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Deprotonation of [Ir,(CO),,(PPh,H)] 1 in the presence of [Au( PPh,)] PF, yields the novel species 
[ Ir,(CO),,( PPh,AuPPh,)] 2 which possesses a tetrahedral framework bearing a terminally bonded 
PPh,AuPPh, ligand. Changing the order of addition of the reagents results in the formation of [lr4(CO),o- 
(p-PPh,)(p-AuPPh,)] 4 with bridging phosphido and Au(PPh,)+ units. Reaction of 4 with PPh, yields 
[Ir,(CO),( PPh,)(p-PPh,)(p-AuPPh,)] 6, while with the more basic phosphine P(C,H,OMe-4), sub- 
stitution of the PPh, at theAu(PPh,) + unit occurs producing [Ir4(CO),,(p-PPh2){p- AUP(C,H,OMe-4),}]. 
Deprotonation of [lr,(CO),,(PPh,)(PPh,H)] in the presence of [Au(PPh,)]PF, yields [Ir,(CO),,(PPh,)- 
(PPh,AuPPh,)], which undergoes rearrangement t o  6. The kinetics of decarbonylation of compound 
2 to  give 4 has been investigated and a dissociative mechanism is suggested, confirmed by  the 
activation parameters AHt =135.6 k 3.8 kJ mol-l and AS% = 81.2 sf: 10.9 J K-' mol-'. 

Clusters containing the Au(PR,)+ fragment have been increas- 
ingly investigated.'V2 The reason for this interest is related to the 
variety of co-ordination modes that the Au(PR,)+ unit can 
exhibit, and also to the isolobal analogy between this fragment 
and H +. ' --5 The large majority of carbonyl cluster compounds 
reported contain the Au(PR,)+ unit linked directly to the metal 
framework, and especially when only one Au(PR,)+ group is 
present it usually occupies the same position as the H in 
analogous hydrido species., There are only a few examples of 
replacement of a hydrogen by the Au(PR,)+ fragment bound to 
main-group elements or to main group-containing ligands 
linked to carbonyl clusters, viz. [Fe,H(CO), ,(CAuPPh,)] 
and [Fe,H(CO),,(CH)] ' v 8  which are isostructural and [Ru4- 

and CFe4(CO)i,(Au,(PPh,),}- 
(BH)] l o  which do not obey the isolobal analogy. The com- 
pound [AuMn(CO),(p-PPh,)(bipy)(PR,)]PF, (bipy = 2,2'- 
bipyridine) represents the only example of a Au(PR,)+ 
fragment being linked to a phosphido phosphorus.' 

We now report the synthesis of [Ir4(CO), ,(PPh,AuPPh,)] 2 
containing Au(PR,)+ in place of hydrogen in [Ir,(CO), ,- 
(PPh,H)] l . 1 2 - 1 3  Compound 2 readily loses a carbonyl and 
undergoes rearrangement to yield [II-,(CO)~ ,(p-PPh,)(p-Au- 
PPh,)] 4 which is isostructural with [Ir,H(CO),,(p-PPh,)] 
5.14 Kinetic studies show that CO dissociation is the rate- 
determining step of the reaction. A brief communication of this 
work has been published.' 

Results and Discussion 
Preparation of [Ir4(CO), , (PPh,AuPPh,)] 2 and [Ir4- 

(CO), ,(p-PPh,)(p-AuPPh,)] 4.-Deprotonation of yellow 
[Ir,(CO), ,( PPh,H)] 1 with 1,8-diazabicyclo[5.4.O]undec-7- 
ene (dbu) in the presence of [Au(PPh,)]PF, yielded the 
analogous compound [Ir4(C0), ,(PPh,AuPPh,)] 2 of the same 
colour. When the deprotonation reaction was performed in the 

t Supplenzenfurj, dutu uvuiiuble: see Instructions for Authors, J .  Chem. 
Soc., Dalton Truns., 1992, Issue 1, pp. xx-xxv. 

absence of [Au(PPh,)]PF,, however, the anion [Ir,(CO)lo(p- 
PPh,)]- 3 first formed then reacted rapidly with [Au(PPh,)]- 
PF, to give the dark red compound [Ir,(CO),,(p-PPh,)(p- 
PPh,)] 4. Thus, the order of addition of the reagents was critical 
in the formation of these species, which were both obtained in 
yields above 90% and fully characterized by microanalyses and 
by spectroscopic measurements (Table 1 and 2). 

The similarity between the IR spectra of compound 2 and 
[Ir4(CO), ,(PPh3)] l 6  led us to formulate it as having the 
structure shown, in which the Au(PPh,)+ fragment bonds 
terminally to the PPh, phosphorus in place of the proton in 1 
and with three bridging and eight terminal CO groups, instead 
of the all-terminal CO structure recently established for 1 in 
solution.' As has been thoroughly discussed previ~usly, '~ 
steric effects wolild account for such structural differences. The 
31P-(1H) NMR data are also in accord with this structure, 
as it exhibited two doublets at high field typical of phosphine 
phosphorus with a large J(P-P) 287.5 Hz (Table 2), indicating 
the proximity of the two P nuclei. 

The ,'P-( 'H} NMR spectrum of compound 4 also showed 
the presence of two doublets, one at high field at 6 67.9, ,J(P-P) 
50.4 Hz (not 5 Hz as reported in ref. 15), due to the PPh, and the 
other one in the phosphide region at 6 229.7, slightly shifted 
from the values reported for the species [lr,H(CO),L(p- 
PPh,)], L = CO 5 and PPh, 5a at 6 286.9 and 276.2, 
respectively.14 In addition, the presence of a v(C0) in the CO 
bridging region of the IR spectrum led us to formulate this 
compound as having the structure shown, with the Au(PPh,) 
group bridging the same metal-metal bond as the hydride in the 
analogous compound 5. 

Spectroscopic data for complexes 2 and 4 did not uniquely 
define their structures and hence single-crystal X-ray diffraction 
studies were undertaken. 

Structures of Compounds 2 and 4.-The molecular structures 
of compound 2 and 4 are closely related and will be described 
together. Relevant structural parameters for both species are 
listed in Tables 3 and 4. Views of compounds 2 and 4 are shown 
in Figs. 1 and 2 respectively, together with the atomic labelling. 
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Table I Analytical" and physical data for the AuIr clusters 

Compound 
2 [Ir,(CO), ,(PPh,AuPPh,)] 

Yield 
Colour (%) 

Yellow 90 

4 CIr,(CO),o(p-PPh,)(~-AuPPh,)l Red 90 

4a [Ir,(CO), o(p-PPhz){ p-P(C,H,OMe-4),)] Red 90 

6 [Ir,(CO),(PPh,)(p-PPh,)(p-AuPPh,)] Red 90 

8 [Ir,(CO),o(PPh,)(PPh,AuPPh,)] Orange 85 

Analysis (%) 

v(CO)'/cm-' 
2082m, 2052vs, 2045vs, 2015m, 2003m, 1998m 
(sh), 1988w (sh), 1967vw (sh) 1880vw (sh), 
1848m, 1832w, 1813m 
2070s, 2042vs, 2028vs, 201 5vs, 2008s, 1995w, 
1963w, 1838m 
2070s, 2044vs, 2030vs, 2016vs, 2006s, 2001s 
(sh), 1978w, 1964w (br), 1827m (br) 
2058s, 2020m, 2006vs, 1966w (br), 1804w, 
1778vw 
2058m, 2032s, 1998s (br), 1864vw, 1827w (br), 
1795w (br) 

C H 
28.5 1.40 

(28.6) (1.45) 

28.3 1.60 
(28.4) (1.50) 
29.0 1.90 

(28.9) ( I  .75) 
35.6 2.55 

(35.5) (2.05) 

" Required values are given in parentheses. Based on iridium. ' In hexane, unless otherwise stated. Undergoes easy conversion into 6. 

Table 2 Proton and 31P-(1H} NMR data for the AuIr clusters 

Compound 31P-{ ' H f  NMR" 
2 
4 

42.6 (d, PPh,), 20.8 (d, PPh,); J(P-P) = 287.5 
229.7 (d, PPh,), 67.9 (d, PPh,); J(P-P) = 50.4 
- 4a 

6 A 224.6 (dd, PPh,), 68.9 (d, AuPPh,), - 1.8 (d, PPh,);' 
,J(P-P) 50.2, 'J(P-P) 14.7 

PPh,);' 'J(P-P) 50.3 
B 245.2 (br d, PPh,), 69.1 (d, AuPPh,), -1.8 (s, 

C 199.5 (d, PPh,), 70.4 (d, AuPPh,), 8.7 (s, PPh,);' 
,J(P-P) 50.0 

8 51.1 (d, AuPPh,), 5.9 (d, PPh,), -2.0 (s, PPh,);' 
J(P-P) = 295.3 

" In CD,CI, at room temperature unless otherwise specified; J in Hz. 
'H NMR (CDCI,): 6 3.83 (s, CH,) and 7.00-7.51 (m, Ph). In CDCI,. 

Table 3 Relevant bond distances (A) and angles (") for compound 2 

Ir( 1)-Ir(2) 
Ir(2)-Ir(3) 
Ir( 1 )-Ir(3) 
Ir( 1)-Ir(4) 
I r (2)-Ir(4) 
Ir(3)-Ir(4) 
Ir( 1 t P (  1) 
Au-P( 1) 
Au-P(~) 
Ir( I >-C( 1) 
Ir(2)-C( 1) 
Ir( 2)-C(2) 
Ir( 3)-C( 2) 
Ir( 3)-C( 3) 
Ir(1)-C(3) 
Ir( 1)-C(4) 
Ir(2)-C(5) 
Ir(2)-C(6) 
Ir(3)-C(7) 
Ir(3)-C(8) 

2.732( 1) 
2.706( 1) 
2.745( 1) 
2.722( 1) 
2.713( 1) 
2.701( 1) 
2.36( I )  
2.34( 1) 
2.30( 1) 
2.06( 3) 
2.25(3) 
2.08(3) 
2.1 l(3) 
2.19(3) 
2.06(3) 
1.80(3) 
1.83(2) 
1.85(3) 
I .96( 3) 
I .86(3) 

1.91(3) 
1.84( 3) 
1.88(3) 
1.84(2) 
1.85(2) 
1.76(2) 
1.82( 3) 
1.80(2) 
1.15(3) 
1.15(3) 
1.15(3) 
1.15(3) 
1.13(2) 
1.14(2) 
1.08(3) 
1.14(3) 
1.08( 3) 
1.19(3) 
1.12(3) 

Ir(1)-P(1)-Au 113.4(2) Au-P(2)-C(24) 116(1) 
P( l)-Au-P(2) 177.9(2) Au-P(2)-C(30) 109( 1) 
Ir( 1 )-P( I )-C( 12) 1 1 1 ( I )  Au-P(2)-C(36) 1 15( 1)  
Ir(l)-P(l)-C(l8) 113(1) 

1 2 Table 4 Relevant bond distances (A) and angles (") for compound 4 

x 
4 AUPPh, 
4a AuP(CGH4OMe-4), 
5 H  

Both species possess a tetrahedral iridium framework with Ir-Ir 
bond lengths ranging from 2.701(1) to 2.745(1) A in 2 and from 
2.689(2) to 2.832(2) A in 4. The ligand distribution recalls that 
observed in most Ir, derivatives, i.e. with the basal plane 
spanned by bridging ligands. These ligands are CO groups in 2, 
while the basal plane in 4 bears one CO, the phosphide, and the 
Au(PPh,) groups. In 2 one terminal CO group is formally 
replaced by the PPh,AuPPh, unit, which is linked to the cluster 
through the P atom of the PPh, fragment. It should be 
emphasized that this bonding mode is quite unusual in mixed- 
metal gold clusters. In most cases the Au(PPh,) fragment is 
found linked directly to the metal framework. 

Ir( 1)-Ir(2) 
Ir( 2)-Ir(3) 
Ir( I)-Ir(3) 
Ir( 1 )-Ir(4) 
Ir(2)-Ir(4) 
Ir( 3)-Ir(4) 
Ir( 1)-Au 
Ir( 3)-Au 
Ir(2)-P( 1) 
Ir(3)-P( 1 )  

Ir( 1)-C( 1) 
Ir( 2)-C( 1 ) 
Ir( I )-C(2) 
Ir(lFC(3) 

Au-P( 2) 

I r( 2)-C(4) 
Ir(2)-C(5) 
Ir(3)-C(6) 
Ir( 3)-C( 7) 

2.778(2) 
2.832(2) 
2.736(2) 
2.689(2) 
2.739(2) 
2.7 19( 2) 
2.788(2) 
2.731(2) 
2.36( 1) 
2.29( 1) 
2.27( 1 ) 
2.01 (3) 
2.01 (3) 
1.83(5) 
1.86(4) 
I .90( 3) 
1.83(4) 
1.82(4) 
1.87(4) 

1.86(3) 
1.96(4) 
1.86(4) 
1.82(3) 
1.84(3) 

1.82( 3) 
1.81(3) 
1.28( 3) 
1.17(4) 
1.17(4) 
1.1 7(3) 
1.18(4) 
1.16(4) 
1.14(4) 
1.17(4) 
1.13(4) 
1.16(4) 

1.79(3) 

Ir( l)-Au-Ir(3) 59.4( 1 )  Au-P(2)-C( 11)  I15( 1 )  
Ir(2)-P( I )-Ir( 3) 75.2( 3) Au-P(2)-C(17) 114(1) 
C(29)-P( 1)-C(35) l03( 1) Au-P(2)-C(23) I l3( 1 )  

The P-Au-P axis in compound 2 is strictly linear [ 177.9(2)'], 
and the Ir-P distance [2.36(1) A] is comparable to those 
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Fig. 1 
the crystallographic numbering 

Molecular structure of [Ir,(CO), ,(PPh,AuPPh,)] 2 showing 

observed in most phosphine-substituted Ir, species, implying 
that the dangling PPh,AuPPh, ligand acts as a 'normal' 
monodentate phosphine. The Ir-P-Au bond angle of 11 3.4(2)" 
also indicates that the presence of the bulky Au(PPh,) fragment 
in place of a phenyl group on the phosphine does not cause 
appreciable intramolecular strain. 

As almost invariably found in Ir, clusters containing bridging 
CO groups the Ir-Ir bonds spanned by the bridging ligands in 
compound 2 are longer [mean 2.728(1) A] than the unbridged 
ones [mean 2.712(1) A] confirming that the metal-metal bond 
'shortening effect' usually attributed to the bridging CO groups 
in the M4 derivatives is confined to the cobalt complexes. 

The presence of more heterogeneous ligands over the frame- 
work of compound 4 is reflected in the wider range spanned by 
the Ir-Ir bond lengths (see above) and in a general swelling-up 
of the metal core with respect to 2 [mean Ir-Ir 2.720(1) in 2 
versus 2.749(2) A in 41. As expected, the three bridging ligands 
have quite different effects on the Ir-Ir bonds around the basal 
plane: while the Au-bridged bond is short [2.736(2) A], the 
P-bridged one is the longest [2.832(2) 813, the CO-bridged bond 

being intermediate [2.778(2) A]. Furthermore, there is an 
appreciable asymmetry of both Ir-P and Ir-Au bonding inter- 
actions [Ir(2)-P(1) 2.36(1), Ir(3)-P(1) 2.29( l), Ir( 1)-Au 2.788(2), 
Ir(3)-Au 2.731(2) A] both ligands being closer to the Ir atom in 
common. 

The ligand distribution in compound 4 closely parallels that 
observed in [Ir,H(CO),,(p-PPh2)] 5, which also contains a 
bridging phosphide group, while the place of the AuPPh, is 
'taken' by the H (hydride) atom. This pair of Ir, clusters 
provides a nice example of the isolobal analogy between the H 
and Au(PPh,) ligands. The P-bridged bonds in this latter 
compound and in 4 have comparable lengths [2.796(2) versus 
2.832(2) A] as well as the H-bridged bond in 5 and the Au- 
bridged one in 4 [2.769(2) versus 2.736(2) A]. 

Reactions of [Ir4(C0) ,,(p- PPh2)( p- AU PPh ,)I 4 with Phos- 
phines.-Reaction of compound 4 with PPh, at 50 "C gives the 
monosubstituted compound [Ir4(CO),(PPh,)(p-PPhz)(p-Au- 
PPh,)] 6 in 60% yield. Carbonyl substitution in 4 needs more 
drastic conditions than those reported for the reactions of the 
analogous compound [Ir4(p-H)(C0),,(p-PPhz)] 5 with a series 
of phosphines and phosphites, which give [IT,(~-H)(CO)~L(~- 
P P h 2)]. 

Kinetic studies of the reaction of compound 5 with PPh, have 
established an associative mechanism for the process.'* If a 
similar mechanism is operative in the reaction of 4 with PPh,, 
steric effects due to the presence of the Au(PPh3)+ unit would 
explain the relative reluctance of compound 4 to undergo 
nucleophilic attack at the metal centres. Significantly, the 
reaction of 4 with P(C,H,OMe-4),, a more basic phosphine 
than PPh,, yields exclusively a product resulting from PPh, 
substitution on the Au atom, [I~,(CO)~O(~-PP~~){~-AUP(C,- 
H,OMe-4),}] 4a, as shown by the 'H NMR spectrum (Table 2). 

Compound 6 was also produced from the thermolysis 
reaction of [Ir,(CO)l,(PPh3)(PPh2AuPPh3)] 8 which was 
obtained by deprotonation of [Ir,(CO)lo(PPh,)(PPh2H] 7 l 4  

with dbu in the presence of [Au(PPh,)]PF, as described for the 
synthesis of 2. It was characterized on the basis of spectroscopic 
methods only, which indicated a structure similar to that of 
[1r4(C0) o(PPh3)2]. 6 *  ' 

The structure of [Ir4(p-H)(CO),(PPh,)(p-PPh2)] 5a has 
been previously established in solution and in the solid state,', 
and shows that CO substitution with PPh, in 5 occurred in an 
axial position on a basal Ir atom," not associated with the 
PPhz ligand. 

Compound 6 has been characterized on the basis of 
spectroscopic and analytical data only (Tables 1 and 2), because 
X-ray-quality crystals could not be obtained. The IR spectrum 
exhibits vco in the CO bridging region and the ,'P-{ 'H} NMR 
spectrum shows the presence of three isomers in the 

Fig. 2 Molecular structure of [Ir,(CO),,(p-PPh,)(pAuPPh,)] 4 showing the crystallographic numbering 
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Scheme 1 
1 equivalent PPh,, hexane, 50 "C, 3 h; (u )  1 equivalent P(C,H,OMe-4),, CH,CI,; (ui) toluene, 70 "C, 15 min 

Reagents and conditions: (i) 1.3 equivalents [Au(PPh,)I] and 2 equivalents TIPF,; (ii) 1.3 equivalents dbu; (iii) toluene, 80 "C, 30 min; (iu) 

Ph3PAu 4:ph3 1 Ph&z PPh3 

6 isomer A I1 

III IV 
X = AuPPh3, 6, isomer B or C 
X = H, 5a 

6 isomer B or C 

approximate ratio A:B:C = 6:15:0.3. In the three cases the 
presence of two strongly coupled resonances C3J(P-P) z 50 
Hz], at high field due to the p-PPh, phosphorus, and at low field 
attributed to the Au(PPh,) phosphorus, suggests that the 
structures are similar to that of the unsubstituted species 4, with 
the p-PPh, and p-Au(PPh,) groups trans to each other, but 
with the PPh, ligand bound to different iridium atoms in each 
case. 

The PPh, ligand in isomer A appears as a doublet at 6 - 1.8 
coupled to the p-PPh, phosphorus, ,J(P-P) 14.7 Hz, and this 
isomer could therefore exhibit either structures I or I1 shown, 
with the PPh, bound to one of the iridium atoms linked t o  the 
p-PPh, group, axially rather than radially for steric reasons. 
Owing also to steric hindrance at the Ir(3) atom, however, it 
seems reasonable to propose that structure I is more probable 

than structure I1 since there is much less crowding at this 
particular position.* 

On the basis of the ,'P-{ 'H} NMR data alone it is impossible 
to differentiate between isomers Band C, which can both exhibit 
either structure 111 or IV, as the PPh, phosphorus appears as a 
singlet at low field in each case. Structure 111 is similar to that 
established for the analogous compound 5a, as shown, while 
structure IV represents the only other possible ligand distri- 
bution if one discards radial CO substitution on Ir( 1) and Ir(2) 
for steric reasons. 

A comparison of the reactivities of the analogous compounds 
4 and 5 indicates that substitution of H with Au(PPh,) results in 
the end of site selectivity in the reactions with phosphines. 
Indeed, three of the four iridium centres, besides the Au atom 
(when a phosphine of higher basicity than PPh, is used) seem to 
become available to nucleophilic attack in 4. Thus, the 'deactiv- 
ation' of the Ir(1) position in 4, which has been shown to 
undergo preferential CO substition in 5, is most probably due to 
the steric bulk of the Au(PPh,) moiety. 

Rearrangement of Compounds 2 and 8 into 4 and 6, respec- 
tively.-The positive ion fast atom bombardment (FAB) mass 
spectrum of compound 4 exhibited a molecular ion corres- 
ponding to [ M  + H] + and fragments due to sequential loss of 
seven CO ligands, a phenyl group and a PPh, ligand, as has 
been reported for the analogous compounds 5, 5a and [Ira- 
(CO), ,(p-PPh,)(p-AuPMe,Ph)] 4b." In the case of compound 
2, however, the molecular ion detected corresponded 
to [ M  + H - CO]', and the fragmentation pattern was 
identical to that of compound 4, which suggested that 2 was 
losing CO and rearranging to yield 4 during bombardment. 

The FAB mass spectrum of compound 8 gave the molecular 
ion [ M  + HI+,  but also the molecular ion [ M  + HIf  corre- 
sponding to 6,  thus indicating that a rearrangement of 8 to 
6 was also occurring during bombardment. These results 
prompted us to investigate the thermal reactions of 2 and 8, as a 
relationship has often been noted between processes observed in 
the FAB mass spectra and the solution chemistry of compounds 
under investigation.20 

Quantitative conversion of compound 2 into 4 was observed 
upon heating at 70 "C for 2.5 h in toluene, as a result of loss of 

* One of the referees has pointed out that the lack of coupling observed 
between the Au(PPh,) unit and the PPh, also suggests that this isomer 
has structure I rather than 11, although this is not conclusive. 
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Fig. 3 Spectral changes upon thermolysis at 80 "C of a 8.0 x lk5 
mol dm-, solution of [Ir,(CO), ,(PPh,AuPPh,)] 2 in toluene 

Table 5 
(PPh,AuPPh,)] 2 into [Ir,(CO),,(p-PPh,)(p-AuPPh,)] 4 

First-order rate constants for the conversion of [Ir4(C0), ,- 

lo5[cluster]i 
T/"C mol dm-, 104k, a/s-' cb 

70.0 5.8 
8.0 
10.0 

73.0 5.8 
8.0 

10.0 
75.0 5.8 

8.0 
10.0 

78.0 5.8 
8.0 

10.0 
80.0 5.8 

8.0 
10.0 

2.3 1 (1.1) 
3.00 
2.88 
4.42 (0.73) 
3.89 
3.81 
6.28 (0.54) 
5.85 
6.0 1 
8.72 (0.36) 
8.02 
7.94 

1 1.03 (1.38) 
11.10 
10.96 

a The values of k ,  tabulated are the averages at each concentration. 
Error limits are quoted as 95% confidence interval. 

Table 6 
dissociation in [Ir,(CO), L] at 80 "C 2 3  

First-order constants and activation parameters for CO 

Ah.n.p." 105k, AHt{kJ AS'/J 
L eio /mV is-' mol- K-' mol-' 

P(OPh), 128 875 1 128.0 (3.3) 29.3 (9.6) 
PPh, 145 573 15 133.9 (4.2) 59.8 ( 1  1.3) 
PBu, 132 131 29 138.1 (1.7) 77.0(4.6) 
PPhZAuPPh,' 145? - 110 135.6 (3.8) 81.2 (10.9) 

a Ah.n.p. = Difference in half-neutralization potential relative to N , N -  
diphenylguanidine. The smaller its value, the greater the proton basicity. 

In chlorobenzene. ' In toluene. 

Kinetics of Rearrangement of Compound 2 to 4.--Measure- 
ments of the absorbance at time t ,  A,, were made at 460 nm 
where the largest spectral differences between compounds 2 and 
4 were observed (Fig. 3). The electronic spectra showed an 
isosbestic point at 414 nm, indicating that intermediates 
produced during the reaction were not formed in detectable 
concentration under these conditions.22 The temperature range 
was 70-80 "C, since at lower temperatures the reaction was slow 
and decomposition occurred and at higher temperatures we 
had thermostatting problems. 

Plots of In A ,  versus time were linear for a minimum of three 
half-lives. The kobs values obtained were independent of the 
cluster concentration, suggesting a dissociative mechanism, 
with CO dissociation being the rate-determining path, accord- 
ing to k l  = kobs. The first-order rate constants obtained at 
different temperatures and ligand concentrations investigated 
are given in Table 5. The activation parameters A H t  = 135.6 
k3.8 kJ mol-' and ASt = 81.2 f 10.9 J K-' mol-' are 
consistent with a dissociative mechanism for this transform- 
ation and are comparable with those found for CO dissociation 
in the reactions of [Ir4(CO)11L] with L' [L and L' = PR, or 
P(OR),], shown in Table 6 for c o m p a r i ~ o n . ~ ~  

The acceleration caused by CO substitution in [Ir,(CO), 'L] 
has been proposed to be electronic in nature since the rate 
increases with increasing electron-donor character of the P- 
donor sub~tituents,~, and therefore our activation parameters 
suggest that PPh,AuPPh, is the most basic of the phosphines 
studied. 

It has been reportedI4 that compound 1 undergoes 
decarbonylation, oxidative addition of the P-H bond and 
formation of the analogous hydrido cluster 5 under more drastic 
conditions (toluene, 100 "C, 1.5 h), when compared with 2. The 
major isomer of 1 in solution does not contain any bridging CO 
ligands and the structural change needed to produce 5 was most 
probably responsible for the slower rates of substitution.2' The 
mechanism for this transformation would involve first CO 
dissociation to yield an unsaturated intermediate of the sort 
'Tr,(CO),,(PPh,AuPPh,)', and secondly oxidative addition of 
the P-Au bond to the metal core to yield 4. 

Although formation of phosphido and phosphinidene cluster 
compounds upon thermolysis of PPh2H- and PPhH,-contain- 
ing clusters, respectively, is now a well established pheno- 
m e n ~ n , ~ , . ~ ~  conversion of 2 into 4 represents the first example 
of an oxidative addition of an Au-P bond to a cluster 
compound and provides another example of the isolobal 
analogy between the H and Au(PPh,)+ ligands. 

CO ligand and oxidative addition of the co-ordinated PPh,Au- 
PPh, ligand in 2, while conversion of 8 into 6 occurred upon 
heating at 70 "C for 15 min in toluene. The latter rearrangement 
was much faster, as expected, on the basis of previous kinetic 
results for the C O  substitution reactions of [Ir4(CO)12-,,L,,], with 
L = PPh,, P(OPh), or PBu,, where the rates have been found 
to increase with increasing substitution.2' 

Experimental 
All manipulations and reactions were performed under an 
atmosphere of dry argon, unless otherwise specified, by using 
Schlenk-type glassware. Tetrahydrofuran (thf) was dried over 
sodium and benzophenone, dichloromethane over LiAIH,, 
hexane over sodium and acetonitrile over phosphorus penta- 
oxide. All solvents were distilled under argon before use. 

The progress of the reactions was monitored by infrared 
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Table 7 Crystal data and details of measurements for compounds 2 
and 4" 

Formula 
Mr 
Crystal size (mm) 
4 
blA 
4 
PI" 
UlA3 
F(ow 
DJg ~ m - ~  
p(Mo-Ka)/cm-' 
8 Rangel" 
o scan width/" 
Maximum scan 

time (s) 
Measured 

reflections 
Unique observed 

reflections 
[ l o  ' 2WO)l 

absorption 
corrections 

Minimum, maximum 

R, R', S 
K g 

C41H2,Au1 Ir401 1 p2 
1721.3 
0.15 x 0.12 x 0.20 
9.336(6) 
16.308(4) 
28.862( 7) 
93.06(3) 
4387.8 
3 103 
2.61 
149.7 
2.0-20 
0.6 
120 

4372 

2130 

0.65, 1.10 

0.028,0.027, 1.37 
1.1,0.0003 

C40H25AUl 1r4010p2 
1693.3 
0.10 x 0.10 x 0.20 
11.836(5) 
27.58 l(5) 
14.532(2) 
113.27(2) 
4358.0 
3048 
2.58 
150.7 
2.0-25.0 
0.8 
100 

8145 

2576 

0.84, 1.32 

0.052,0.046, 1.68 
1.8,0.0007 

Details in common: monoclinic, space group P2,/n; Z = 4; requested 
counting a(l)/l= 0.01; prescan rate 5 min-'; prescan acceptance o(l)/l 
0.5; octants explored +h,  +k ,  +1. R' = E[(Fo - Fc)wf] /X(FOwf) ,  
where w = k/ [o(F)  + JglF2]. 

spectroscopy between 2200 and 1600 cm-', using CaF, cells 0.5 
mm thick, recorded on a JASCO IR-700 spectrometer, or by 
analytical TLC (silica gel 60G Merck or Fluka). Preparative 
TLC was carried out in air by using ca. 1.0 mm thick glass- 
backed silica gel plates (20 x 20 mm) with silica gel 60G 
(Merck or Fluka). All substituted Ir, clusters were stored under 
an inert atmosphere, for they were found to be slightly air 
sensitive in the solid state. 

Proton and 31P NMR spectra were recorded on a Bruker 400 
AM or a Varian XLlOO instrument, using deuteriated solvents 
as lock, and as references SiMe, for 'H and H,PO, for 3 1  P. Fast 
atom bombardment mass spectra were obtained on a KRATOS 
MS 50 spectrometer, the atom beam being produced by an Ion 
Tech FAB gun operating with xenon at 8 kV and a current of 40 
pA; p-nitrobenzyl alcohol was used as the matrix. All m/z values 
are referred to 19,1r. 

The compounds [Ir,(CO),,] 26 and [IT,(CO)~ 'L] (L = 
PPh,H 12,13 or PPh, 1 6 )  were prepared according to published 
procedures. 1,8-Diazabicyclo[5.4.O]undec-7-ene was distilled in 
uacuo. All the other reagents were purchased from commercial 
sources and used as supplied. 

Preparation of [ I T ~ ( C O ) ~  ,(PPh,AuPPh,)] 2.-A grey sus- 
pension of [Au( PPh,)I] (1 8 mg, 0.03 1 mmol) and T1PF6 (1 7 mg, 
0.048 mmol) in CH,Cl, (4 cm3) was stirred for 1 h at room 
temperature (r.t.), after which time it turned yellow-green. After 
adding a yellow solution of [ I I -~ (CO)~  ,(PPh,H)] 1 (30 mg, 0.024 
mmol) in CH2Cl, (8  cm3) to the suspension, and stirring for 10 
min, the mixture was treated with dbu (4.6 pl, 0.031 mmol) with 
no colour change. After 10 min of stirring the mixture was 
filtered through silica under argon, and the solvent was evapor- 
ated in UQC'UO. Purification by preparative TLC with CH2CI2- 
hexane (1 : 1) afforded only [Ir4(CO), ,(PPh,AuPPh,)] 2 (37 
mg, 90%). 

Preparution of [Ir4(CO)lo(p-PPh,)(p-AuPPh3)] 4.-A 
yellow solution of [Ir,(CO), ,(PPh,H)] 1 (30 mg, 0.024 mmol) 
in CH,CI, (8 cm3) was treated with dbu (4.6 pl, 0.031 mmol) at 
25 "C, resulting in an immediate colour change. After 10 min of 

stirring, this mixture was added to a suspension of [Au(PPh,)I] 
(1 8 mg, 0.03 1 mmol) and TlPF6 (1 7 mg, 0.048 mmol) in CH,CI, 
(4 cm3), previously stirred for 1 h. The solution turned bright 
red. It was filtered through silica under argon and the solvent 
was evaporated in uczcuo. After purification by preparative TLC 
with CH,CI,-hexane (1 : 1) the only product obtained was 
[Ir,(CO)l o(p-PPh2)(p-AuPPh3)] 4 (37 mg, 90%). FAB mass 
spectrum: m/z 1967 [M + HI+ .  

Reactions of Compound 4.- With PPh,. A solution contain- 
ing PPh, (5 mg, 0.017 mmol) in hexane (2.5 cm3) was added to a 
solution of compound 4 (30 mg, 0.017 mmol) in hexane (10 cm3) 
and the mixture was left to stir at 50 "C for 2 h. The solvent was 
then evaporated, and the mixture purified by TLC with 
CH,CI,-hexane (1 : l), affording [Ir,(CO),(PPh,)(p-PPh,)(p- 
AuPPh,)] 6 (20 mg, 60%) and an unidentified product, besides 
decomposition. 

With P(C6H,0Me-4),. To a bright red solution of com- 
pound 4 (50 mg, 0.030 mmol) in CH2CI, (10 cm3) was added 
dropwise a solution of P(C,H,OMe-4), (1 1 mg, 0.030 mmol) in 
CH,CI, (3 cm3). The reaction was monitored by analytical TLC 
with CH,Cl,-hexane (1 : l), as changes neither in the colour nor 
in the IR spectrum of the mixture were observed. After 15 min of 
stirring the mixture was purified by preparative TLC (same 
eluent as above), affording [Ir,(CO)1,(p-PPh,)(p-AUP(C,- 
H40Me-4),}]4a(47 mg,90%). 

Preparation of [Ir4(C0) ,(PPh,)( PPh,AuPPh,)] 8.-To a 
suspension of TlPF, (69 mg, 0.20 mmol) and [Au(PPh,)I] (70 
mg, 0.12 mmol) in CH,CI, (8 cm3) stirred for 1 h at r.t. was 
added a solution of [Ir,(CO),,(PPh,)(PPh2H)] 7 (150 mg, 0.10 
mmol) in CH,CI, (20 cm3). After the mixture had been stirred 
for 10 min it was treated with dbu (17 pl, 0.12 mmol) and stirred 
for 10 min. It was then filtered under an inert atmosphere and 
the solvent evaporated in uacuo. Crystallization from hexane 
produced [Ir4(CO),,(PPh,)(PPh,AuPPh,)] 8 (0.1 66 mg, 85%). 
FAB mass spectrum: m/z 1959 [M + HI+ .  

Rearrangement of Compound 8 into [Ir,(CO),(PPh,)(p 
PPh,)(p-AuPPh,)] 6.-A solution of compound 8 (30 mg, 0.01 5 
mmol) in toluene (10 cm3) was heated at 70 "C for 15 min. After 
this time the solvent was evaporated and the mixture purified by 
preparative TLC with CH,CI,-hexane (1 : 1) affording [Ir4- 
(CO),(PPh,)(p-PPh,)(p-AuPPh,)] 6 (26 mg, 90%). FAB mass 
spectrum: m/z 1931 [M + HI+ .  

Kinetics of the Transformation of [Ir4(C0)1 ,(PPh,AuPPh,)] 
2 into [Ir,(CO),,(p-PPh,)(p-AuPPh,)] 4.-The kinetics of the 
reaction was conveniently monitored with a Carl Zeiss DMR21 
spectrophotometer over the wavelength range 500-400 nm. The 
stock solution was made in a Schlenk glass using toluene as a 
solvent, of concentration of 5.8 x lop4 mol drn-,. The stock 
solution was diluted in an UV/VIS cell in the concentration 
range 5.8 x lW5-10.0 x lo-' mol dm-,. Samples were placed in 
the thermostatted cell holder of the spectrophotometer (70 . e  
80.0 f 0.1 "C) and left to attain thermal equilibrium. The kobs 
values were calculated using the kinetic over-relaxation method 
(KORE) *' and a SID 501 computer. The values of A H f  and A S f  
were obtained by a non-weighted linear least-squares analysis of 
the dependence of the individual values of In(k,/T) on 1/T. The 
uncertainties quoted are standard deviations corrected for the 
number of degrees of freedom, so that 95% confidence limits can 
be obtained by multiplying by the appropriate Student's factor 
(1.96) for an infinite number of degrees of freedom. 

Structural Characterization of Compounds 2 and 4.-Crystal 
data and details of measurements for compounds 2 and 4 are 
summarized in Table 7. Intensity data for both species were 
collected at room temperature on a Enraf-Nonius CAD4 diffrac- 
tometer by the -28 scan method, using Mo-KX radiation ( h  = 
0.71069 A). Fast decay under X-ray exposure and poor 
diffraction of the crystal prevented extension of data collection 
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Table 8 Fractional atomic coordinates for compound 2 

Atom X Y Z 

0.174 26( 10) 

0.071 28(11) 
0.269 71(11) 

0.032 5(7) 

0.1 19 8(25) 
0.126 8(20) 

-0.002 54( 10) 

-0.10406(11) 

-0.231 6(7) 

- 0.054 2(27) 
-0.1 16 2(24) 

0.202 4(23) 
0.249 9( 19) 
0.338 5(30) 
0.446 4(21) 

-0.185 4(25) 
-0.299 7(20) 
-0.011 l(24) 
-0.01 1 2(20) 
- 0.092 4(30) 
-0.181 2(21) 

0.144 6(36) 
0.216 4(26) 
0.360 5(32) 
0.413 O(22) 
0.237 l(31) 
0.219 6(24) 
0.431 9(32) 
0.527 6(22) 
0.143 6(18) 

0.155 75(6) 
0.256 48(6) 
0.108 78(6) 
0.229 OO(6) 
0.201 33(6) 
0.102 O(4) 
0.302 2(4) 
0.274 5(16) 
0.327 4( 12) 
0.204 2( 17) 
0.215 6(10) 
0.045 5(18) 

0.154 6(18) 
0.153 8(13) 
0.247 1 (1 7) 
0.243 1( 11) 
0.367 l(16) 
0.436 l(12) 
0.033 1 (18) 

0.058 2( 17) 
0.031 l(14) 
0.316 l(17) 
0.368 9( 12) 
0.271 4(21) 
0.301 2( 13) 
0.161 6(16) 
0.121 9(12) 
0.049 2( 10) 

-0.019 5(11) 

- 0.008 O( 13) 

0.675 23(4) 
0.721 80(4) 
0.758 50(4) 
0.755 83(4) 
0.571 54(4) 
0.612 l(2) 
0.531 7(3) 
0.657 6(9) 
0.631 4(7) 
0.784 4( 10) 
0.817 O(6) 
0.709 l(8) 
0.706 4(7) 
0.645 2( 10) 
0.627 8(8) 
0.695 8(9) 
0.681 3(7) 
0.735 l(9) 
0.741 3(8) 
0.752 4( 10) 
0.750 6(7) 
0.812 6(10) 
0.841 9(8) 
0.724 5( 1 1) 
0.710 2(8) 
0.8 13 3( 10) 
0.850 O(7) 
0.766 6( 10) 
0.774 7(8) 
0.570 6(4) 

X 

0.247 8( 18) 
0.330 9( 18) 
0.309 9( 18) 
0.205 7( 18) 
0.122 5(18) 

-0.091 l(13) 
- 0.050 5( 13) 
-0.152 4(13) 
- 0.294 9( 13) 
-0.335 5(13) 
-0.233 6(13) 
-0.393 4(21) 
-0.428 3(21) 
-0.565 O(21) 
-0.666 8(21) 
-0.631 9(21) 
-0.495 2(21) 
-0.128 5(23) 
-0.071 O(23) 
-0.006 3(23) 

-0.056 5(23) 
-0.121 3(23) 
-0.278 8(21) 
-0.387 6(21) 
-0.422 8(21) 
-0.349 2(21) 
-0.240 4(21) 
-0.205 2(21) 

0.001 O(23) 

Y 
-0.006 8( 10) 
-0.047 8( 10) 
-0.032 9(10) 

0.023 1( 10) 
0.064 1( 10) 
0.020 1( 10) 

- 0.060 8( 10) 
-0.117 7(10) 
- 0.093 8( 10) 
-0.013 O(10) 

0.044 O( 10) 
0.271 8(11) 
0.271 8(11) 
0.247 8( 1 1) 
0.223 9(11) 
0.223 9( 11) 
0.247 9( 1 1) 
0.338 3(10) 
0.279 5(10) 
0.303 6( 10) 
0.386 6( 10) 
0.445 4( 10) 
0.42 1 2( 10) 
0.389 5(14) 
0.443 2( 14) 
0.509 9( 14) 
0.523 O( 14) 
0.469 3( 14) 
0.402 5( 14) 

Z 

0.586 6(4) 
0.555 3(4) 
0.507 8(4) 
0.491 7(4) 
0.523 l(4) 
0.629 4( 5) 
0.638 8(5) 
0.651 8(5)  
0.655 4(5) 
0.645 9(5) 
0.632 9(5) 
0.503 O(7) 
0.455 4(7) 
0.438 8(7) 
0.469 8(7) 
0.517 4(7) 
0.534 O(7) 
0.483 8(9) 
0.455 O(9) 
0.414 8(9) 
0.403 3(9) 
0.432 l(9) 
0.472 4(9) 
0.565 7(6) 
0.550 4(6) 
0.577 8(6) 
0.620 5(6) 
0.635 8(6) 
0.608 4(6) 

Table 9 Fractional atomic coordinates for compound 4 

Y 

0.022 73( 12) 
0.055 60( 12) 
0.255 80(12) 
0.138 90( 13) 
0.22 1 04( 13) 
0.262 6(7) 
0.278 9(8) 

-0.092 O(27) 
-0.206 6(24) 
-0.061 6(37) 
- 0.114 2(27) 
-0.005 5(34) 
-0.032 3(25) 
-0.012 2(24) 
- 0.044 4(23) 

0.002 3(31) 

0.399 2(36) 
0.490 8(27) 
0.290 7(31) 
0.3 13 3(26) 
0.242 2(29) 
0.288 9(27) 

- 0.030 O(25) 

-0.006 5(33) 
-0.095 8(30) 

0.201 9(33) 
0.241 5(24) 
0.176 2(20) 
0.145 O(20) 

Y 
0.125 79(5) 
0.134 43(5) 
0.1 16 64(5) 
0.203 77(5) 
0.106 98(5) 
0.1 18 5(3) 
0.086 l(3) 
0.138 6( 10) 
0.146 9(10) 
0.155 O(15) 
0.171 9(11) 
0.060 2( 14) 
0.02 1 8( 10) 
0.078 7(10) 
0.045 6(9) 
0.183 4(13) 
0.212 6(11) 
0.144 7( 14) 
0.162 3( 1 1) 
0.051 4( 13) 

0.240 O( 12) 
0.268 6( 11) 
0.245 5( 13) 
0.265 3( 1 1) 
0.224 2( 13) 
0.235 2(9) 
0.107 5(6) 
0.079 5(6) 

0.012 l(11) 

Z 

0.220 07( 10) 
0.041 81(10) 
0.226 18( 10) 
0.188 26( 1 1) 
0.400 18( 10) 
0.07 1 2(7) 
0.563 2(7) 
0.077 5(21) 
0.040 8(20) 
0.286 9(31) 
0.332 O(23) 
0.233 3(29) 
0.252 8(20) 

- 0.036 9(20) 
-0.091 3(19) 
- 0.050 5(27) 
-0.1 14 9(21) 

0.308 5(29) 
0.361 9(23) 
0.259 l(26) 
0.284 6(21) 
0.146 l(24) 
0.113 l(23) 
0.140 5(26) 
0.125 l(24) 
0.321 2(29) 
0.405 3(21) 
0.620 6( 16) 
0.687 O( 16) 

X 

0.063 9(20) 
0.01 3 9(20) 
0.045 l(20) 
0.126 2(20) 
0.434 2(20) 
0.464 4(20) 
0.584 5(20) 
0.674 4(20) 
0.644 2(20) 
0.524 2(20) 
0.280 4( 19) 
0.179 l(19) 
0.177 l(19) 
0.276 3( 19) 
0.377 6( 19) 
0.379 6( 19) 
0.288 6( 19) 
0.246 9( 19) 
0.266 8119) 
0.328 3( 19) 
0.370 O( 19) 
0.350 l(19) 
0.349 4( 17) 
0.298 6( 17) 
0.372 7( 17) 
0.497 7( 17) 
0.548 5( 17) 
0.474 4( 17) 

L' 
0.097 7(6) 
0.144 O(6) 
0.172 O(6) 
0.153 8(6) 
0.106 6(9) 
0. I22 l(9) 
0.136 4(9) 
0.135 2(9) 
0.1 19 7(9) 
0.105 4(9) 
0.021 8(10) 

-0.005 l(10) 
- 0.055 2( 10) 
-0.078 5( 10) 
- 0.05 1 6( 10) 
-0.001 5(10) 

0.062 8(9) 
0.018 8(9) 

- 0.024 0(9) 
-0.022 8(9) 

0.021 3(9) 
0.064 l(9) 
0.162 7(9) 
0.187 l(9) 
0.2 16 3(9) 
0.221 l(9) 
0.196 8(9) 
0.167 6(9) 

0.726 8( 16) 
0.700 l(16) 
0.633 7(16) 
0.594 O( 16) 
0.645 5(18) 
0.743 7( 18) 
0.802 4( 18) 
0.762 9( 18) 
0.664 7( 18) 
0.606 O( 18) 
0.58 1 9( 16) 
0.519 8(16) 
0.531 5(16) 
0.605 3( 16) 
0.667 4( 16) 
0.655 7( 16) 

0.036 8( 15) 
0.01 5 O( 15) 

-0.005 7( 15) 
- 0.070 1 ( 15) 
- 0.092 O( 15) 
- 0.049 4( 15) 

0.034 8( 17) 
- 0.056 6( 17) 
-0.088 I (  17) 
- 0.028 2( 17) 

0.063 2( 17) 
0.094 7( 17) 

of 2 beyond 28 = 40". Both structures were solved by direct 
methods, light atoms being located by subsequent Fourier 
difference syntheses. The Ir and P atoms in both 2 and 4, and C 
and 0 atoms in 2, were allowed to vibrate anisotropically. 
Absorption corrections were applied by the Walker and Stuart 
method.28 The H atoms of the phenyl groups were added in 
calculated positions (C-H 1.08 A) and refined 'riding' on their 

respective C atoms. The SHELX 7629 package of crystallo- 
graphic programs has been used in all calculations. Fractional 
atomic coordinates for 2 and 4 are reported in Tables 8 and 
9. 

Additional material available from the Cambridge Crystallo- 
graphic Data Centre comprises H-atom coordinates, thermal 
parameters and remaining bond lengths and angles. 
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