127 

1.57 

3.90 
6.75 

12.5 
12.2 
13.9 

8.67 

5.85 

42 

19 

26 
27 
2.7 

93 
64.0" 
36 
44.0" 

49 

38 
17 

2.8 
9.1 
0.59 
1.3 
0.079 

170 
175 
140 
175 

61 

67 
67 

3.63 

6.76 
3.89 

5.62 

9.55 
10.7 
13.5 

23.4 

46.8 

x (cm-I) values were taken or calculated from data presented in ref 10. Values of 0 (deg) were taken or calculated from data presented in ref 
9. Reference 8. Measurements were made on dilute methylene chloride solutions of complex; values are given in cm-I. e kl in units of M-l s-1; in 
benzene. f Acetone. 8 k3 in units of M-I s-I and k-3 in s-l; data taken from ref 1 la  (chlorobenzene). k4 in unitsof M-I s-l; in toluene. i Dimethylformamide. 
j ks in units of s-I; data taken from ref 13. Data taken from ref 21. ' Data taken from ref 3. Data point taken from ref 2j. Data taken from ref 
12e. 

-4.0 
a1 

-4.5 1 ' ' I 

-6.0 
0 5 1 0  15  

x 
b 
' 

. I  - I - * - a - '  
100 120 140 160 180 

e 
Figure 2. Electronic (a) and steric (b) profiles for the 
decarbonylation of (q-Cp)Mo(CO)LCOMe. Data are taken 
from Table 1. 

should fall near the line in Figure 3a as it does in Figure 
2b. Surprisingly, the P(i-Bu)s complex is 4 decades less 
reactive than predicted. Likewise, the PEt3 complex is 
less reactive than predicted by the analysis of the P(p- 
XPh)3 data even though PEt3 is smaller and more basic 
than any of the P@-XPh)3 ligands. 

A steric profile (Figure 3b) of reaction 1 was generated 
by plotting the deviations of the data from the line in 
Figure 3a versus 8. At first glance, i t  resembles a scatter 

-1 - 
-2 - 
-3 - 
-4- 

-5 - 

' ' 
't 
' 

a 

0 5 10 1 5  20 2 5  

X 

8 
Figure 3. (a) Plot of log kl for the addition of Me1 to 
Ir(CO)(C1)L2. The line is drawn through the data for 
complexes containing P@-XPh)s (open circles). (b) Steric 
profile for the reaction above, which was created by plotting 
the difference between the data and the line shown in Figure 
3a. The lines are drawn through families of complexes that 
contain phosphine ligands which bear 0 (a) ,  1 (b) ,  2 (c ) ,  or 3 
(d) aryl groups. 
diagram, until it is recognized that the data fall along three 
parallel lines that are distinguished by the number of aryl 
groups attached to the phosphorus. The data for the P@- 
XPh)3 groups form a separate cluster. It is clear from this 
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Ozidatiue Addition of MeI, Hz, and 02 to Ir(CO)(CI)Lz 

3 ,  I 

c) 

B 

- 5  0 5 1 0  1 5  2 0  

x 

~ I . ” ,  . I . I . I . I . I 

100 120 140 160 180 2 0 0  

0 
Figure 4. (a) Electronic profiie for the correlation of Zu* 
with x .  (b) Deviation of the data from the line defined by 
the data (open circles) for P@-XPh)3 in Figure 4a, plotted 
against 19. The linea are drawn through families of ligands 
that possess 0 (d) ,  1 (c ) ,  2 (b) ,  and 3 (a) aryl groups. 
steric profiie that the attachment of phenyl goups 
incrementally enhances the reactivity of the complexes 
toward MeI. 

This is a pattern that we had seen previously in our 
correlation of Ea* with x and 8 (Figure 4h8 The steric 
profiie (Figure 4b) shows the separation of the ligands 
according to the number of phenyl groups attached to the 
phosphorus. This separation forms the basis of our 
assignment of E, as described in ref 8. 

These observations led us to analyze the data for the 
addition of MeI, 0 2 ,  and H2 in terms of x ,  8, and E, via 
eq 2. In Figure 5, we show the electronic profiles for the 
addition of Me1 toIr(CO)(Cl)Lz in benzene (a) and acetone 
(b), the addition (c) and dissociation (d) of 0 2  in chlo- 
robenzene, and the addition of H2 in toluene (e). The 
coefficients and statistical data resulting from the analysis 
of the kinetic data for each reaction according to eq 2 are 
displayed in Table 11. In none of the examples do we find 
evidence for a steric threshold. 

Interpretation of the data displayed in Table I1 rein- 
forces our current views2-4J1J2 of the mechanisms of the 
oxidative-addition reactions of Ir(C0) (Cl)L2 and gives us 
some new insights into the chemistry of these complexes. 
Several trends are obvious. First, the coefficients of x 
(Table 11) increase by a factor of 10 on going from the 
addition of H2 (toluene) to the addition of Me1 (benzene) 
(Figure 6 shows plots of log k (L = P@-XPh)d versus x ,  
which clearly show the relative dependence of the rate 
data on x for the three reactions). This observation is 
consistent with a highly polar transition state for the Me1 
reaction and a nonpolar transition state for the addition 
of H2. Significantly, the coefficient for the addition of 02 
is only 40% as large as that of the Me1 reaction, suggesting 
that the polarity of its transition state is probably 
considerably less than that of the Me1 addition. 
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‘1 a l  

a 
c3 3 

3 
3 

X 

9 .  

-4 

-5 
0 5 10  15 20 26 

X 

-5 

7 

0 5 10 1 5  20 25 

u x 

:I 5 10 1 5  20 2 5  0 

x 
Figure 5. Electronic profiies for the reactions of Ir(C0)- 
(Cl)L2: (a) addition of Me1 in benzene; (b) addition of Me1 
in acetone; (c) the addition of 02 in chlorobenzene; (d) 
elimination of 0 2 ;  (e) addition of H2 in toluene. Data are 
taken from Table I. The data for the complexes containing 
P@-XPh)3 are shown as open circles. 

Second, steric factors are of major importance in 
controlling the reactivity of Ir(CO)(Cl)L2 toward any of 
the addends. (The steric profiles for the reactions 1 (in 
benzene and acetone) and 3 and 4 (in aromatic solvents) 
are shown in Figure 7.) For example, the rate of addition 
of Me1 in benzene is attenuated by lo4 over the range of 
38O spanned by the ligands. Not surprisingly, the steric 
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Table II. Data for the Liaear Regression Analysis of Kinetic Data (Table I) According to Eq 2 
entry no. reacn solvent a b C d n r2 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

MeP benzene 
Me1 benzene 
MeP acetone 
Me1 acetone 
0 2" chlorobenzene 
0 2  chlorobenzene 
Of (dissociation) chlorobenzene 
0 2  (dissociation) chlorobenzene 
H2" toluene 
H2 toluene 
H2' DMF 

a Data for the P@-XPh)j complexes only. 

-0.50 f 0.04 
-0.54 f 0.05 
-0.25 f 0.03 
-0.30 f 0.04 
-0.18 f 0.02 
-0.18 f 0.03 
-0.025 f 0.014 
-0.029 f 0.036 
-0.062 f 0.013 
-0.053 f 0.029 
-0.05 f 0.02 

0 5 1 0  1 5  20 2 5  

X 
Figure 6. Plots of log k versus x for the addition of Me1 
(benzene, filled squares), 02 (chlorobenzene, open circles), 
and H2 (toluene, filled triangles) to Ir(CO)(Cl)L2 (L = P@- 
XPh)& Data are taken from Table I. 

-201  . , . , . , >  . I 
130 140 150 160 170 180 

e 
Figure 7. Steric profiles for the addition of O2 (chloroben- 
zene, filled diamonds), HZ (toluene, open triangles), Me1 
(acetone, open squares), and Me1 (benzene, filled squares) to 
Ir(CO)(C1)L2. For the sake of clarity, constants have been 
added to or subtracted from the actual steric profiles in order 
to separate the profiles. 

effect diminishes on going to 0 2  and diminishes still further 
on going to H2. These observations suggest that the steric 
effect is at least in part a result of complex-addend 
interaction. However, the steric sensitivities of these 
reactions are rather similar, suggesting that a portion of 
the steric inhibition might be independent of the addend 
and attributable to compression of the ancillary ligands. 

The dramatic enhancement of these oxidative-addition 
reactions by E, is noteworthy. For example, in benzene, 
E, contributes nearly lo4 to the rate of addition of Me1 
to the P(p-XPh)s complexes. The magnitude of the aryl 
effects appears to parallel that of x.  However, in the 
addition of Ha, the coefficient of x is close to zero but the 
coefficient of E, remains large and positive. 

The significant involvement of the aryl effect in the 
addition of Me1 explains the unusual reactivity pattern 
(PEtPha > PEtzPh > PPb) for P E t x P b x  complexes noted 
both by Thompson and Sears3 and by Ugo et The 

3.9 f 0.6 
-0.120 f 0.008 1.6 f 0.2 17.5 f 1.5 

1.5 f 0.5 
-0.091 f 0.013 0.94 f 0.15 12.9 f 2.0 

1.5 0.3 
-0,086 f 0.005 0.72 f 0.10 12.0 f 0.9 

4.6 f 0.2 
0.008 f 0.005 0.30 f 0.09 -6.5 f 0.9 

0.54 f 0.20 
-0,071 f 0.008 0.56 f 0.12 9.1 f 1.3 

0.7 f 0.2 

4 0.985 
17 0.941 
4 0.965 

11 0.926 
4 0.967 
8 0.986 
4 0.606 
8 0.909 
6 0.84 

15 0.927 
6 0.704 

1 
0 -  

gJ -2- 
c 

4-  

-6 
0 5 1 0  1 5  2 0  2 5  

X 
Figure 8. Plots of log k for the addition of Me1 to 
Ir(CO)(Cl)LZ (L = P@-XPh)B) in benzene (filled squares) 
and in acetone (open squares) and for the addition of Hz in 
toluene (filled triangles) and in DMF (open triangles). 

reason for this is that E, is not directly proportional to 
the number of aryl groups attached to the phosphorus 
(Table I). Thus, as one goes from PEtzPh to PEtPh2, the 
decrease in rate resulting from increases in x and B is more 
than offset by the increase in E,. On the other hand, as 
one goes from PEtPh2 to PPh3, the rate decrease resulting 
from the further increases in x and B is not offset by the 
relatively small increase in E,. 

Changing solvents seems to have the largest effect on 
the electronic parameters and a lesser impact on the steric 
component of the reactions. Thus, we find for the addition 
of Me1 that the coefficient of x is attenuated by 60% on 
going from benzene to acetone. (The electronic profiles 
(L = P@-XPh)3) for the addition of Me1 in benzene and 
acetone and the addition of H2 in toluene and DMF are 
shown in Figure 8.) It should be noted that enhancement 
of the rate of reaction as one goes to a more polar solvent 
is often taken as an indication of a polar transition state. 
Inspection of the curves in Figure 8 for the addition of 
Me1 shows that the curve for the acetone reaction intersects 
the curve for benzene at x = 9.5. If an experiment were 
performed with a ligand having a x value lese than 9.5, one 
would expect the reaction to be slower in acetone than in 
the less polar benzene. (We attempted to measure the 
rate of reaction of the P@-Me2NPh)3 complex ( x  = 5.26) 
in benzene but found that the complex is insoluble in this 
solvent.) Thus, interpretation of data for one ligand in 
two different solvents can be dangerous. The change in 
slope of the electronic profile as one goes from a nonpolar 
to a polar solvent might be a better measure of the 
difference in charge between the ground and transition 
states. In support of this assertion, the change in slope 
is large for the Me1 addition on replacing benzene with 
acetone. In contrast, for the addition of H2 (L = P@- 
XPh)3) the change in slope of the electronic profile is very 
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Oxidative Addition of Mel, 232, and 0 2  to Ir(CO)(Cl)L2 

small when toluene is replaced by DMF, even though the 
reaction is slightly faster in DMF. 

The coefficient of E ,  for the addition of Me1 is also 
reduced in acetone and is about 70% of that in benzene. 
The relative change in the steric coefficient for the addition 
of Me1 in acetone is smaller than the change in the 
electronic coefficients on going from benzene to acetone, 
and the change is hardly significant statistically. 

The results of the analysis of the addition of 02 shed 
some light on the mechanism of this reaction. The addition 
of triplet 02 to singlet Ir(CO)(Cl)LZ to form a singlet 
product requires a stepwise process. There appear to be 
three reasonable mechanisms, as outlined in Schemes 1-111. 
A comparison of the x coefficients for the addition of Me1 
(benzene) and 02 (chlorobenzene) reveals that the Me1 
reaction, which is thought to involve the formation of 
Ir(CO)(Cl)LZ(Me)+, has amore polar transition state than 
the 02 reaction. Therefore, we believe that we can exclude 
Scheme I, since this process would generate Ir(CO)(Cl)L2+ 
by an initial electron transfer. We expect that the x 
dependence for the formation of Ir(CO)(Cl)LZ+ would be 
greater than that for the addition of MeI. 

Scheme I 

Scheme I1 

Ir(CO)(C1)L2 + 0, a Ir'(CO)(Cl)L,-0-0' 

Ir(CO)(C1)L2 + 0, a Ir'(CO)(Cl)L,-O-O' 

Ire( CO) (Cl)L,-O-O* F? Ir (CO) (Cl)L,(O,) 

Analysis of the kinetics for the dissociation of 02 from 
Ir(CO)(Cl)L2(02) (reading any of the schemes backwards) 
reveals that the transition state for this process is virtually 
independent of x and 8, although there is a significant 
dependence on E,. We believe that this is indicative of 
a nonpolar transition state, which provides further evi- 
dence for rejecting Scheme I as well as also excluding 
Scheme 11. Thus, we are left with the radical addition 
shown in Scheme 111. 

The data for the PCyZPh complex does not fit the 
analysis for the addition of MeI. The complex behaves as 
though the aryl effect were not operative. It is also 
interesting to note that vco for PCyzPh also correlates 
with the PR3 complexes rather than with the family of 
PRzPh complexes. These observations suggest to us that 
conformational effects may be important in determining 
how the aryl effect is transmitted to the reaction center. 
We are currently pursuing this idea. 
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the addition of MeI, H2, and 0 2  to Ir(CO)(Cl)LZ. These 
analyses lead to int&rpretations that are intuitively rea- 
sonable and in agreement with current views of these 
reactions. Importantly, the aryl effect plays a dominant 
role in determining the reactivity of Ir(CO)(Cl)L2. 

The question arises whether a single electronic param- 
eter could exist that incorporates x and E,. For example, 
let us suppose that we have such a new electronic 
parameter, x', with which we can get an excellent corre- 
lation for the Me1 addition to Ir(CO)(Cl)LZ according to 

log k = a'x' + b e +  d (6) 
We already know that there is excellent correlation using 
eq 2, which we rewrite as 

(7) 
Therefore, x' must correlate closely with x + (c/a)E,. For 
this system we know that c /a  is -10.3 f 1.9. In contrast, 
when we examine YCO for Ir(CO)(Cl)L2 we find the 
relationship 

log k = a ( x  + (c/a)E,) + be + d 

uco = (1.56 * 0.13)x - (1.03 f 0.04)e + 
(4.4 f 0.5)E, + (1945.9 f 5.9) 

n = 18 r2 = 0.986 

The value of cla for YCO is +2.8 f 0.5. In the two examples 
there is no statistically significant overlap between the 
values of c /a  and they even have opposite signs. Clearly, 
if x' were used in the correlation of VCO, the fit would be 
poor because x' incorrectly estimates the effect of E,. 

Even on the basis of only the results reported inprevious 
work8 and in this paper, we reach the inescapable 
conclusion that two stereoelectronic parameters (e.g. x 
and 8) are not sufficient to describe generally the 
properties of phosphines and phosphine complexes. By 
including E ,  along with x and 8, we have analyzed 80 sets 
of data for phosphines, silanes, thioethers, and alkyl 
compounds. We find excellent correlation with a median 
r2 of 0.97. In many of these correlations E ,  makes a 
significant contribution that enhances or opposes the effect 
of x .  In other correlations E, does not make a significant 
contribution at all. 

It is the involvement of more than one electronic 
parameter and the insistence of many researchers to use 
only one electronic parameter that has led to such a 
proliferation of electronic substituent constants ( x ,  6, pKa, 
CuPh, Xu*> even in organometallic chemistry. 

Experimental Section 
The complexes Ir(CO)(Cl)L2 were prepared by literature 

methods from IrC&(H20), and the appropriate phosphine.14 All 
phosphines were used as received from Organometallics Inc., 
Aldrich Chemical Co., and Strem Chemicals. All solvents were 
purified by standard methods, and solutions were routinely 
deaerated by the freeze-thaw method.15 Iodomethane (Lancaster 
Synthesis) was washed with a solution of distilled water and 
sodium thiosulfate to remove excess iodine and then distilled 
over Drierite. Most of the iridium complexes are known 
compounds which were characterized by comparison of their 
spectroscopic properties to appropriate literature values. 

Conclusion 
Excellent correlations of kinetic data with the stereo- 

electronic parameters x ,  8, and E, have been obtained for 

(14) (a) Bushweller, C. H.; Rithner, C. D.; Butcher, D. J. Inorg. Chem. 
1984,23,1967. (b) Collman, J. P.; Kang, J. W. J. Am. Chem. SOC. 1967, 
89, 844. 

(15) Perrin, D. D.; Armarego, W. L. F. Purification of Laboratory 
Chemicals, 3rd Ed.; Pergamon Press: New York, 1988. 
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Kinetic Measurements for the Addition of Me1 to Ir- 
(CO)(Cl)Lz. All measurements were made on argon- or nitrogen- 
purged solutions with concentrations of complex between 10-4 
and M. The concentration of Me1 was always at least 100 
times greater than the concentration of complex. The rates of 
reaction were measured by monitoring the disappearance of the 
absorption of the starting material, Ir(CO)(Cl)LZ, in the region 
between 379 and 388 nm using a Cary 210 UV-vis spectropho- 
tometer equipped with a thermostated cell which was set at  25 
OC. For the extremely 02 sensitive compounds all procedures 
were carried out under a constant pressure of Nz. The mea- 
surements were routinely made at  three or more concentrations 
of MeI. Second-order rate constants were obtained in the 
standard manner by plotting the peeudo-fiist-order rate constants 
versus the concentration of MeI. The errors in the second-order 
rate constants were generally less than 10 % , with intercepts close 
to zero. A few of the literature experiments were repeated as a 
check of our method. Our results for Ir(CO)(Cl)LZ (L = PEt3, 

Wilson et al. 

PPha) and the literature results are in close agreement, as shown 
in Table I. 

Kinetic Measurements for the Addition of Ha. The 
measurements of the rate of addition of Hz to Ir(CO)(Cl)L2 were 
performed in the same manner as the Me1 experiments, except 
that the toluene and DMF solutions were saturated with Hz. 
Concentrations of HZ in these solvents at  25 OC were calculated 
via the Bunsen coefficients. Measurements were made on three 
samples with the same concentration of Hz. 

Analysis of Data. The statistical analyses of the kinetic and 
spectroscopic data were performed according to the protocol 
described previously.8 
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