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Abstract 

The thermolysis of [CpWIr,( p-CO),(CO),(PPh,)] m refluxing toluene gives [CpWIr,{ pj-q2-PPh(C,H,))( p-CO),(CO),] (1) in good 
yield (56%), together with [CpWIr,(CO),,] (2) (32%); an analogous reaction with [CpWIr& p-CO),(CO)&PPh,),] gives 1 (23%) and 
[CpWIr,( p3-q2-PPh(C,H,)]( I-CO),(CO),(PPh,)] (3) (39%). Products 1 and 3 (in 15 and 44% yield respectively) are also obtained 
from heating [CpWIr,( p-CO),(CO),(PPh,),]. Both 1 and 3 have been structurally characterized. The structural studies show that 
orthometallation has occurred, to afford products with (phenylphosphido)phenyl-P,C ligands capping the triiridium faces. In 3, the intact 
PPh, resides at an iridium ligated by the phosphorus of the capping group. Attempts to effect further P-C cleavage of 1 (pyrolysis, 
photolysis, reaction with trimethylamine-N-oxide) were unsuccessful, as were attempts to effect C-H activation at the analogous 
[CpWIr,( CL-CO)&CO),(PMe,)l. 
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1. Introduction 

Transition-metal mediated phosphorus-carbon bond 
cleavage is of intrinsic interest, as well as relevant to 
homogeneous catalyst deactivation [2]. The fragments 
resulting from such P-C cleavage are frequently stabi- 
lized on multimetallic frameworks, and so clusters with 
phosphine ligands have been an abundant source of 
such species. Not surprisingly then thermolyses of 
ruthenium [3-61 or osmium [3b,4] clusters proceed by 
P-C bond-breaking, although the chemistry of the 
lighter metal is complicated by competitive Ru-Ru 
cleavage. More recent work by Deeming and coworkers 
has delineated the fragmentation pathway for PRPh, 
(R = Me, Ph) on triosmium clusters, with reaction pro- 
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ceeding by way of orthometallated reaction intermedi- 
ates as in Scheme 1. 

Thermolysis of [Ir,(CO),,] with triphenylphosphine 
gives a cluster bearing a phenylphosphinidene ligand 
[5]; however, no orthometallated phosphine derived lig- 
ands have been identified thus far in the tetrairidium 
system, although [Ir,( p-H)( pj-T2-Ph ,PCH ,CH 2- 
PPhCgH4)( ~-CO),(CO>,(~2-dppe)] with an orthometal- 
lated phenyl group has been reported [6]. Despite com- 
prehensive investigations with homometallic clusters, 
little is known of P-C cleavage on mixed-metal clus- 
ters. We have recently reported the facile high-yielding 
syntheses of the specifically substituted clusters 
[CpWIr,( p-CO),(CO),_ ,,(PPhJ,l (n = 1 to 3) [ll. As 
part of our ongoing investigations contrasting reactivity 
at the tetrahedral tungsten-iridium clusters to that at the 
parent tetrairidium system, we have examined the ther- 
molyses of these clusters, and report below the charac- 
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terization by single crystal X-ray studies of the resultant 
orthometallated products. 

2. Results and discussion 

2.1. Syntheses and characterization of 1 and 3 

Heating [CpWIr,( ,+C013(C0)7(PPhs)l in toluene for 
15 min gave one major and one minor product on 
purification by preparative thin-layer chromatography. 
The minor band, [CpWIr,(CO),,l (21, was isolated in 
32% yield, and its identity confirmed by FIIR spec- 
troscopy. The major product was obtained in 56% yield 
as dark purple crystals of [CpWIr,( ,!L~,-T*- 
PPh(C,H,)]( p-CO),(CO>,] (1). The spectral data are 
sufficient to establish the molecular composition but not 

-co 

the specific ligation sites. The solution FI’IR spectrum 
of 1 contains seven terminal carbonyl bands between 
2066 and 1943 cm-‘; a band at 1864 cm-‘, characteris- 
tic of edge-bridging carbonyl, is also present. The ‘H 
NMR spectrum exhibits an ABCD pattern of reso- 
nances, suggesting the presence of an orthometallated 
C, H, ring. The 3’P NMR spectrum contains a singlet at 
309.6 ppm, characteristic of a phosphido ligand. The 
FAB mass spectrum has peaks corresponding to the 
parent ion (at 1262 mass units) and loss of nine succes- 
sive CO ligands. 

Similarly, thermolysis of [CpWIr,( p-CO),(CO),- 
(PPh,),] in toluene for 15 min afforded two major 
products on workup by preparative thin-layer chro- 
matography. One product was characterized as 
[CpWIr,{ p,-n*-PPh(C,H,>]( /..L-CO)~(CO)~] (1) in 23% 
yield. The other major product was isolated in 39% 

Scheme 1. Fragmentation pathway for PRPh, on triosmium clusters. 
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yield as brown crystals of [CpWIr,{ pj-q2-PPh(C,H,))- 
( CL-CO),(CO),(PPh,)l (31, and characterized by a com- 
bination of FAIR, ‘H NMR, 13C NMR and 3 P NMR 
spectroscopies and FAB MS. The solution FTIR spec- 
trum contains five terminal carbonyl bands between 
2046 and 1963 cm- ‘. A weak intensity absorption at 
1814 cm-’ suggests the presence of edge-bridging car- 
bonyls. The ‘H NMR spectrum features an ABCD 
pattern of signals in the aromatic region, consistent with 
the presence of an orthometallated C,H, ring, as well 
as resonances in the expected regions indicating the 
presence of phenyl and cyclopentadienyl groups. The 
FAB mass spectrum contains the parent ion at 1496 
mass units and sequential loss of seven CO ligands. 

In an analogous fashion, heating [CpWIr,( p- 
CO),(CO),G’Ph,),l g ave 1 (15%) and 3 (44%). The 
X-ray structural studies of 1 and 3 were carried out to 
confirm the identities of the orthometallated products, 
and to determine the coordination sites of the phosphine 
ligand (3) and phosphido species (1 and 3). 

2.2. X-ray structural studies of I and 3 

Single crystal structural determinations of 1 and 3 
were performed; crystallographic data are summarized 
in Table 1, non-hydrogen positional and equivalent 
isotropic displacement parameters are listed in Tables 2 
(1) and 3 (3), ‘g ‘f SI m icant bond lengths are collected in 
Table 4, and important angles displayed in Table 5. 
Figs. 1 (1) and 2 (3) contain plots of the molecular 
geometries and show the atomic numbering scheme. 

Table I 
Crystallographic data for 1 and 3 

1 3a 

Chemical formula C,,H,,Ir,O,PW C,,H2,1r308P2W 

‘0.68CH,Cl, 
Formula weight 1261.8 1552.4 

Space group P2,/c(No. 14) fi (No. 2) 
Crystal system Monoclinic Triclinic 

a (t% 9.612(2) 16.623( IO) 

h(L) 26.828(10) 11.919(4) 

(‘(A, 12.822(3) 11.461(10) 
(Y (deg) 82.66(6) 
p (deg) 121.39(2) 79.00(6) 
y (deg) 74.59(4) 

v (0 2822 2142 

pralr (g cmm3) 2.97 2.41 
Z 4 2 
I* (mm-‘) 18.3 12.2 
Specimen size (mm3) 0.088X0.44X0.340 0.23X0.11 X0.18 
A * (min, max) 4.3, 47.2 3.3, 6.6 
2 @,,,, (deg) 50 55 
N 4594 9812 

N0 3455 7248 
R 0.046 0.046 

R, 0.046 0.05 1 

a For 3, difference map residues were modelled as (ordered) CH ,CI *, 
site occupancy set at 0.68(l) on the basis of refinement. 

Table 2 
Non-hydrogen atom coordinates and equivalent isotropic displace- 
ment parameters for complex 1 

Atom x Y ,’ I!& ;i’ 

Ii(l) 0.3334t I) 0.42043(2) 0.80293(6) 0.0368(3) 
Id21 
11(3) 
W(4) 
C(2) 
o(2) 
C(3) 
o(3) 
cxll) 
o(ll) 
C(l2) 
o(l2) 
C(21) 
o(2l) 
C(22) 
cx22) 
C(31) 
o(31) 
C(32) 
o(32) 
C(41) 
o(4l) 
P(l) 
Cflll) 
C(ll2) 
C(l I31 
C(l14) 
C(ll5) 
C(ll6) 
C(121) 
C(l22) 
C(l23) 
C( 124) 
C( 125) 
C( 126) 
C(Ol) 
C(O2) 
C(O3) 
C(O4) 
C(O5) 

0.2821(l) 0.32348(3) 
0.1266(l) 0.36206(3) 
0.4749(l) 0.34292(3) 
0.3543) 
0.326(2) 
0.430(2) 
0.443(2) 
0.5143) 
0.6 I9(2) 
0.246(3) 
0.185(3) 
0.440(3) 
0.542(2) 
0.129(2) 
0.033(2) 
0.018(3) 

- 0.049(2) 
0.069(3) 
0.026(3) 
0.360(2) 
0.3242) 
0.1626(7) 

- 0.050(3) 
- 0.077(3) 
- 0.2343) 
- 0.359(3) 
- 0.332(3) 
- 0.177(3) 

0.181(2) 
0.159(3) 
0.169(3) 
0.200(3) 
0.222(4) 
0.215(3) 
0.701(4) 
0.733(4) 
0.732(3) 
0.720(3) 
0.686(3) 

0.27748) 
0.2354(5) 
0.4158(7) 
0.4482(5) 
0.4442(7) 
0.4575(7) 
0.4794(9) 
0.5 170(6) 
0.3085(8) 
0.2978(7) 
0.2740(8) 
0.2442(7) 
0.3043(9) 
0.2698(7) 
0.4081(9) 
0.4348(7) 
0.3307(7) 
0.3226(7) 
0.3928(2) 
0.3971(7) 
0.3829(8) 
0.3833(9) 
0.394(l) 
0.407(l) 
0.4100(8) 
0.4107(7) 
0.3748(7) 
0.3876(9) 
0.436(l) 
0.4714(9) 
0.45848) 
0.315(l) 
0.362(l) 
0.369t I) 
0.319(l) 
0.2870(8) 

0.72413(6) 
0.82755(6) 
0.97493(6) 
0.890(2) 
0.896(I) 
I .002(2) 
I .072(l) 
0.790(2) 
0.785(2) 
0.808(2) 
0.813(2) 
0.686(2) 
0.666(l) 
0.638(2) 
0.588(2) 
0.830(2) 
0.829(l) 
0.91 l(2) 
0.957(2) 
I .066(2) 
1.134(l) 
0.6085(4) 
0.562(2) 
0.656(2) 
0.629(2) 
0.515(2) 
0.422(2) 
0.446(2) 
0.478(I) 
0.394(2) 
0.295(2) 
0.279(2) 
0.362(2) 
0.467(2) 
1.151(2) 
l.l38(3) 
I .035(3) 
0.988(2) 
I .063(3) 

0.0369(4) 
0.0388(3) 
0.0422(4) 
o.oti I) 
0.075(9) 
0.044(9) 
0.071(9) 
0.05(l) 
0.10(l) 
0.08(l) 
0.10(l) 
0.054(9) 
0.09( 1) 
0.05( I ) 
0.10(l) 
0.06(l) 
0.10(l) 
0.07(l) 
0.11(l) 
0.05( I) 
0.09(l) 
0.042(2) 
0.05( I ) 
0.05(l) 
0.07( I 1 
0.09(l) 
0.09( I ) 
0.06(l) 
0.04(l) 
0.05( I ) 
0.07( I ) 
0.08( I ) 
0.08(Z) 
0.07(2) 
0.0%2) 
O.lo(2) 
0.08( I ) 
O.lo(2) 
0.08( 1) 

Complexes 1 and 3 have the WIr, pseudotetrahedral 
framework of the precursor clusters [CpWIr,( p- 
CO),(CO),_,,(PPh3),,] (n = 1 to 31 and possess q5- 
cyclopentadienyl groups, two bridging carbonyls span- 
ning W-Ir vectors, seven (1) or six (3) terminal car- 
bony1 ligands, a triphenylphosphine ligand (31, and a 
p3-q2-bound orthometallated phosphido moiety capping 
the triiridium planes. The WIr, core distances in loand 3 
are inequ+alent, with the longest (2.907(l) A (11, 
2.880(l) A (3)) being those not bearing a bridging 
carbonyl ligand; as with other phosphine-substituted 
tungsten-iridium clusters, the longest W-Ir vectors are 
those effectively tram to the cyclopentadienyl groups 
[7]. The bridging carbonyl ligands in 1 and 3 bridge 
asymmetrically; in 1, both ligands are displaced toward 
the tungsten, whereas in 3, CO(31 is closer to Ir(l). The 
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Table 3 
Non-hydrogen atom coordinates and equivalent isotropic displace- 
ment parameters for complex 3 

Atom n Y Z ucs 2 

Idl) 

Cl(l) * 

Ir(2) 
hi31 

Cl(2) * 

W(4) 
C(2) 

C(O) * 

00) 
C(3) 
o(3) 
Cl1 1) 
001) 
C(21) 
001) 
C(22) 
o(22) 
C(31) 
o(31) 
C(32) 
o(32) 
C(41) 
o(41) 
P(l) 
C(111) 
C(112) 
C(113) 
C(114) 
C(115) 
C(116) 
C(121) 
C(122) 
C(123) 
C(124) 
C(125) 
C(126) 
P(2) 
cc21 1) 
C(212) 
C(213) 
C(214) 
C(215) 
C(216) 
C(221) 
C(222) 
C(223) 
C(224) 
C(225) 
C(226) 
C(231) 
C(232) 
Cc2331 
C(234) 
C(235) 
C(236) 
C(O1) 
C(O2) 
C(O3) 
C(O4) 
C(O5) 

0.19267(3) 
0.30886(3) 

0.5879(5) 

0.27872(3) 
0.15141(3) 

0.7127(5) 

0.256(l) 
0.2917(7) 

0.612(2) 

0.1085(9) 
0.0602(6) 
0.1374(9) 
0.1042(7) 
0.2973(8) 
0.2904(8) 
0.425(l) 
0.4915(7) 
0.351(l) 
0.4028(9) 
0.231(l) 
0.2014(8) 
0.1517(S) 
0.1410(7) 
0.3330(2) 
0.398 l(8) 
0.3774(8) 
0.4227(9) 
0.4841) 
0.5024(9) 
0.4594(8) 
0.3798(8) 
O/%71(9) 
0.502(l) 
0.452(l) 
0.366(l) 
0.3306(9) 
0.1582(2) 
0.1752(8) 
0.2540) 
0.265(l) 
0.1960) 
0.117(l) 
0.106(l) 
0.211(l) 
0.267(l) 
0.303(l) 
0.285(2) 
0.234(2) 
0.197(l) 
0.0490(8) 

- 0.0157(9) 
- 0.0979(9) 
-0.115(l) 
-0.053(l) 

0.030(l) 
0.026(l) 
0.010(l) 
0.059(l) 
0.102(l) 
0.083(l) 

0.85769(4) 
0.98883(4) 
0.86334(4) 
1.06731(4) 
1.132(l) 
1.1958(9) 
0.905(l) 
0.865d8) 
0.91 l(1) 
0.945%9) 
1.077(l) 
1.1300) 
0.986(l) 
0.9770) 
0.922( 1) 
0.952(l) 
0.782(l) 
0.734(l) 
1.039(l) 
1.034(l) 
0.8058(3) 
0.696(l) 
0.718(l) 
0.638(l) 
0.543(l) 
0.522(l) 
0.599(l) 
0.788(l) 
0.7741) 
0.771(l) 
0.781(2) 
0.796(2) 
0.799(l) 
0.6776(3) 
0.588(l) 
0.533(l) 
0.463(2) 
0.449(2) 
0.508(2) 
0.5730) 
0.5841) 
0.475(2) 
0.410(2) 
0.453(3) 
0.559(2) 
0.625(2) 
0.683(l) 
0.785(l) 
0.780(l) 
0.681(2) 
0.583(2) 
0.581(l) 
1.201(2) 
1.142(2) 
1.17d2) 
1.242(l) 
1.262(l) 
0.7537(7) 
0.8668(9) 
0.871(3) 

0.16304(5) 
0.13619(5) 
0.34085(5) 
0.27881(5) 
0.272(l) 
0.292(l) 
0.315(l) 
0.3874(9) 
0.031(l) 

-0.049(l) 
-0.009(l) 
-0.1000) 

0.147(l) 
0.146(l) 
0.408(l) 
0.4390) 
0.475(l) 
0.560(l) 
0.443(2) 
0.5510) 
0.0755(3) 
0.167(l) 
0.289(l) 
0.366(l) 
0.325(2) 
0.209(l) 
0.126(l) 

-0.077(l) 
-0.115(l) 
- 0.231(2) 
-0.318(2) 
- 0.284(2) 
-0.164(l) 

0.1849(3) 
0.324(l) 
0.346(l) 
0.451(2) 
0.536(2) 
0.512(2) 
0.409(l) 
0.065(2) 
0.082(2) 

-0.018(3) 
-0.130(3) 
-0.144(2) 
-0.050(Z) 

0.177(l) 
0.190(l) 
0.187(2) 
0.166(2) 
0.151(2) 
0.156(2) 
0.343(2) 
0.2543) 
0.147(2) 
0.168(2) 
0.286(2) 
0.3534(8) 
0.3860(9) 
0.377(3) 

0.0293(2) 
0.0308(2) 
0.0324(2) 
0.0357(2) 
0.052(6) 
0.068(5) 
0.044(5) 
0.0544) 
0.043(5) 
0.064(5) 
0.048(6) 
0.081(6) 
0.046(6) 
0.070(5) 
0.046(6) 
0.08@7) 
0.049(6) 
0.0745) 
0.048(6) 
0.069(5) 
0.033(l) 
0.033(4) 
0.039(5) 
0.047(6) 
0.055(6) 
0.049(6) 
0.039(5) 
0.036(5) 
0.044(5) 
0.056(6) 
0.066(7) 
0.071(S) 
0.048(6) 
0.036(l) 
0.043(5) 
0.054(6) 
0.09(l) 
0.082(9) 
0.075(9) 
0.057(7) 
0.058(7) 
0.09(l) 
0.12(l) 
0.13(2) 
0.10(l) 
0.079(9) 
0.040(5) 
0.050(6) 
0.062(7) 
0.064(7) 
0.066(8) 
0.055(6) 
0.077(8) 
0.09(l) 
0.078(9) 
0.063(7) 
0.074(9) 
0.096(4) 
0.1145) 
0.10(2) 

* Site occupancy factor 0.68(l). 

latter presumably results from ligation of triphenylphos- 
phine at It(l), and the consequent increase in electron 
density at this metal. Distances and angles involving the 
phosphines are not unusual. Those involving the termi- 
nal carbonyl ligands are relatively imprecise; the most 
dramatic difference between 1 and d is in the geoometry 
about CO(4) [W(4)-C(41) 2.01(3) A Cl), 1.87(2) A (3)], 
with the shorter bond in 3 possibly a result of compen- 
sation for the asymmetry of CO(3). The (phenylphos- 
phido)phenyl-p,C ligands cap the triiridium faces. The 
phosphido P bridges an Ir-Ir vector symmetrically in 
both 1 and 3; the corresponding WIr, face thus has 
bridging ligands about all edges, and it is over this face 
that the cyclopentadienyl ligands sit. The orthometal- 
lated phenyl interacts with the remaining iridium. Elec- 
tron counting procedures reveal that both 1 and 3 have 
60 CVE, electron precise for clusters possessing tetrahe- 
dral cores. 

Crystallographically-verified clusters containing or- 
thometallated diphenylphosphido ligands are compara- 
tively rare; there are no precedents in the tetrairidium 
system for clusters of this type, with previous examples 
being confined to the iron subgroup [3c,8], and a mixed 
ruthenium-iridium cluster [Ru,Ir( /L.-H),( /+v2-PPh- 
C,H ,>( p-PPh, >( p-CO)(CO),(PPh ,>I (4) 191. In the 
ruthenium-iridium cluster 4, the PPhC,H, group face- 
caps at an Ru,Ir face with the phosphorus bridging an 
Ru-Ru bond and the orthometallated phenyl group 
bound to the iridium. Cluster 1 is also metallated at 
iridium; this is perhaps understandable in the present 
work owing to the enhanced carbophilicity of iridium 
compared with tungsten. The Ir-C(orrho) linkage is 
shorter in 4 than in 1 or 3 (2.086(7) A (4) vs. 2.12(2) w 
(l), 2.1 l(1) A (3)), although differences are within error 
margins. The phosphine ligates at the orthometallated 
phenyl-bound iridium in 4, unlike in 3, where it coordi- 
nates to a phosphido-bound iridium. Phosphido bridges 
in the tetrairidium system are rare; in [Ir,( p-H){ p- 
PPh, )( p-CO)(CO),(PPh ,>I (51, t,he phosphido bridges 
symmetrically, with h--P,, 2.30 A similar to the corre- 
sponding distances in 1 and 3 [ 101. In contrast to 3, 
cluster 5 contains a phosphine ligand at a non-phos- 
phido-ligated iridium. 

2.3. Discussion 

The results of the thermolytic investigations detailed 
above are summarized in Scheme 2. All three reactions 
proceed to give a mixture of products, with the identi- 
fied components of the reaction mixtures accounting for 
60-90% of the theoretical yields. Thermolyses in the 
related triosmium system proceed by initial loss of CO 
to generate a vacant coordination site, and subsequent 
oxidative addition of a phenyl ortho-C-H bond across 
the OS-OS bond. Subsequent loss of CO, rearrange- 
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Table 4 
Important bond lengths (A) for complexes 1 and 3 

3 
IrtlkItt2) :.741(l) 2.743( 1) 
lr( I )-W(4) 2.813(l) 2.839(l) 
Ir(2)-W(4) 2.800(l) 2.803( 1) 
W(4)-C(O1) 2.30(2) 2.32(2) 
W(4)-C(O3) 2.28(3) 2.36(2) 
W(4)-C(O5) 2.29(2) 2.30(l) 
IQ-P(1) 2.281(5) 2.285(3) 
II(2)-C(2) 2.242) 2.34(2) 
W(4)-C(2) 2.07(2) 2.06(2) 
C(2)-o(2) l.l7(3) l.l5(2) 
GOI X(02) I .32(4) 1.42(4) 
C(O3)-C(O4) 1.45(5) 1.32(3) 
c(o1)-c(o5) 1.30(4) 1.36(3) 
P(l)-C(l21) I .83(2) 1.78(l) 
P(2)-C(22l) I .82(2) 
Ir(3)-C(112) 2.12(2) 2.11(l) 
II(I)-c(ll) I .93(3) 1.87(2) 
h-(2)-C(21) 1.87(3) 1.86(2) 
I&S-C(31) 1.88(3) 1.85(2) 
W(4)-C(4l) 2.01(3) 1.87(2) 
C(12)-o(12) 1.18(3) 
C(22)-o(22) 1.13(3) 1.09(2) 
C(32)-o(32) 1.14(4) l.l6(2) 

Irtl)-Irt3) 
11(2)-lrt3) 
Irt3)-W(4) 
W(4)-C(O2) 
W(4)-C(O4) 
II(l)-P(l) 
1111)-P(2) 
II( 1)-C(3) 
W(4)-C(3) 
C(3)-o(3) 
C(O2)-C(O3) 
c(o4)-c(o5) 
P(l)-C(l 11) 
P(2)-C(211) 
P(2)-C(23 1) 
C(lll)-C(112) 
lItI)-C(l2) 
lr(2)-C(22) 
lr(3)-Ct32) 
C(ll)-o(11) 
C(21)-o(21) 
C(31)-o(31) 
cc41 k-0(41) 

1 3 
2.676(l) 2.721(2) 
2.670(2) 2.654(2) 
2.907(l) 2.880(l) 
2.32(2) 2.33(2) 
2.36(3) 2.33(2) 
2.279(4) 2.308(3) 

2.337(4) 
2.22(2) 2.05( 1) 
2.07(2) 2.20(l) 
1.21(3) l.l9(2) 
1.345) I .39(3) 
I .45(5) I .37(3) 
1.81(3) 1.82(l) 

1.83(l) 
1.82(l) 

1.42(4) l.41(2) 
1.81(3) 
1.86(2) 1.942) 
1.89(3) I .X7( 1) 
l.lO(4) 1.142) 
l.l7(4) l.l6(2) 
l.l2(3) l.l5(2) 
1.1 l(3) I .22(2) 

Fig. 1. 
for the 

Molecular structure and atomic laklling scheme for [CpWIr3(CL3~7)*-PPh(C6H4)X /~-Co&(Co),l 1. 20% 
non-hydrogen atoms; hydrogen atoms have arbitrary radii of 0.1 A. 

25 

Cl24 

thermal envelopes are shown 
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ment, addition of CO and loss of benzene form trios- 
mium complexes bearing orthometallated ligands analo- 
gous to those in 1 and 3 (Scheme 1). While a similar 
process may be operative in the tungsten-iridium sys- 
tem in the conversion of [CpWIr,( EL-CO),(CO),- 
(PPh,)] into 1 and [CpWIr,( p-CO),(CO),(PPh,),] into 
3, the mixtures of products suggest that other pathways 
are accessible; the transfotmation of [CpWIr,( E.L-CO),- 
(CO),(PPh,)l into [CpwLr3(CO), , I, and [CpwIr,( p- 
CO),(CO),(PPh,),] into 1, and the formation of 1 and 3 
from heating [CpWIr,( p-CO),(CO>,(PPh,>,], is consis- 
tent with the loss of PPh, being competitive with loss 
of CO for the system under investigation. The product 
distributions also suggest that this pathway becomes 
increasingly important on proceeding from [CpWIr,( p- 
CO),(CO),(PPh,)] through [CpWIr,( CL- 
CO),(CO),(PPh,),l to [CpWItj( CL-CO>,(CO>,@‘Ph,),l. 
Indeed, for the last mentioned cluster, initial loss of 
PPh, seems specific, chemistry which is mirrored in its 
FAB MS where [M-PPh,]+ rather than [Ml+ is ob- 
served, and in its solution chemistry, where it slowly 
transforms into [CpWIr,( p-CO),(CO),(PPh,),l at room 
temperature over days [ 11. 

The relatively good yield of the orthometallated 
product 1 prompted us to examine its derivative chem- 

0, 

istry, in a bid to generate benzyne fragments on a 
mixed-metal cluster, analogous to those described previ- 
ously for homometallic systems; clusters of type 1 react 
to form benzyne derivatives by way of decarbonylation 
(Scheme 11, so attempted elimination of CO was pur- 
sued. All rational attempts proved fruitless, however, 
with thermolysis, photolysis, and the attempted genera- 
tion of a vacant coordination site by employing trimeth- 
ylamine-N-oxide all affording intractable mixtures. At- 
tempted functionalization utilizing diphenylacetylene 
was also unsuccessful. 

It is well known that P-C(ary1) cleavage is favoured 
over P-C(methy1). However, double C-H activation of 
coordinated trimethyphosphine has been achieved in 
converting [Os,(CO),,(PMe,)] into [OS& p-H)*( p,-n2- 
Me,PCH)(CO),] [4c]. This pathway does not seem 
accessible in the tungsten-iridium system; heating 
[CpWIr,( p-CO)&CO>,(PMe,>] (refluxing tetrahydrofu- 
ran, 15 min) does not lead to any tractable products. 

We have shown in earlier work that (conceptual) 
isolobal replacement of one Ir(CO), vertex in [Ir,(CO),,] 
by CpW(CO), to give [CpWIr&CO), 1 I facilitates phos- 
phine substitution at iridium; whereas reaction of 
[Ii-,(CO with phosphine requires forcing conditions 
(heating at SO- 110 “C) [ 111 to proceed, phosphines 

co1 

Fig. 2. Molecular structure and atomic labelling scheme for [CpWIr,(~,-.r7*-PPh(C,H,IX p-CO),(CO)&PPh,)] 3. 20% thermal envelopes are 
shown for the non-hydrogen atoms; hydrogen atoms have arbitrary radii of 0.1 A. 
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Table 5 
Selected bond angles (deg) for complexes 1 and 3 

1 3 

IrwIrfll-Ir(3) 
b(2)-It(l)-W(4) 
Iri3)-It(l)-W(4) 
Ir(l)-Ii(2)-Ir(3) 
Ir(3)-Itt2)-W(4) 
It(1)-1~3)-Itt2) 
Ir(l)-Iti3)-W(4) 
Iri2)-In3)-W(4) 
b(l)-W(4)-11(2) 
b(l)-W(4)-In3) 
11(2l-W(4)-Ir(3) 
Iit2)-C(2)-W(4) 
Ir(2)-c(2F-o(2) 
W(4)-C(2)-o(2) 
In])-C(3)-W(4) 
Ir(l)-C(3)-o(3) 
W(4)-C(3)-o(3) 
w(4)-c(41)-0(41) 
Ml)-P(l)-Id2) 
Ml)--Ii(2)-P(l) 
Itt2)-II(l)-HI) 
b(l)-P(l)-C(l Ill 
Irt2)-P(I)-C(l l I> 
P(1)-c(lll)-c(1l2) 
b(3)-C(112)-C(l11) 
It(l)-b(3)-C(l12) 
h(2)-b(3)-C(ll2) 

59.06(3) 
60.53(3) 
63.91(3) 
59.26(4) 
64.17(4) 
61.68(4) 
60.343) 
60.09(3) 
58.45(3) 
55.75(3) 
55.75(3) 
80.8(8) 

128(l) 
150(l) 
82.0(7) 

129(l) 
148(l) 
167(2) 
73.9(l) 
53.0(l) 
53.1(l) 

112.7(7) 
111 S(7) 
113(l) 
ll8(2) 
93.8(7) 
92.47) 

58.12(4) 
60.243) 
62.343) 
60.52(3) 
63.644) 
61.36(5) 
60.85(3) 
60.69(3) 
58.17(3) 
56.8 l(4) 
55.67(4) 
78.9(6) 

125(l) 
156(l) 
83.9(5) 

138(l) 
138(l) 
170(l) 
73.33(9) 
53.73(8) 
52.949) 

112.9(4) 
111.8(5) 
112.3t8) 
118.5(9) 
94.1(4) 
93.6(4) 

react with [CpWIr,(CO), , ] at room temperature. Differ- 
ences in reactivity extend to thermolyses, with the 
mixed tungsten-iridium system affording examples of 

orthometallation of the phenylphosphine-substituted 
clusters, cluster types not thus far identified in the 
tetrairidium system (it has been reported that, in con- 
trast to the triosmium system, thermolysis of [Ir,( CL- 
H)( p-PPh ,I( p-CO)(CO),(PPh ,>I (5) does not afford 
orthometallated products). Our comparisons of the reac- 
tivity of these related cluster systems are proceeeding; 
further examples will be reported shortly. 

3. Experimental details 

All reactions were performed under an atmosphere of 
dry nitrogen (high purity grade, GIG), although no 
special precautions were taken to exclude air during 
workup. The reaction solvents dichloromethane (CaH *), 
acetonitrile (G&I,) and toluene (sodium/ benzophen- 
one) were dried and distilled under argon before use. 
All other solvents were reagent grade, and used as 
received. Petroleum ether refers to a fraction of boiling 
point range 60-70 “C. The progress of reactions was 
monitored by analytical thin-layer chromatography 
(5554 Kieselgel 60 PF,,,, E. Merck), and the products 
were separated on 20 X 20 cm2 glass plates coated with 
7749 Kieselgel 60 PF254 (E. Merck). Diphenylacetylene 
was purchased commercially (Aldrich) and used as 
received. Trimethylamine-N-oxide dihydrate was pur- 
chased commercially (Aldrich) and sublimed before 
use. The clusters [CpWIr,( cl.-CO>,(CO>,(PPh,l] [71, 
[CpWIr,( CL-CO),(CO)&PPh,l,l [II, [CpWfi,( P-CO),- 

32 % / 

rrn3 
56 7; f/ I\\ 

I/ I\\ 23%/ - \ 15% f/ I\\ 

Scheme 2. Thermolyses of [CpWIr,(CO), , _ “(PPh 3),] (n = 1, 2 or 3). Reaction conditions: toluene, 1 lO”C, I 5 
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(CO),(PPh,),I [ 1 I, and [CpWIr,( @O),(CO),(PMe,)l 
[ 11 were prepared by the published procedures. 

Infrared spectra were recorded on a Perkin-Elmer 
1600 FTIR spectrometer using CaF, optics. ‘H and 13C 
NMR spectra were recorded on a Bruker AC300 FT 
spectrometer (‘H NMR at 300 MHz, 13C NMR at 75 
MHz). All 13C NMR spectra were obtained by spectral 
addition of blocks of 6000 acquisitions; the samples 
contained ca. 0.02 M Cr(acac), and utilized a 0.5 s 
recycle delay. The 3’ P NMR spectra were recorded on a 
Varian Gemini 300 spectrometer. All NMR spectra 
were run in CDCl, (Aldrich); chemical shifts in ppm 
are referenced to internal residual solvent for ‘H and 
13C NMR spectra and external H3P0, for 3’P NMR 
spectra. 

Fast atom bombardment (FAB) mass spectra were 
obtained at the University of Adelaide on a VG ZAB 
2HF mass spectrometer (FAB source of argon at 10e6 
mbar, FAB gun voltage 7.5 kV, current 1 mA, ion 
accelerating potential 8 kV, matrix 3-nitrobenzyl alco- 
hol, ca. 0.5 M solutions in dichloromethane). All FAB 
MS were calculated with m/z based on ‘s3 W assign- 
ments and are reported in the form: m/z (assignment, 
relative intensity). Elemental microanalyses were per- 
formed by the Microanalysis Service Unit in the Depart- 
ment of Chemistry, University of Queensland. Decom- 
position temperatures and melting points were measured 
in sealed capillaries using a Gallenkamp melting point 
apparatus. 

3.1. Thermolysis of [CpWIrJp-CO),(CO),(PPh, )I 

An orange solution of [CpWIr,( ,u-CO>,(CO>,(PPh,)] 
(20.0 mg, 0.0146 mmol) in toluene (15 ml) was slowly 
heated to 110 “C and refluxed for 15 min. The dark red 
solution obtained was evaporated to dryness. The deep 
red residue was then redissolved in CH,Cl, (ca. 1 ml) 
and chromatographed (1 CH,Cl,: 2 petroleum ether 
eluant) to afford two products. The contents of the 
major purple band, R, 0.40, were crystallized (CHCl,/ 
MeOH) to afford purple crystals of [CpWIr,{ ~_L~-T~- 
PPh(C,H,)](p-CO),(CO),], 1 (12.2 mg, 56%, m.p. 
121 “C (dec.)). 1: IR (c-C~H’~> 2065m, 2042s 2030m, 
2003s, 1995m, 1978w, 1943w, 1864~ cm-‘; ‘H NMR 
(CDCl,) S 7.55 (m, 5H, Ph), 7.37 (m, lH, C6H4), 6.91 
(t, J,, = 7 Hz, lH, C6H4), 6.63-6.57 (m, lH, C6H4), 
6.15 (t, J,, = 7 Hz, lH, C6H4), 5.28 (s, 5H, C,H,); 
13C NMR (CDCl,) S 131-127 (Ph), 91.7 (C,H,), other 
signals not detected; 3’P NMR (CDCl,) 6 309.6; FAB 
MS 1262 ([Ml+, 30), 1234 ([M-CO]+, 441, 1206 ([M- 
2CO]+, 18), 1178 ([M-3CO]+, loo), 1150 ([M-4CO]+, 
221, 1122 ([M-5CO]+, 261, 1094 ([M-6CO]+, 54), 
1066 ([M-7CO]+, 471, 1038 ([M-~co]+, 45), 1010 
([M-9CO]+, 32). Anal. Found: C, 24.50; H, 1.02. 
C,,H,,Ir,O,PW Calc.: C, 24.75; H, 1.12%. 

The minor product, R, 0.60, was recrystallized from 
CH,Cl,/ MeOH to afford orange crystals of 

[CpWIr,(CO),,], 2 (5.3 mg, 32%, m.p. 158 “C (dec.)). 
2: IR (c-CgH12) 2091m, 2054~s 2049~s 2029s 1997m, 
198 lm, 1964~ cm-’ (cf. lit. 2093m, 2053vs, 2049vs, 
2031vs, 1996m, 1979m, 1967~ [12]>. 

3.2. Thermolysis of [CpWIr~(E.L-C0)3(C0)6(PPhJ)21 

An orange solution of [CpWIr,( p- 
CO),(CO),(PPh,),] (20.0 mg, 0.0125 mmol) in toluene 
(20 ml) was heated to 110 “C and refluxed for 15 min. 
Solvent was removed in vacua from the resulting brown 
solution. Subsequent purification by thin-layer chro- 
matography ( 1 CH ,Cl, : 1 petroleum ether eluant) af- 
forded five bands, of which all but bands 2 and 5 were 
present in trace amounts. The contents of band 2, R, 
0.40, were crystallized from CHCl,/MeOH to give 
purple crystals of [CpWIr,{ p3-q2-PPh(C6H4)]( p- 
CO>,(CO>,], 1 (3.6 mg, 23%), identified by IR spec- 
troscopy. The contents of band 5, R, 0.25, were crystal- 
lized from CH,Cl,/MeOH to afford [CpWIr3{p3-77*- 
PPh(C,H,)]( p-CO),(CO),(PPh,)l, 3 (7.3 mg, 39%, 
m.p. 125 “C (dec.)). 3: IR (c-C6H12) 2046s, 2025~s 
1998m, 1984m, 1963vw, 1899w, 1814~~ cm-‘; ‘H 
NMR (CDCl,) 6 7.32-7.12 (s, 20H, Ph), 7.00 (t, 
J,, = 7 Hz, lH, C6H4), 6.82-6.71 (m, 2H, C6H,>, 
6.18 (t, J,, = 7 Hz, lH, C,H,), 5.38 (s, 5H, C5H5), 
5.32 (s, 1.3H, CH,Cl,); 13C NMR (CDCl,) 6 222.0 (s, 
/J-CO), 178.7 (s, CO), 172.2 (s, CO), 170.7 (s, CO), 
169.7 (s, Cl 12, C,H,), 162.3 (s, CO), 143.9 (d, Jcp = 
18 Hz, Clll, C,H,), 135.7 (d, Jcr = 40 Hz, i-C, 
PPh,), 135.7 (d, Jcp= 35 Hz, i-C, Ph), 133.9 (d, 
Jcr = 11 Hz, m-C, PPh,), 130.2 (s, p-C, PPh,), 129.7 
$s, p-C, Ph), 129.4 (d, Jcr = 12 Hz, m-C, Ph), 128.3 (d, 

= 9 Hz, o-C, Ph), 128.1 (d, Jcr = 11 Hz, o-C, 
P:h,), 127.3 (d, Jcp = 11 Hz, C116, C6H4), 122.3 (d, 
Jcp = 7.5 Hz, Cl 15, C,H,), 91.5 (s, C,H,), 53.8 (s, 
CH,Cl,), Cl 13, Cl 14 not assigned; 31P NMR (CDCl,) 
6 267.5 (s, lP, PPhC,H,), 7.9 (s, lP, PPh,); FAB MS 
1496 ([Ml+, 241, 1468 ([M-lCO]+, 91, 1440 ([M- 
2CO]+, 12), 1412 ([M-3CO]+, 211, 1384 ([M-4CO]+, 
1001, 1356 ([M-5CO]+, 721, 1328 ([M-6CO]+, 24). 
Anal. Found: C, 34.03; H, 1.84. C,3H&$&P2- 
W.0.68CH2C1, Calc.: C, 33.95; H, 1.96%. 

3.3. Thermolysis of [CpWlr,(CL-CO),(CO),(PPh,),l 

An orange solution of [CpWIr,( CL-CO),(CO),- 
(PPh,),] (25.2 mg, 0.0137 mmol) in toluene (15 ml> 
was slowly heated to 110 “C and refluxed for 15 min. 
The brown solution obtained was evaporated to dryness. 
The resultant brown residue was redissolved in CH,Cl, 
(ca. 1 ml) and purified by thin-layer chromatography (1 
CH,Cl,: 2 petroleum ether eluant) to afford seven 
bands. The contents of the second band, R, 0.40, were 
crystallized from CHClJ MeOH and characterized as 
[CpWIr,{ p3-n2-PPh(C,H,)]( p-CO),(CO),l, l(2.3 mg, 
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15%), by IR spectroscopy. The contents of the sixth, 
and major, band were crystallized from CHCl,/MeOH 
to give brown crystals of [CpWIr,( pcL3-q2- 
PPh(C,H,)]( FL-CO),(CO),(PPh,)l, 3 (9.0 mg, 440/o), 
characterized by IR spectroscopy. All other bands were 
present in trace amounts. 

3.4. Thermolysis of 1 

A solution of 1 (15.0 mg, 0.0119 mmol) in xylene 
(15 ml) was slowly heated to 120 “C and stirred for 15 
min, at which stage a brown precipitate was evident in 
the dark reaction mixture. The solvent was removed in 
vacua and the residue taken up in dichloromethane (ca. 
1 ml). Purification by thin-layer chromatography (1 
acetone: 1 petroleum ether) eluted three bands in trace 
amounts. 

3.5. Photolysis of I 

A solution of 1 (15.0 mg, 0.0119 mmol) in acetoni- 
trile (15 ml> was stirred and irradiated for 45 min with a 
450 W mercury-arc lamp. The solvent was removed in 
vacua leaving a brown residue. Subsequent purification 
by thin-layer chromatography (1 CH,C12: 1 petroleum 
ether eluant) gave three bands in trace amounts. 

3.6. Reaction of 1 with Me, NO 

A solution of 1 (15.0 mg, 0.0119 mmol) and Me,NO 
(0.89 mg, 0.012 mm00 in acetonitrile (15 ml> was 
stirred for 1 h. The solvent was removed in vacua, 
leaving a brown residue. No tractable products were 
obtained. 

3.7. Reaction of 1 with diphenylacetylene 

A solution of 1 (2.9 mg, 0.23 pmol) and dipheny- 
lacetylene (0.4 mg, 0.23 pmol) in toluene (IO ml) was 
stirred at room temperature for 18 h. No reaction was 
observed. The solution was warmed and monitored by 
IR at 60, 80 and 100 “C, stirring for 1 h at each interval. 
The solution was finally refluxed for 2 h. The solvent 
was removed in vacua, leaving a brown residue. Subse- 
quent purification by thin-layer chromatography (1 
CH,Cl,: 1 petroleum ether eluant) afforded one band of 
starting material. 

3.8. Thermolysis of [CpWIr,(~-CO),(CO),(PMe, )I 

An orange solution of [CpWIr,( p-CO),(CO),- 
(PMe,)] (24.7 mg, 0.0201 mmol) in toluene (15 ml> was 
slowly heated to 110 “C and refluxed for 15 min. No 
reaction was apparent by IR monitoring of the reaction 
mixture. The solution was allowed to reflux for a 
further 45 min. Decomposition of the cluster was ob- 
served. 

3.9. Structure determinations 

Crystals of compounds 1 and 3 suitable for diffrac- 
tion analyses were grown by slow diffusion of methanol 
into dichloromethane solutions at room temperature. 
Unique diffractometer data sets were measured at around 
295 K within the specified 28,,,,, limit (20/o scan 
mode; monochromatic MO K (Y radiation (h = 0.7107, 
A>> yielding N independent reflections. N, of these 
with I > 3a(I) were considered “observed” and used 
in the full-matrix/ large-block least-squares refinements 
after analytical absorption correction. Anisotropic ther- 
mal parameters were refined for the non-hydrogen 
atoms; (X, y, Z, Iliso)H were included, constrained at 
estimated values. Conventional residuals R, R,. on 
1 F 1 at convergence are given, statistical weights 

derivative of cr *(Z> = (T 2( ZdifF) + 0.0004a 4( Idiff) being 
used. Neutral atom complex scattering factors were 
used, with computation by the XTAL 3.2 program system 
[13] implemented by Hall et al. Pertinent results are 
given in the figures and tables. Tables of final values of 
all atomic coordinates and thermal parameters, and a 
complete list of bond lengths and angles, have been 
deposited at the Cambridge Crystallographic Data Cen- 
tre. 
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