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The complex tram-MeIr(CO)(PPh3)2 readily undergoes addition reactions with a variety of small molecules 
such as H2, CO, Me02CCH=CHC02Me, MeO2CCeCCO2Me, 02, CHJ, and H2C(0) to yield well-char- 
acterized products. Further reactions of the addition complexes are noted in most cases. The species 
trans-MeIr(CO)(PPh3)2 crystallizes in the centrosymmetric triclinic space group Pi with a = 9.2497 (9) 
A, b = 9.6080 (11) A, c = 10.4855 (14) A, a = 72.390 (lo)', p = 88.990 (9)O, y = 69.224 (8)O, V = 826.22 
(16) A3, 2 = 1, and D(calcd) = 1.53 g cmd3 for mol w t  759.9. Diffraction data (Mo Ka, 28 = 4.5-50.0') 
were collected with a Syntex P21 automated four-circle diffractometer and refined to RF = 1.8% and RwF 
= 2.1% for the 2922 independent reflections (none rejected). The molecule lies on a center of symmetry 
and is disordered with CO and Me ligands occupying square-planar sites rigorously coplanar with the iridium 
atom. The Ir-P distances are each 2.300 (1) A; estimated 1140 and Ir-Me distances are -1.835 and -2.17 
A, respectively. 

Introduction 

The square-planar complexes of Rh(1) and Ir(1) have 
been very important to the understanding of organo- 
metallic reactions. Oxidative addition and reductive 
elimination were first observed on these complexes and 
have subsequently formed an important part of homoge- 
neous catalysis.2-8 Several analogues of trans-Ir(C0)- 
(PPh3)2Cl have been prepared and their reactions inves- 
tigated."l' The reactivity of an important analogue, 
t r~ns -CH~I r (C0) (PPh~)~ ,  has not been previously inves- 
tigated and is the subject of this report. 

One of the first organometallic complexes to be exten- 
sively investigated was tr~ns-Ir(CO)(PPh~)~Cl. Although 
this complex functions as a catalyst for hydrogenation 
reactions, ihe stoichiometric reactions have been of more 
value in understanding organometallic reaction mecha- 
nisms."" trans-Ir(CO)L2X complexes undergo a number 
of oxidative-addition reactions with species such as H2, 02, 
etc.2 Alkenes and alkynes also bind to trans-Ir(C0)- 
(PPh3),Cl (eq 1 and 2):" The electron-withdrawing ability 

trans-Ir(CO)(PPh3)&1 + alkene F? 
Ir(CO)(alkene)(PPh3)2CI (1) 

t r~ns-Ir(CO)(PPh~)~Cl + alkyne - 
Ir (CO) (alkyne) (PPh3) 2C1 (2) 

of the alkene seems to be the predominant factor in alkene 
bonding. 

The studies of the addition of small molecules to 
trans-Ir(CO)(PPh3),C1 have been central to the develop- 
ment of organometallic chemistrya2-14 Analogues, trans- 
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Table I. Spectroscopic Properties of Prepared Compounds 

trans-Ir(CO)(PPhS)zC1 

CH~Ir(C0)2(Pph3)~ 1961 (s), 
1904 (vs)' 

CH3C(0)Ir(CO)2(PPh3)2 1975 (s), 1916 2.5 (s) 
(vs), 1612 (m)C 

H3Ir(CO)(PPh3)2 2108 (m), 2070 
(vs), 1960 (s), 
1953 (vs),~ 1776 
(m br) (Ir-H) 

compound v(CO), cm-l 'H NMR" 6 

trans-CHsIr(CO)(PPh3)z 1937b 0.63 (t, Jp-H = 
9.0 Hz) 

CH3Ir(MeOZCCH=CH- 1998' 0.23 (t, Jp-H = 
C02Me)(CO)(PPh3)~ 8.7 Hz), 3.04 

(4, 3.50 ( 8 )  

=7.9 Hz), 
3.45 (s), 3.60 
(R) 

CH31r(Me02CC=CCOzMe)- 1943' 0.87 (dd, Jp-H = 
(CO)(PPh3)2 5.5 Hz, Jp-H 

*-, 

0.51 (t, Jp-H = 
4.9 Hz), 1.02 
(t, Jp-H = 7.6 
Hz) 

"The phenyl groups are not included in this table. bBenzene 
solution. KBr. 

RIr(CO)(PPh3)2 (where R is an alkyl group which may be 
involved in reactions) have not been investigated as 
thoroUghly.15-25 An electrochemical route to alkyl and aryl 
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Chem. 1976,110, C45. 

Chem. 1976,121,261. 
(17) In one case crystalline product was produced although no ex- 

perimental detail was provided. In another case the product of CHsLi 
was reported to be 

(18) Dahlenburg, L.; Nast, R. J. Organomet. Chen. 1974, 71, C49. 
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(22) Rausch, M. D.; Moser, G. A. Inorg. Chem. 1974, 13, 11. 
(23) Dahlenburg, L.; Nast, R. J. Organomet. Chem. 1976, 110, 395. 
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StFUCtUFe Of trans- cHJF( co) (pph,), 

derivatives has been reported (eq 3 and 4), although no 
RX 2e- 

M( CO) (PPh3)2C1- RM (CO) (PPhJ 2XCl- 
RM(CO)(PPh3)2 + X- + C1- (3) 

e- RX 
M(CO)(PPh,),Cl- M(CO)(PPh,),- - 

-c1- 
RM(CO)(PPhJZ + X- (4) 

M = Rh, Ir; R = 
Me, Ph, p-tolyl, p-methoxyphenyl, CeF6, CPh, 

subsequent reactions were inve~tigated.'~J~ Reaction of 
alkyllithium reagents with trans-Ir(CO)(PPh,),X com- 
plexes have been reported. The in situ preparation of 
(octyl)Ir(CO)(PPh,), by this method allowed evaluation 
of the deuterium isotope effect for @-elimination.21 Several 
stable aryl complexes, ArIr(CO)(PPh3)2 (Ar = aryl), have 
been previously reported from reaction of LiAr with 
trun~-Ir(CO)(PPh~)~Cl.~~-~~ For the aryl complexes cis- 
trans isomerization, oxidative addition of HC1 and for- 
mation of the O2 adduct have been r e p ~ r t e d . ~ " ~ ~  Methyl 
complexes CH3M(PPh3)3 undergo ortho metalation and 
reductive elimination of CH, to form M(C6H4PPh2)- 
(PPh3)2.26J7 Thus the reactivity of 16-electron alkyl 
complexes of rhodium and iridium is largely unexplored. 

Experimental Section 
Iridium trichloride was generously loaned by Johnson Matthey 

Inc. All solvents were dried and degassed prior to use. Infrared 
spectra were recorded on a Beckman 4240 infrared spectropho- 
tometer, and 'H NMR spectra were recorded on a Varian EM 
390 or on a Jeolco FX 9OQ. trans-Ir(PPhJ2(CO)C1 was prepared 
as previously described.% The CO stretching frequency is given 
in Table 1. 

Preparations. t r~ns-CHJr(C0)(PPh~)~ was prepared by the 
addition of CH3Li to t r~ns- I r (CO)(PPh~)~Cl  by the following 
procedure: trans-Ir(c0)(PPh3)zCl (1.0 g) was suspended in 20 
mL THF and 10 mL of a CH3Li solution (1.5 M in EtzO) were 
added in an inert-atmosphere glovebox. The solution was stirred 
until it becomes deep orange-red in color (30 min to 1 h). At this 
time the remaining CH3Li was decomposed by addition of Florisil 
which was added until obvious reaction with MeLi has ceased. 
The mixture was filtered through a coarse-sintered glass filter 
and the Florisil washed with THF (3 x 10 mL). The filtrate was 
again filtered (fine filter), the volume reduced to 25 mL, and 70 
mL of hexanes added to induce precipitation. The deep yellow 
precipitate was collected by suction filtration and washed with 
hexanes (2 X 5 mL), yielding 0.8 g (82%). The CO stretching 
frequency (1937 cm-') and 'H NMR (6 0.63 (t, JP+, = 9.0 Hz), 
7.1 (m)) are consistent with the formulation trans-CH&(CO)- 
(PPh,),. Crystals suitable for crystallographic analysis were grown 
by slow evaporation of a saturated benzene solution of CH31r- 
(CO)(PPh3)z in the glovebox. The compound reacted rapidly with 
O2 but was otherwise quite stable. 

CH31r(C0)2(PPh3)z. A solution of 0.8 g of trans-CHJr- 
(C0)(PPh3), in 25 mL of TI-IF was placed under a CO atmosphere 
at -78 "C for 30 min. Addition of 125 mL of chilled pentane and 
continued stirring a t  -78 "C under CO for 2 h resulted in an 
air-stable pale yellow precipitate which was collected by suction 
filtration; 0.7 g (84%). In solution this complex rapidly reverted 
to the 16-electron complex. The KBr IR spectrum shows ab- 
sorptions a t  1961 (s) and 1904 (vs) cm-'. 

A suspension of 0.50 g of 
CH31r(CO)(PPh3), in 30 mL of pentane was reacted with CO at 
loo0 psi and 70 "C for 48 h. Upon cooling, the air-stable, white 
precipitate could be collected by suction filtration (0.48 g, 93%). 

CH3C(0)Ir(C0)2(PPh3)z.1~z1 
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The infrared spectrum (KBr) 1975 (s), 1916 (vs), and 1612 (m) 
cm-' and 'H NMR (6 2.5 ( 8 )  and 6.9 (m)) were consistent with 
the formulation. 

Reaction of CH31r(CO)(PPh3)z with H2 or Dz at Room 
Temperature.  A 0.05-g sample of CH31r(CO)(PPh3)2 was sus- 
pended in 25 mL of cyclohexane in a Schlenk flask, sealed, and 
brought out of the drybox. H2 (or D2) gas dispersion was carried 
out for a period of 15-30 min after which time a clear solution 
resulted. The IR spectra in cyclohexane were as follows: Hz, 2085 
(s), 1974 (vs), 1782 (mbr); D2, 2010 (vs) cm-l. The solvent was 
evaporated to yield white powders with IR spectra (in KBr) as 
follows; Hz, 2108 (m), 2070 (vs), 1960 (s), 1953 (vs), 1776 (mbr); 
D2, 1992 (vs), 1985 (vs) cm-'. 

Reaction of CH31r(CO)(PPh3)z with Hz at Low Temper- 
ature. A solution of 0.10 g of CH31r(CO)(PPh3)2 in 15 mL of 
toluene was transferred to a 100-mL gas tube (Teflon stopper and 
stopcock) and brought out of the drybox. The gas tube was placed 
on a vacuum l i e ,  chilled to -78 "C, then evacuated, and backfilled 
with 0.9 atm of H2. The solution was stirred and kept in a cold 
bath while gas samples were withdrawn at  various intervals for 
GC analysis (Varian 2440, Poropak Q l/s X 6 ft column at  130 
"C). Methane evolution was noted at  -40 "C and became rapid 
at  temperatures of -20 "C. 

CH31r(02)(CO)(PPh,),. A 0.30-g sample of trans-CH31r- 
(CO)(PPh3), was dissolved in 40 mL of toluene and placed under 
1 atm of O2 for 25 min. The solution was then cooled in an ice 
bath and 20 mL of pentane added. After 15 min the light yellow 
air-stable product was collected by suction filtration, yielding 0.27 
g (87%). The vco, 1967 (vs), v M ,  827 (m), and 'H NMR, (t, 1.48 
JP-H = 4.8 Hz) and 7.1 (m), were consistent with the suggested 
composition. Microanal. Calcd C, 52.73; H, 4.17; P, 7.84. Found 
C, 57.46; H, 4.05; P, 7.59. 

CH31r(dimethyl maleate)(CO)(PPh3)> In a glovebox 0.15 
g of CH,Ir(CO)(PPh,), is suspended in 7 mL of benzene. To this 
was added 0.25 mL of dimethylmaleate dropwise with stirring 
to produce a pale yellow solution. After being stirred for 5 min, 
30 mL of hexane was added to produce a cream precipitate which 
was collected via suction filtration to yield 0.16 g (98% yield based 
on iridium) of an air-stable cream powder. Spectroscopic data 
are reported in Table I. Microanal. Calcd: C, 58.46; H, 4.54; P, 
6.87. Found: C, 58.27; H, 4.55; P, 6.65. 
CH3Ir(CO)(CH3CO2C4COZCH3)(CO)(PPh,),. To 0.20 g 

of trans-CH,Ir(CO)(PPh3), was added 4.0 mL of a 0.07 M solution 
of dimethyl acetylenedicarboxylate (CH3C02C=CC02CH3) in 
benzene. After 5 min hexane (5 mL) was added to the light yellow 
solution producing a pale yellow slurry from which a pale yellow, 
air-stable solid was isolated by suction filtration. The yield was 
0.15 g (63%) with vco = 1943 cm-' and 'H NMR (CH31r, 6 0.87 

(8); PPh3, 6 7.1 (m)). Microanal. Calcd: C, 58.59; H, 4.33; P, 6.88. 
Found: C, 58.48; H, 4.37; P, 6.94. 

(CH3)zIr(CO)(PPh3),I. A suspension of 0.20 g of trans- 
CH31r(CO)(PPh3)z in 10 mL of benzene was treated with 0.84 mL 
of a solution of CH,I in benzene (0.34 M) and allowed to stir for 
10 min. Addition of 10 mL of hexane caused the precipitation 
of the pale yellow air-stable product which was collected and 
washed with hexane (2 X 3 mL). Crystals of (CH3),Ir(1)(CO)- 
(PPh3)2 can be produced by recrystallization of the crude product 
from a refluxing saturated solution of the crude product in CsHe 
The vco in benzene was 1993 cm-' and in KBr, 1990 cm-'. The 
'H NMR showed inequivalent CH3 groups, 6 0.51 (t, Jp-H = 4.9 
Hz) and 1.02 (t, Jp-H = 7.6 Hz). Microanal. Calcd: C, 51.94; H, 
4.00; P, 6.88; I, 14.08. Found: C, 52.19; H, 4.31; P, 6.74; I, 14.19. 

Reaction of trens-CH3Ir(CO)(PPh3),  with Paraform- 
aldehyde. t r a n ~ - C H ~ I r ( C 0 ) ( P P h ~ ) ~  (0.10 g) and paraform- 
aldehyde (0.02 g) were dissolved in THF and allowed to stir for 
16 h at  room temperature under argon. Evaporation of solvent 
gave a pale yellow solid which was chromatographed (Florosil, 
cyclohexane), yielding HIr(C0)z(PPh3)2 (IR (cyclohexane) 2085 
(m, br), 1993 (s), 1983 (m, sh), 1945 (vs), 1935 (s) m-1).29 

Collection of t h e  X-ray Diffraction Data  for MeIr- 
(CO)(PPh,),. A light yellow crystalline parallelepiped of ap- 
proximate dimensions 0.13 X 0.17 X 0.20 mm was selected for the 
structural analysis. Since we believed that the crystal might be 

(dd, JP-H = 5.5 Hz, Jp-H = 7.9 HZ 0-CH3, 6 3.45 (5); OCH,, 6 3.60 

(29) Yagupsky, G.; Wilkinson, G. J. Chem. SOC. A 1969, 725. 

(24) Dahlenburg, L.; Sinnwell, V.; Thoennes, D. Chem. Ber. 1978,111, 

(25) Mirzael, F.; Dahlenburg, L. J.  Organomet. Chem. 1979,173,325. 
(26) Dahlenburg, L. J. Organomet. Chem. 1983,251, 347. 
(27) Keim, W. J. Organomet. Chem. 1969,19, 161. 
(28) Sears, C. T.; Kubota, M. Inorg. Synth. 1968,11, 101. 
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Table 11. Experimental Data for the X-ray Diffraction 
Study of trans -MeIr(CO) (PPh& 

(A) Crystallographic Parameters 
cryst system: triclinic 
a = 9.2497 (9) A formula: C38H331rOP2 
b = 9.6080 (11) 8, 

a = 72.390 (10)' 
/3 = 88.990 (9)' 
y = 69.224 (8)O 
V = 826.22 (16) A3 

diffractometer: Syntex P2, 
radiation: 
monochromator: 

reflctns measd 

scan type: coupled B(crystal)-28(counter) 
scan width: symmetrical, [2.0 + A(a2 - al)]' 
scan speed: 2.5 deg/min (in 28) 
bkgd measd: stationary-crystal, stationary-counter at 

space group: PI (Cf; No. 2) 

mol w t  759.9 amu 
z = 1  
D(ca1cd) = 1.53 g/cm3 
T = 23 "C (296 K )  

c = 10.4855 (14) 8, 

(B) Data Collection 

Mo K a  (X = 0.710 730 A) 
highly oriented graphite, equatorial geometry, 

20, = 12.2O, assumed 50% perfect 
entire shell (Le., *h, kk, *Z) for 20 = 

4.5-50.0' 

beginning and end of 20 scan; each for 
one-half of total scan time 

reflectns: a minor decay in the standards 
(to 98% initial values) was observed and 
corrected for 

reflctns collected: 6238 total; merged to 2922 unique data (file 
name IRFR-172) 

~ ( M o  Ka):  44.1 cm-I; empirical correction made, based 
upon interpolation (in 20 and $) between 
close-to-axial $-scans 

sensitive to air and/or moisture, it was sealed under argon in a 
thin-walled capillary, which was then set (with bees' wax) into 
an aluminum pin or a eucentric goniometer. The crystal was then 
accurately centered on a Syntex P21 automated four-circle dif- 
fractometer. Determination of the crystal's orientation matrix 
and accurate unit cell parameters were carried out as described 
previously (see Table II).30 The crystal was fou_nd to belong to 
the triclinic crystal system (diffraction symmetry 1; no systematic 
absences). Possible space groups were the noncentrosymmetric 
space group P1 (C!; No. 1) or the centrosymmetric space group 
PI (Ci ;  No. 2). With a unit cell volume of 826.22 (16) A3, the 
assumption of 2 = 1 gave a volume of 11.0 A3 per atom (a typical 
value). Thus there was either one ordered molecule per unit eel! 
in space group PI or one disordered molecule (with averaged 1 
symmetry) in space group Pi. [The latter was later found to be 
the appropriate choice.] We elected, therefore, to collect a com- 
plete shell of data for 28 = 4.5-50.0' (Mo Ka).  

Data were corrected for the effects of absorption (by an em- 
pirical method, based on interpolation in 28 and 4 between a set 
of I) scans of close-to-axial reflections) and for Lorentz and po- 
larization effects. Symmetry-equivalent data were averaged (R(0 
= 0.7%, R,(0 = 1.7%) and were converted to unscaled pol values. 
Any reflection with I(net) < 0 was assigned a value of IFoI = 0. 
Data were placed on an approximately absolute scale by means 
of a Wilson plot, which also provided the overall isotropic thermal 
parameter ( B  = 2.84 A'). 

Solution and Refinement of the S t ruc tu re  of trans- 
MeIr(CO)(PPh,),. The structure was solved by using the 
SUNY-Buffalo modified version of the Syntex XTL interactive 
crystallographic program package on our in-house NOVA 1200 
computer.31 Scattering factors for neutral atoms (Ir, P, 0, C, 
H) were used in their analytical form; the contributions of all 
non-hydrogen atoms were corrected for both the real (Af ') and 
imaginary (Af") components of anomalous d i s p e r s i ~ n . ~ ~  The 
function minimized during least-squares refinement was xw(lFol 
- lFc1)2; the weights used (w) are derived from the stochastic u(IFol) 

std reflctns: 3 check reflectns remeasd after each 97 

(30) Churchill, M. R.; Lashewycz, R. A.; Rotella, F. J. Inorg. Chem. 

(31) "Syntex XTL Open ions Manual", Syntex Analytical Instru- 

(32) "Intemational Tables ior X-Ray Crystallography"; Kynoch Press: 

1977, 16, 265. 

menta, Inc., Cupertino, CA, 376. 

Birmingham, England, 1974; Vol. 4, pp 99-101, and 149-150. 

Table 111. Atomic Coordinates for trans-MeIr (CO)(PPhd," 
atom X Y 2 

Ir 0.00000 (0)  0.00000 (0) 0.00000 (0)  
P 0.021 20 (7) -0.20351 (8) 0.19251 (7) 
0 -0.26227 (90) 0.20474 (83) 0.10655 (75) 
C -0.171 56 (46) 0.13906 (45) 0.075 16 (39) 
C10 0.11463 (31) -0.19520 (35) 0.34043 (30) 
C11 0.12565 (36) -0.05441 (41) 0.33824 (38) 
C12 0.19495 (45) -0.04219 (56) 0.447 57 (49) 
C13 0.25435 (46) -0.16792 (65) 0.55984 (45) 
C14 0.24448 (57) -0.30753 (67) 0.56472 (44) 
C15 0.17437 (47) -0.32247 (47) 0.45562 (38) 
C20 0.13263 (36) -0.40341 (34) 0.191 75 (33) 
C21 0.292 19 (40) -0.44990 (42) 0.18931 (43) 
C22 0.37849 (52) -0.59754 (53) 0.18088 (49) 
C23 0.30949 (81) -0.69732 (54) 0.17387 (62) 
C24 0.15231 (85) -0.65254 (62) 0.17438 (78) 
C25 0.062 66 (52) -0.50600 (47) 0.182 79 (56) 
C30 -0.16829 (32) -0.21025 (35) 0.24105 (33) 
C31 -0.27968 (43) -0.17866 (56) 0.13933 (42) 
C32 -0.42441 (47) -0.18461 (65) 0.16952 (56) 

C34 -0.35063 (51) -0.24605 (56) 0.401 22 (50) 
C33 -0.45870 (46) -0.21784 (59) 0.30037 (58) 

C35 -0.20483 (40) -0.24354 (43) 0.372 13 (37) 
Hl l*  0.08490 0.03488 0.260 35 
H12 0.20116 0.05543 0.444 23 
H13 0.30252 -0.15871 0.634 57 
H14 0.28585 -0.39568 0.643 38 
H15 0.16763 -0.42028 0.460 43 
H21 0.34274 -0.38061 0.193 42 
H22 0.48803 -0.62861 0.18005 
H23 0.36991 -0.79824 0.16861 
H24 0.10346 -0.72271 0.168 88 
H25 -0.04691 -0.47610 0.182 41 

-0.15275 0.048 35 
H32 -0.49962 -0.16567 0.099 56 
H33 -0.55806 -0.22127 0.320 99 
H34 -0.37552 -0.26747 0.491 66 
H35 -0.12954 -0.26489 0.442 90 

H31 -0.25698 

"The molecule lies on the center of symmetry at (0, 0, 0). Atoms 
in the "other half' of the molecule are labeled with a prime (') and 
are related to the basic asymmetric unit by the transformation (x' ,  
y', 

values modified by an "ignorance factor" ( p )  of 0.015; viz., 1~ = 
{[dlFO1)l2 + (0.0151~01)2)-1. 

The structure was solved by setting the iridium atom at 0, 0, 
0. A difference-Fourier synthesis phased by this single atom (RF 
= 24%)= revealed the two equivalent phosphorus atoms. A second 
such synthesis phased by the IrPz moiety (RF = 17%) revealed 
all of the carbon atoms of the phenyl groups. Three cycles of 
full-matrix least-squares refinement of positional and isotropic 
thermal parameters of the Ir[P(C6)3]z moiety converged with RF 
= 5.0%. A further difference-Fourier synthesis revealed the 
remaining (disordered) carbonyl and methyl groups; the disordered 
carbon atom of the methyl or carbonyl group was treated as a 
composite atom of unit occupancy, while the oxygen atom was 
given half occupancy in subsequent calculations. Continued 
full-matrix least-squares refinement of positional and anisotropic 
thermal parameters led to convergence with RF = 2.3%, R w ~  = 
2.8%, and GOF = 1.04.33 Hydrogen atoms of the phenyl groups 
were now included in their idealized externally bisecting positions 
with d(C-H) = 0.95 and B = 6.0 A2; their positions were not 
refined but were updated. Continued refinement led to final 
convergence with the encouragingly low residuals of RF = 1.8%, 
RwF = 2.1 %, and GOF = 0.79 for all 2922 independent reflections 
(none rejected). Contributions from hydrogen atoms belonging 
to the methyl group were not included in the calculations. A fiial 
difference-Fourier synthesis showed no significant features; the 
structure is thus both correct and complete. Final positional 
parameters are collected in Table 111; anisotropic thermal pa- 
rameters are deposited as Table 111s. 

= ( -x ,  -y, -2). * B  = 6.0 A2 for all hydrogen atoms. 

vations and NV = number of variables. 
(34) Churchill, M. R. Inorg. Chem. 1973, 12, 1213 
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Figure 1. Summary of the addition reactions of trans-CH31r- 
(CO)(PPh& 

Table IV. Interatomic Distances (A) for 
trans -MeIr(CO)(PPh& 

(A) Distances from the Iridium Atom 
Ir-P(l) 2.300 (1) 1-0 2.975 (8) 
Ir-Ca 2.003 (4) C-0” 0.975 (9) 

(B) Phosphorus-Carbon Distances 
P(l)-C(lO) 1.825 (3) P(l)-C(30) 1.834 (3) 
P(l)-C(20) 1.832 (3) 

C(lO)-C(ll) 1.386 (5) C(13)-C(14) 1.362 (8) 
C(ll)-C(12) 1.378 (6) C(14)-C(15) 1.393 (7) 
C(12)-C(13) 1.356 (7) C(15)-C(lO) 1.382 (5) 
C(20)-C(21) 1.384 (5) C(23)-C(24) 1.362 (11) 
C(21)-C(22) 1.388 (6) C(24)-C(25) 1.386 (8) 
C(22)-C(23) 1.345 (8) C(25)-C(20) 1.382 (6) 
C(30)-C(31) 1.383 (5) C(33)-C(34) 1.365 (7) 
C(31)-C(32) 1.387 (7) C(34)-C(35) 1.384 (6) 
C(32)-C(33) 1.370 (8) C(35)-C(30) 1.378 (5) 

(C) C-C(phenyl) 

OAtom C is a composite C(carbonyl)/C(methyl). These dis- 
tances must be carefully interpreted-see text. 

Results and Discussion 
The synthesis of tran~-CH,1r(CO)(PPh~)~ by nucleo- 

philic attack of CH3Li on t ran~-Ir(CO)(PPh~)~Cl occurs 
in high yield to a stable product (eq 5). The instability 

trans-Ir(CO)(PPh,),Cl- - 
trans-CH,Ir (CO) (PPh3)2 (5) 

previously described19 for this complex appears to result 
from a complex of CH3Li with t r a n ~ - C H ~ I r ( C 0 ) ( P P h ~ ) ~  
or from reactions with OMe- produced when CH,Li is 
decomposed with MeOH. Except for reaction with 02, 
trans-CH,Ir(CO) (PPh3)2 is quite stable. This complex 
undergoes an m a y  of addition reactions as anticipated for 
a 16-electron complex. The reactions reported herein are 
summarized in Figure 1, and the spectroscopic charac- 
terizations are given in Table I. 

Description of the Molecular Geometry of MeIr- 
(CO) (PPh3)2’ The complex crystallizes as discrete mo- 
lecular units separated by normal van der Waals distances; 
there are no abnormally short intermolecular contacts. 
The molecule lies on a crystallographic inversion center 
and is therefore disordered. However, this disorder man- 
ifests itself only in a scrambling of the mutually trans 
carbonyl and methyl ligand. The deconvoluted ordered 
structure is illustrated in Figure 2. Interatomic distances 
and angles are collected in Tables IV and V. 

The iridium(1) atom is in a rigorously planar, four-co- 
ordinate coordination environment. The iridium-phos- 
phorus distances are equivalent, with Ir-P(l) = Ir-P(1’) 
= 2.300 (1) A and P(l)-bP(l’) = 18O.0Oo (exactly). Atom 
“C” is a composite atom representing the disordered C- 
(carbonyl) and C(methy1) atoms. One can estimate the 
individual Ir-CO and Ir-Me bond lengths on the basis of 
the following additional assumptions: (i) the Ir-C-0 
system is essentially linear and is colinear with the Ir-C- 

CH&i Florisil 

I ces 

Figure 2. The tran~-MeIr(CO)(PPh~)~ molecule. This is actually 
the disordered ensemble with atom 0’ omitted. Atoms C and C’ 
represent composite C(carbonyl)/C(methyl) positions. [ORTEP-II 
diagram]. 

Table V. Interatomic Angles (des) for 
trans -MeIr(CO)(PPhl), 

~ 

(A) Angles around the Iridium Atom 

P(1)-Ir-C 88.05 (12) P(1)-Ir-C’ 91.95 (12) 
Ir-C-0 174.3 (6) 

(B) Angles Involving the Phosphorus Atom 

P(l)-Ir-P( 1’) 180.00 (-) C-Ir-C’ 180.00 (-) 

Ir-P(l)-C(lO) 114.16 (10) C(lO)-P(l)-C(20) 102.23 (15) 
Ir-P (l)-C( 20) 117.74 (11) C(20)-P(l)-C(30) 103.80 (15) 
Ir-P (1)-C (30) 112.58 (11) C(30)-P(l)-C(10) 104.86 (15) 
P(l)-C(lO)-C(ll) 118.7 (3) P(l)-C(20)-C(21) 118.9 (3) 
P(l)-C(lO)-C(l5) 123.3 (3) P(l)-C(20)-C(25) 122.6 (3) 
P(l)-C(30)-C(31) 117.5 (3) P(l)-C(30)-C(35) 123.6 (3) 

c(l5)-C(lO)-C(ll) 118.0 (3) C(12)-C(13)-C(14) 119.5 (5) 
c(lO)-C(ll)-C(l2) 120.9 (4) C(13)-C(14)-C(15) 120.7 (5) 
c(ll)-C(l2)-C(l3) 123.7 (5) C(14)-C(15)-C(lO) 120.1 (4) 
c(25)-C(2O)-C(21) 118.3 (4) C(22)-C(23)-C(24) 119.5 (6) 
c(2O)-C(21)-C(22) 120.2 (4) C(23)-C(24)-C(25) 120.9 (6) 

C(35)-C(30)-C(31) 119.0 (3) C(32)-C(33)-C(34) 120.2 (5) 
C(3O)-C(31)-C(32) 120.3 (4) C(33)-C(34)-C(35) 120.2 (5) 
c(31)-C(32)-C(33) 119.9 (5) C(34)-C(35)-C(30) 120.4 (4) 

(C) Angles within the Phenyl Rings 

C(21)-C(22)-C(23) 121.1 (5) C(24)-C(25)-C(20) 120.0 (5) 

(methyl) vector; (ii) the true carbon-oxygen bond length 
in the Ir-C-0 system is 1.14 A. On the basis of these 
assumptions and the determined 1fi.O distance of 2.975 
(8) A, the estimated Ir-CO distance is 1.835 8, (Le., 2.975 
- 1.14). Now assuming that the composite atom “C” rep- 
resents the strict average position between the C(carbony1) 
and C(methy1) atoms, one can estimate the Ir-Me distance 
as 2.17 A (i.e., 2 X 2.003 - 1.835). These estimates are both 
in excellent agreement with known Ir-CO and Ir-Me 
d i s t a n ~ e s . ~ ~ ” ~  

Distances and angles within the PPh, ligands are nor- 
mal, with P-C = 1.825 (3)-1.834 (3) A, LIr-P-C = 112.58 

The carbon atom skeletons of the phenyl groups show the 
usual slight distortions from D6h toward C2” symmetry (cf. 
ref 37 and 38). 

(11)-117.58 (ll)’, and LC-P-C = 102.23 (15)-104.86 (15)’. 

(35) (a) Churchill, M. R. Perspect. Struct. Chem. 1970,3,91-164; see, 
especially, pp 145-147. (b) Churchill, M. R.; Bezman, S. A. Inorg. Chem. 
1972, 11, 2243; Ir-Me = 2.202 (22) A in (C8H,2)(PPhMe2)21rMe. (c) 
Churchill, M. R.; Bezman, S. A. Inorg. Chem. 1973,12,260; Ir-Me = 2.133 
(16) A in (CsH12)(PhzP(CH,),PPh2)IrMe. (d) Churchill, M. R.; Bezman, 
S. A. Inorg. Chem. 1973,12, 531; Ir-Me = 2.153 (18) A in (C8HI2)(Ph,P- 
(CHz),PPh9)IrMe. 

(36) (a) Churchill, M. R.; Hutchinson, J. P. Inorg. Chem. 1978, 17, 
3528. (b) Churchill, M. R.; Hutchinson, J. P. Inorg. Chem. 1979,18,2451. 
(c) Churchill, M. R.; Hutchinson, J. P. Inorg. Chem. 1980, 19, 2765. 

(37) Churchill, M. R.; DeBoer, B. G. Inorg. Chem. 1975, 14, 2630. 
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Table VI. Comparison of Infrared Frequencies for 
XI~(CO)Z(PP~& 

X ycn, cm-l X uc0, cm-' 
CH3 1961 (s), 1904 I" 1955 (s), 1935 (vs) 

CH3C(0) 1975 (s), 1916 H" 1960 (s), 1915 ( 8 )  

C1" 1976 (vs), 1923 

(vs) CH,C(O)" 1975 (s), 1925 (vs), 1615 

(vs), 1612 (m) 

(8) 

Reference 19. 

Reactions. The compound t ran~-CH~1r(CO)(PPh~)~ 
reacts readily with CO to produce f i i t  the 18electron alkyl 
complex CH31r(C0)2(PPh3)2 and subsequently the 18- 
electron acyl complex CH3C(0)Ir(CO)2(PPh3)2 (eq 6). 
Both reactions are readily reversed in solution at  room 
temperature. 

-78 o c  
t ra r~-CH,I r (C0)(PPh~)~ 7 

The infrared spectra of XIr(C0)2(PPh3)2 complexes (X 
= CH3, CH3C(0), C1, I, H) are quite similar (Table VI), 
suggesting similar structures for these comple~es.'~ The 
energetics for CO loss from XIr(C0)2(PPh3)2 are rather 
interesting; for X = CHB, CH3C(0), and C1, CO dissociation 
from solutions is quite rapid leading to stable products. 
Dissociation of CO from IIr(C0)2(PPh3)2 requires higher 
temperatures but still leads to the stable trans-IIr(C0)- 
(PPh3)* Dissociation of CO from the hydride HIr(C0)2- 
(PPh3)2 leads to an unstable product. The donor character 
of the ligands (as measured by infrared stretching fre- 
quencies) does not appear to be important; perhaps the 
instability of the hydride HIr(C0) (PPh3)2 arises from the 
small size of the hydride, thus favoring the five-coordinate 
18-electron complex over the four-coordinate 16-electron 
complex. 

The oxidative addition of H2 occurs a t  -78 "C. As the 
compound CH,Ir(H)2(CO)(PPh3)2 is warmed to -40 OC, 
reductive elimination of CH, occurs and the known 
H31r(CO)(PPh3), is formed as a mixture of mer and fac 
isomers (eq 7).39 The methane was determined by gas 

trans-CH,Ir(CO)(PPh,)2 + Hz - H~, -la o c  
- -  

-40 O C ,  H2 
CH31rW2(CO) (PPh3)2 - 

H31r(CO)(PPh3)2 + CH4 (7) 

chromatographic analysis on a Poropak Q column. The 
reductive elimination of CHI is facile and may be con- 
trasted to the failure of (CH3)21r(CO)(PPh3)21 to eliminate 
two CH, groups as C2H6. That reductive elimination of 
R and H is more facile than R and R has been previously 
noted.40 

The reaction of O2 with iridium(1) complexes is well- 
k n o ~ n . ~ ~ ~ ~ ~ 1 ~ ~ ~ ~ ~  The reaction of O2 with trans-CH31r- 
(CO)(PPh3), occurs irreversibly in solution or the solid 
state (eq 8). Oxygen uptake was 0.85 mol in a solid-state 

t r a n ~ - C H ~ I r ( C 0 ) ( P P h ~ ) ~  + O2 
CH31r(02)(CO)(PPh3h (8) 

toluene,room temp 

~~ 

(38) Domenicano, A.; Vaciago, A.; Coulson, C. A. Acta Crystallogr., 

(39) Harrod, J. F.; Yorke, W. J. Znorg. Chem. 1981,20, 1156. 
(40) Norton, J. R. Acc. Chem. Res. 1979, 12, 139. 
(41) Vaaka, L. Acc. Chem. Res. 1976, 9, 175. 
(42) Valentine, J. S. Chem. Reu. 1973, 73, 235. 

Sect. B 1975, B31, 1630. 

Table VII. Oxygen-Oxygen Stretching Frequencies of 
Ir(II1) Complexes 1r(CO)(PPh&(O2)X 

X uW, cm-' ref 

41 c1 858 
Br 862 41 
I 862 41 
N3 855 41 
C d R  832 41 
C6H6 825 23 

827 a CH3 

"This work. 

c 
R-C<( 

CH3' \rl P 
0 

co 
R = CO,Me, P = PPh, 

Figure 3. Proposed structure of the acetylene adduct CHJr- 
(Me02CC=CC02Me) (CO)(PPh,),. 

P - PPh3 

Figure 4. Proposed structure of (CH3)21r(CO)(PPhS)21. 

reaction at room temperature. The O2 stretch at  827 cm-' 
is quite low in frequency and consistent with side bonding 
typical for Ir(II1) dioxygen c~mplexes .~~  The comparison 
of several complexes is shown in Table VII. The O2 could 
not be removed under high vacuum over several days at  
room temperature; similarly the dioxygen complex could 
be recovered after 24 h refluxing under N2 in pentane. The 
presence of an alkyl and a dioxygen on the same metal 
center suggested possible oxidation chemistry. However 
no reaction occurs before the decomposition point of 90 
OC; at  this temperature no combination of O2 and CH3 
could be found. Only CH,, traces of C2H4 and C2Hs, and 
OPPh, were found (eq 9). The dioxygen can be smoothly 

C H ~ I ~ ( O Z ) ( C O ) ( P P ~ ~ ) ~  - 
removed by excess PPh3 at  room temperature (eq 10) 
providing a catalytic cycle for the oxidation of PPh,. Other 
oxidation chemistry is under investigation. 

CH31r(O2)(CO)(PPh3), + 2PPh3 - 

90 O C  

CH4+ C2H6 + C2H4 + OPPh3 + ? (9) 

t r ~ n s - c H ~ I r ( C O ) ( P P h ~ ) ~  + 20PPh3 (10) 

Alkenes can be added to t r~ns -CH~I r (C0) (PPh~)~  with 
no evidence for insertion of the alkene into the CH3-Ir 
bond.w7 For nonactivated alkenes this reaction is readily 
reversible a t  ambient conditions (eq 11). 

t r an~-CH~I r (C0) (PPh~)~  + alkene * 
CH31r(alkene)(CO)(PPh3)2 (11) 

(43) Ivin, K. J.; Rooney, J. J.; Stewart, C. D.; Green, M. L. H.; Mahtab, 

(44) Klein, H.-F.; Hammer, R.; Gross, J.; Schubert, U. Angew. Chem., 

(45) Wemer, H.; Wemer, R. J.  Organomet. Chem. 1979, 174, C63. 
(46) Watson, P. L. J. Am. Chem. SOC. 1982,104, 337. 
(47) Evitt, E. R.; Bergman, R. G. J. Am. Chem. SOC. 1979,101,3974. 

R. J.  Chem. SOC., Chem. Commun. 1978,604. 

Int. Ed.  Engl. 1980,19, 809. 
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t run~-CH,Ir(C0)(PPh~)~ + 1/z(CH20)z+ 
HIr(C0)2(PPh3)2 + CHI (14) 

be formed by oxidative addition of H2C(0) giving 
(CH3)(H)Ir(CH(0))(CO)(PPh3)2, reductive elimination of 
CHI, and hydride migration from the 16-electron formyl 
complex. 

Preparation of such a wide range of adducts (as shown 
in Figure 1) for trans-CH,Ir(CO) (PPh,), invites compar- 
ison to tr~ns-Ir(CO)(PPh,)~Cl. One would anticipate that 
the CH3 group would place more electron density on the 
iridium than the C1. That this is true is shown in the 
comparison of vco stretches in Table VIII. In each case 
the carbonyl stretch of the analogous methyl complex is 
lower, indicating more electron density on the iridium. 
This increased electron density manifests itself in higher 
reactivity. In each case the methyl complex reacts more 
rapidly, often forming adducts a t  -78 "C. This higher 
electron density may also be important in the irreversibility 
of the O2 addition. The structures of the chloro and methyl 
analogues appear to be similar in each case. 

The most significant features of the reactions of 
trun~-CH,Ir(C0)(PPh,)~ are the differences from the 
chloro analogue: (1) enhanced reactivity due to the in- 
creased electron density on iridium; (2) the subsequent 
reactions of the added molecule with the CH, group; (3) 
the possibility of a CH, migration to a cis CO to open an 
extra coordination site. 
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Table VIII. Comparison of Carbonyl Stretching 
Frequencies (in cm-') for trans-Ir(CO)(PPh3)&1 and 

trans-CHJr(CO)(PPh8)2 and Their Adducts 
CH31r( C0)-  

L Ir (CO) (PPhAC1.L (ppha)i.L 
nothing 1955 1937 
H2 1975 
alkene" 2040 1993 
co 1923 (s), 1976 (vs) 1904 (vs), 1961 ( 8 )  
CH3COZC=CC02CH3 1980 1943 
0 2  2000 1967 
CH31 2048 1993 

"Alkene = CzFl for chloro and MeO2CCH=CHCO2Me for 
methyl. 

Reaction of a 1:l ratio of tr~ns-CH,1r(CO)(PPh~)~ and 
dimethyl acetylenedicarboxylate leads to a stable adduct 
in good yield (eq 12). That this compound has a rigid 
trun~-CH~1r(CO)(PPh,)~ + CH302CC=CC02CH3 - 

CH31r(CO)(CH302CCd!C02CH3)(PPh3)2 (12) 

structure with inequivalent PPh3 ligands is shown by the 
'H NMR spectrum which shows the Ir-CH3 as a doublet 
of doublets, indicating inequivalent methyl carboxylate 
groups. Tentatively, we assign the alkyne adduct the 
structure shown in Figure 3. 

Very rapid addition of CH31 to tr~ns-CH,1r(CO)(PPh~)~ 
occurs (eq 13). The 'H NMR spectrum shows the methyl 
trur~-CH,1r(CO)(PPh~)~ + CH31 - 

( C H ~ ) B I ~ ( C O ) ( P P ~ ~ ) J  (13) 
groups to be inequivalent and the two PPh3 ligands to be 
equivalent. This structure shown in Figure 4 is required. 
This compound is thermally stable below 80 "C. Slow 
decomposition occurs a t  90 "C and is more rapid at  110 
"C. In either case the product distribution is similar with 
predominant formation of CHI and small amounta of C2H4 
and C2HG. Apparently the reductive elimination of C2H6 
from the two cis-CH, groups does not occur and the de- 
composition is by cleavage of an Ir-CH3 bond or a-H ab- 
straction. Certainly the product distribution is similar to 
decomposition of monomethyl compounds. The reason for 
the facile elimination of CHI from CH,Ir(H),(CO)(PPh,), 
and the failure to eliminate C2He from (CH3)21r(CO)- 
(PPh3)J is not obvious. 

The reaction of trans-CHJr(C0) (PPh,), with excess 
paraformaldehyde ( (CH20),) results in quantitative for- 
mation of HIr(C0)2(PPh3)2 (eq 14).= This product could 
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