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Abstract 

Reactions of CpMolr3(p,-CO)3(CO) 8 (1) with stoichiometric amounts of pbosphines afford the substitution products CpMoIr3(/~- 
CO)3(CO)s_x(L) x (L = PPh 3, x = ! (2), 2 (3); L = PMe 3, x = 1 (4), 2 (5), 3 (6)) in fair to good yields (23-54%); the yields of both 3 
and 6 are increased on reacting 1 with excess phosphine. Products 2-5 are fluxional in solution, with the interconverting isomers 
resolvable at low temperatures. A structural study of one isomer of 2 reveals that the three edges of an Molr 2 face of the tetrahedral core 
are spanned by bridging carbonyls, and that the iridium-bound triphenylphosphine ligates ~dially and the molybdenum-bound 
cyclopentadienyl coordinates axially with respect to this Molr 2 face. Information from this crystal structure, 31p NMR data (both solution 
and solid-state), and results with analogous tungsten-triiridium and tetrairidium clusters have been employed to suggest coordination 
geometries for the isomeric derivatives. © 1997 Elsevier Science S.A. 
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1. Introduct ion  

Although a great deal of interest has been shown in 
the chemistry of mixed-metal clusters recently, most 
reports have dealt with clusters containing metals from 
the same group or adjacent groups; clusters containing 
disparate metals are comparatively little investigated. 
We have been interested in probing the effect on reac- 
tivity and selectivity of sequentially replacing IKCO) 3 
units in the tetrahedral cluster Ir4(CO)12 by isolobal 
CpW(CO) 2 groups and have recently reported enhanced 
react iv i ty  toward  phosph ine  subst i tu t ion o f  
CpWir3(CO)ll compared to Ir4(CO)12 [2,3], unusual 
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phosphine P - C  cleavage in the mixed-metal system not 
observed with the homometallic cluster [4], and differ- 
ing base -as s i s t ed  c lus te r  c o n d e n s a t i o n  for  
CP2W2ir2(CO)10 vs. ir4(CO)12 [5]. Phosphine substitu- 
tion at CpWIr3(CO)lt in particular is characterized by 
mixtures of interconvertiag isomers due to differing 
ligand coordination sites and plane of bridging car- 
bonyls (both WIT 2 and It3) at the t e ~  cluster 
core. We postulated that replacement of tungsten by its 
lighter homologue molybdenum may simplify the iso- 
mer mixtures by localizing the (/~-CO) 3 plane at Moir E 
(as 4d metals favour bridging carhonyls compared with 
5d metals), and that the lighter metal may enhance 
reactivity of the mixed-metal cluster. We report herein 
the results of reacting CpMolr3(/~-CO)3(CO) 8 with 1, 
2, 3equiv. or excess of PPh 3 and PMe3, and the 
characterization by X-ray crystallography of one isomer 
of CpMoir3(/z-CO)3(CO)7(PPh3). 
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2. Results and discussion 

2.1. Syntheses and characterization of  CpMolr3(Iz- 
CO)3(CO)s_,(L) . ( L = P P h  3, n = 1 (2), 2 (3); L =  
PMe 3, n = 1 (4), 2 (5), 3 (6)) 

The reactions of CpMolr3(~L-CO)3(CO) 8 (1) with 
nequiv, of PPh 3 (n = 1, 2, 3 or excess) proceed in 
dichloromethane at room temperature (Scheme 1). Re- 
action with 1 equiv, affords the expected mono-sub- 
stituted cluster in fair yield, but with some unsubstituted 
and bis-substituted product also. Similarly, reaction with 
2 equiv, affords the bis-substituted cluster as the major 
product, but with some mono-substituted cluster. Reac- 
tions with 3 equiv, or excess PPh 3 afford the bis-sub- 
stituted cluster as the sole product, with no evidence for 
tris-substitution. The mono-substi tuted cluster 
CpMolr3(/~-CO)3(CO)v(PPh 3) (2) and bis-substituted 
cluster CpMolr3(/z-CO)3(CO)6(PPh~)2 (3) were charac- 
terized by a combination of IR, a H and 31p NMR 
spectroscopy, MS, and satisfactory microanalyses. The 
IR spectra contain v(CO) bands in the bridging as well 
as terminal carbonyl ligand regions; the number of 
bands in the spectra of both complexes is indicative of 
the presence of isomers. The I H NMR spectra contain 
resonances in the phenyl and cyclopentadienyl regions 
in the predicted ratios. The mass spectra contain molec- 
ular ions and fragment ions corresponding to sequential 
loss of all carbonyl ligands. The spectrum of the bis- 
substituted cluster differs in that it also shows fragmen- 
tation and loss of phosphine ligands, which become 
competitive with loss of carbonyl for [M - 6CO]+. The 
identity of one isomer of (2) was confirmed by a 
structural study, the first crystallographically character- 
ized derivative from the molybdenum-iridium system. 

The reactions of CpMolr3(/x-CO)3(CO) 8 (1) with 
nequiv, of PMe 3 (n = 1, 2, 3 or excess) proceed in 
tetrahydrofuran at room temperature (Scheme 1). Reac- 
tions with 1, 2 or 3 equiv, afford the expected mono-, 
bis- or tris-substituted cluster as the major product, but 
with some contamination similar to that found with 

PPh 3. Clusters CpMolr3(/z-CO)3(CO)7(PMe 3) (4), 
CpMoIr3(/x-CO)3(CO)6(PMe3) 2 (5) and CpMolr3( 
CO)3(CO)s(PMe3) 3 (6) were characterized by IR, 'H 
NMR and 31p NMR spectroscopy, MS and (for 4 and 5) 
satisfactory microanalyses; complex 6 could not be 
crystallized, and decomposed over days. Edge-bridging 
carbonyl ligands are found in the IR spectra of all three 
complexes; as with the PPh3-substituted clusters, the 
number of bands in the v(CO) region are consistent 
with the presence of isomers. The 1H NMR spectra 
contain resonances in the cyclopentadienyl and methyl 
regions in the predicted ratios. The mass spectra contain 
molecular ions at the expected values; fragmentation by 
loss of phosphine or methyl becomes increasingly com- 
petitive with loss of carbonyl on increasing phosphine 
substitution. 

2.2. X-ray  s tructural  s tudy o f  CpMolr3 (  tz- 
CO)3(CO)7(PPh 3) (2a) 

The molecular structure of 2a, as determined by the 
single crystal X-ray study, is consistent with the formu- 
lation above, defines the substitution site of the phos- 
phine, and facilitates interpretation of the 3[p NMR 
spectra. Fractional atomic coordinates are given in Table 
1 and selected bond lengths and angles listed in Table 2. 
Fig. 1 contains an ORTEP plot of 2a showing the molecu- 
lar structure and atomic labelling scheme. 

Complex 2a has the MoIr 3 pseudotetrahedral frame- 
work of the precursor cluster 1 and possesses an ,15_ 
cyclopentadienyl group, three bridging carbonyls ar- 
ranged about an MoIr 2 plane, seven terminal carbonyl 
ligands and an iridium-ligated triphenylphosp ohine lig- 
and. The MoIr 3 core distances (Ir-Irav 2.70A; MO-o 
Irav 2.87A) are similar to those of 1 (Ir-Irav 2.70A; 
Mo-Irav 2.86 A), with the carbonyl-bridged metal-metal 
vectors shorter than the non-bridged cluster core bonds. 
Ir-CO(terminal) interactions for 2a (1.84(1)-1.94(1) A) 
and/_ Ir-C-O(terminal) (175(1)- 179(1)°) are unexcep- 
tional. Carbonyls CO(12), CO(14) and CO(24) bridge 
somewhat asymmetrically, with CO(12) displaced to- 

CpMoIr30J-CO)3(CO)70aPh3) (2) (23 %) CpMolr3(/a-CO)3(CO)7(PMe3) (4) (45 %) 
+ 1 (38%) + 3 (25°/*) + 1 (15%) + 5 (36%) 

h 3 1 PMea / 

/ CpMolr3(,u -C0)3(C O)6(PMe3)2 (s) (46 %) 
CpMolr3(/.t-CO)3(CO)6(PPh3) 2 (3) (54 %) 

/ 2PMe~ ~ + 1 (7 %) +4 (5 %) 
+ 2 ( t race)  ~ CpMolr3(/.t-CO)3(CO)8 (1) 

/ \ 
3 (58 %) 

+ s (13 %) 

3 (81%) 5 (34%) + 6 (34%) 

Scheme 1. 
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wards Ir(1), CO(14) towards Ir(1), and CO(24) dis- 
placed towards Mo(4); asymmetry of CO(12) and 
CO(14) may maximize backbonding to the bridging 
carbonyls from the electron rich phosphine-ligated Ir(1). 
The I r -P distance (2.331(3) A) and intraphosphine bond 
lengths and angles are not unusual. Formal electron 
counting reveals that 2a has 60e-, electron precise for a 
tetrahedral cluster. The disposition of ligands and asym- 

Table 1 
Non-hydrogen atom coordinates and equivalent isotropic displace- 
ment parameters for CpMolr3(/x-CO)3(CO)7(PPh3) (2a) 
Atom x y z B~q 

It(l) 0.19329(4) 0.17879(3) 0.40171(2) 
Ir(2) 0.37543(4) 0.15683(3) 0.50187(2) 
Ir(3) 0.37613(5) 0.31212(3) 0.44431(2) 
Mo(4) 0.14335(10) 0.27277(6) 0.49997(4) 
P(1)  0.1432(3)  0.1814(2) 0.3001(1) 
O(11) 0.0061(8) 0.0254(6) 0.4123(4) 
O(12) 0.4417(8) 0.0584(6) 0.3938(4) 
O(14) -0.0084(8) 0.3359(5) 0.3747(3) 
O(21) 0.6757(8) 0.1417(8) 0.5642(4) 
0(22) 0.2669(9) -0.0089(6) 0.5500(4) 
0024) 0.3844(9) 0.2717(6) 0.6117(3) 
0031) 0.6025(10) 0.2468(8) 0.3847(4) 
0(32) 0 .568(1)  0.4090(7) 0.5449(4) 
0(33) 0 .257(1)  0.4646(6) 0.3634(5) 
0041) 0 .199(1)  0.4755(6) 0.5089(5) 
C(I1) 0 .077(1)  0.0841(7) 0.4058(5) 
C(12) 0 .373(1)  0.1033(8) 0.4161(5) 
C(14) 0 .066(1)  0.2891(7) 0.4066(5) 
C(21) 0 .566(1)  0.1445(9) 0.5410(5) 
C(22) 0 .311(1)  0.0531(8) 0.5334(5) 
C(24) 0 .323(1)  0.2513(8) 0.5641(5) 
C(31) 0 .515(1)  0.2726(10) 0.4076(5) 
C(32) 0 .494(1)  0.3750(9) 0.5066(6) 
C(33) 0 .299(1)  0.4081(9) 0.3922(5) 
C(41) 0 .188(1)  0.3985(8) 0.5029(5) 
C(101) -0.084(1) 0.228(1) 0.4907(6) 
C(102) -0.075(1) 0.315(1) 0.4087(7) 
C(103) 0 .010(2)  0.3195(10) 0.5649(6) 
C(104) 0.047(1) 0.231(1) 0.5787(6) 
C(105) -0.011(1) 0.1743(8) 0.5324(7) 
C(lll) -0.0441(9) 0.1783(7) 0.2659(4) 
C(112) -0.148(1) 0.1716(7) 0.2973(5) 
C(113) -0.286(1) 0.1661(8) 0.2704(6) 
C(114) -0.323(1) 0.1675(9) 0.2110(6) 
C(115) -0.221(1) 0.1734(9) 0.1778(5) 
C(116) -0.082(1) 0.1790(9) 0.2070(5) 
C(121) 0 .205(1)  0.2764(7) 0.2663(4) 
C(122) 0 .343(1)  0.2800(8) 0.2592(5) 
C(123) 0.392(1) 0.352(1) 0.2325(6) 
C(124) 0 .306(2)  0.4214(10) 0.2155(6) 
C(125) 0 .171(2)  0.4208(9) 0.2240(6) 
C(126) 0 .122(1)  0.3498(8) 0.2493(5) 
C(131) 0 .206(1)  0.0858(7) 0.2638(5) 
C(132) 0 .240(1)  0.0924(8) 0.2095(5) 
C(133) 0 .274(1)  0.0163(10) 0.1810(6) 
C(134) 0.271(1) -0.0655(10) 0.2063(7) 
C(135) 0.240(1) -0.0718(8) 0.2600(6) 
C(136) 0 .207(1)  0.0025(8) 0.2893(5) 

2.296(9) 
2.894(10) 
3.15(1) 
2.83(2) 
2.44(6) 
5.1(2) 
5.5(3) 
4.6(2) 
7.3(3) 
6.2(3) 
5.0(2) 
7.6(3) 
7.5(3) 
8.8(4) 
6.9(3) 
3.1(3) 
3.5(3) 
2.8(3) 
4.7(3) 
3.8(3) 
4.1(3) 
5.2(4) 
4.8(4) 
4.5(3) 
4.2(3) 
4.9(4) 
5.5(4) 
5.3(4) 
5.3(4) 
4.7(4) 
2.6(2) 
3.4(3) 
4.3(3) 
4.6(3) 
5.1(3) 
4.2(3) 
2.7(3) 
4.0(3) 
5.0(4) 
5.7(4) 
5.2(4) 
3.9(3) 
3.0(3) 
4.6(3) 
5.5(4) 
5.6(4) 
4.7(4) 
3.4(3) 

Table 2 
Selected bond lengths (A) and angles (deg) for CpMolr3(/z- 
CO)3(CO)7(PPh 3) (2a) 
Ir(1)-Ir(2) 2.6681(6) Ir(1)-C(11) 1.84(1) 
Ir(1)-Ir(3) 2.7439(7) Ir(2)-C(21) 1.92(1) 
Ir(2)-Ir(3) 2.7012(6) Ir(2)-C(22) 1.89(1) 
Ir(1)-Mo(4) 2.826(1) Ir(3)-C(31) 1.85(1) 
Ir(Z)-Mo(4) 2.862( 1 ) Ir(3)-C(32) 1.92(1 ) 
Ir(3)-Mo(4) 2.907(1) Ir(3)-C(33) 1.94(1) 
Ir(1)-P(l) 2.331(3) Mo(4)-C(41) 1.94(1) 
Ir(1)-C(12) 2.06(1) Mo(4)-C(101) 2.30(1) 
It( 1 )-C(14) 2.09( 1 ) Mo(4)-C(102) 2.29( 1 ) 
Ir(2)-C(12) 2.16(1) Mo(4)-C(103) 2.30(1) 
Ir(2)-C(24) 2.17(1) Mo(4)-C(104) 2.32(1) 
Mo(4)-C(14) 2.18(1) Mo(4)-C(105) 2.35(1) 
Mo(4)-C(24) 2.10(1) 

Ir(2)-Ir(1)-Ir(3) 59.86(2) 
Ir(2)-Ir(1)-Mo(4) 62.71(2) 
Ir(3)-Ir(1)-Mo(4) 62.89(2) 
Ir(1)-Ir(2)-Ir(3) 61.46(2) 
Ir(1)-Ir(2)-Mo(4) 61.35(2) 
Xr(3)-Ir(Z)-Mo(4) 62.92(2) 
Ir(1)-Ir(3)-Ir(2) 58.67(4) 
Ir(1)-Ir(3)-Mo(4) 59.94(2) 
Ir(Z)-Ir(3)-Mo(4) 61.25(2) 
Ir(l)-Mo(4)-Ir(2) 55.94(2) 
Ir(1)-Mo(4)-Ir(3) 57.17(2) 
Ir(2)-Mo(4)-Ir(3) 55.84(2) 
Ir(2)-Ir(l)-C(l 2) 52.4(3) 
Ir(l)-Ir(2)-C(12) 49.3(3) 
Mo(4)-Ir(2)-C(24) 46.8(3) 
lr(Z)-Mo(4)-C(24) 49.0(3) 

Ir(1)-Mo(4)-C(14) 47.3(3) 
Mo(4)-Ir(1)-C(14) 49.9(3) 
Ir(1)-C(12)-O(12) 143.9(10) 
Ir(2)-C( 12)-0012) 137.7(9) 
Ir(2)-C(24)-0024) 130.5(10) 
Mo(4)-C(24)-0024) 145(1) 
Mo(4)-C(14)-O(14) 138.9(8) 
Ir(1)-C(14)-O(14) 138.3(9) 
Ir(1)-C(11)-0011) 175(1) 
Ir(2)-C(21)-O(21) 176(1) 
Ir(2)-C(22)-O(22) 176(1) 
Ir(3)-C(31 )-0(31 ) 179( 1 ) 
Ir(3)-C(32)-O(32) 176(1) 
Ir(3)-C(33)-O(33) 178(1) 
Mo(4)-C(41)-O(41) 169(1) 

metry of bridging carbonyls in 2a are similar to those 
found previously in CpWlr3(/z-CO)3(CO)7(PPh 3) [3]. 

2.3. D i scus s ion  

The IR spectra and in some cases the 31p NMR 
spectra in solution at 230 K are indicative of the pres- 
ence of isomers. Room temperature 31p NMR spectra of 
2, 4 and 5 are consistent with coalescence of the low 
temperature signals, while spectra of 3 and 6 show 
substantial broadening. The 3ip NMR spectra are very 
similar to analogues from the tungsten-triiridium sys- 
tem [3] where isomers were proposed to arise from 
differing ligand (phosphine and cyclopentadienyl) sub- 
stitution sites, or variations in the location of the plane 
of bridging carbonyls (WIr 2 vs. Ir3). Substitution sites 
for the tungsten-triiridium derivatives were assigned 
utilizing information from (a) crystallographically veri- 
fied isomers, (b) the substitution pattern in the tetrairid- 
ium system, and (c) chemical shifts in the 31p NMR 
spectra (for which the positional sequence 6 (bridging) 
> 6 (radial) > 6 (axial) = 3 (apical) was found with te- 
trairidium clusters). Results from studies in the molyb- 
denum-triiridium system are summarized in Table 3, 
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Fig. 1. Molecular struclm~ and atomic lal~lling scheme for CpMolr3( p,-CO)](CO)7(PPh 3) (2,11). Thenllal envelopes of  20% probability are 
shown for the non-hydrogen atoms; hydrogen atoms have adfitrary radii of  0.1A. 

together with data from the tungsten-triiridium ana- 
logues. 

Suggested geometries for the isomers are indicated in 
Fig. 2. Chemical shifts for rudia!-, axial- or apical-ligated 
phosphine in the 31p NMR spectra are remarkably 
similar for the tungsten-triiridium clusters and their 
molylxlenum-triiridium analogues. Radial-ligated triph- 
enylphosphine is detected at 25.1-31.8ppm for his- or 
tris-substimted clusters, whereas axial-coordinated 
tri0henyllflaosphine is found at - 5 .1  to -7 .7ppm.  The 
resonance at 4.7ppm for M = W in the mot, o-sub- 

stitmed derivative, though anomalous, was assigned to a 
structurally characterized radially ligated ligand [3]. A 
similar signal at 10.4 ppm for M = Mo was also viewed 
with suspicion. We therefore obtained a solid-state 31p 

NMR spectrum of crystals of 2a; the spectrum reveals a 
resonance at 27.5 ppm, assigned to the crystallographi- 
cally detected radially ligated phosphine. The solution 
resonance at 10.4ppm for M = Mo (and, by implica- 
tion, that at 4.7 ppm for M = W) are therefore due to 
rapidly exchanging environments for the ptmsphiue, 
presumably radial and axial. The bis-substituted deriva- 

Table 3 
31p NMR data for CpMk3(/~-CO)3(CO)s_,(L) n (M = Mo, W; L = PPh 3, PMe3; n = 1, 2 or 3) (230K) 

Complex 3J p NMR chemical shifts (ppm) Suggested site for 

M = Mo M = Mo a M = W b L substitution, 
with ~espect to 
(~t-CO) 3 plane 

Isomer ratio 

M = M o  M = W 

n = 1, L = Pl:'li 3 2 a / 2 b  10.4 4.7 a radial d,e and axial 
24: - 5 . 1  a axial 

n = 2 ,  L =  PPh 3 3a 25.6, - 7 . 0 ( 1 : 1 )  25.1, - 7 . 7 ( 1 : 1 )  a l'adial, axial e 1 
27.1 27.3 a ~ 2 

n = 3, L = PPh 3 31.8, - 17.9 (2:1) ~ diaxial, apical 
diradial, apical 

n = 1, L = PMe 3 -30 .1  - 3 0 . 2  c axial ~ trace 
4 - 26.2 - 26.1 c radial major 

n = 2, L = PMe 3 5a -23 .8 ,  - 4 1 . 8  (1:1) -22 .7 ,  - 3 8 . 7  (1:1) ¢ radial, axial 2 
--21.8 --20.8 c diradial 3 

n = 3, L = PMe 3 6 -28 .1 ,  - 46 .7 ,  -80 .1  (1:1:1) -27 .1 ,  - 45 .2 ,  - 8 3 . 4  (1:1:1) c radial, axial, apical 

4 
5 
1 

1 

3 
2 
4 
5 

a CDC13. 
b ~f.  [3]. 

Acetone_d6" 
d Crystaliographically confirmed (M = Mo). 
e Crystallographic.ally confirmed (M = W). 
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(2a) 

CpMolra(/z-CO)3(CO)7(PPh3 ) 

(~) 
CpMolr3~-CO)3(CO)7(PPh3) 

r~ r  o ~ o  \ 

(2c) 
CpMolr3Qz-CO)3(CO)7(PPh3) 

PIFIa 3 

(3a) 

CpMolr3(#-CO)3(CO)6(PPh3) 2 
(3h) 

CpMolr3(~-CO)3(CO)6(I)Ph3)2 
(4) 

CpMolr3~-CO)3(CO)7(PMe3) 

l)Me3 

(5a) 
CpMolr3(J.t.-CO)3(CO )6 (PMe3) 2 

Mesl ) I ~ "-~ 

(Sb) 
CpMolr3 (#-C0)3 (CO)6(PMe3)2 

(6) 
CpMolr3(jtI-CO)3(CO)5(PMe3 h 

Fig. 2. Suggested configurations for 2-6. 

five 3 occurs as radial, axial and diradial isomers as 
does the tungsten-iridium analogue, although the iso- 
meric ratio differs (1:2 vs. l:l). Similar signals are 
found for 4 -6  as found previously for the ttmgsten-tri- 
iridium triphenylphosphine derivatives; for 4 and 5, the 
mixture of isomers differs from that in the tungsten-con- 
taining complexes. 

Phosphine substitution at cluster 1 thus proceeds with 
less control at room temperature than phosphine substi- 
tution at  CpWl_r3(CO) l l ,  for the former, reaction with 
stoichiometric amounts affords mixtures of products 
whereas with the latter, stepwise reaction is observed. 
Steric considerations are more important for 1 than for 
CpWlr3(CO)11; the former does not afford a tris(tri- 
phenylphosphine) ndduct, and the tris(trimethylphos- 
phine) product is unstable, both unlike the latter. Mix- 
tures of isomers are obtained from both systems; low 
temperatme 31p NMR suggests the same product type 
are observed for both 1 and CpWlr3(CO)ll, but the 
isomeric ratio is different. The molybdemnn-triiridium 
system favours radial vs. axial (for mouo-substitmion) 
and diradial vs. radial, axial (for bis-substitutioo), unlike 

the tungsten-triiridium cluster. It is well-established 
that the least sterically hindered sites at tetrahedral 
clusters are the radial sites, with ligands occupying axial 
sites on electronic grounds [6]. The more sterically 
encumbered molybdenum-tfiiridium cluster 1 favours 
phosphine ligation at radial sites. In contrast, 
CpWlr3(CO)11 prefers phosphine coordination at the 
electronically favourable axial sites. Thus, although sim- 
ilarities in chemistry between the two systems are ap- 
parent, cluster 1 appears to have enhanced reactivity 
toward phosphine substitution, with steric restrictions 
directing site selection in the isomeric possibilities. 
Further studies with mixed-metal clusters are currently 
under way. 

3.1. General conditions 

Reactions were performed under an atmosphere of 
argon (high-purity, CIG) although no special precau- 
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tions were taken to exclude air during work-up. The 
reaction solvents were dried by standard methods: 
CH2C12 over Call 2 and THF over sodium-benzo- 
phenone, both under a nitrogen atmosphere. Petroleum 
spirit refers to a petroleum fraction of boiling range 
60-80°C. The products were purified by thin-layer 
chromatography on 20 × 20 cm 2 glass plates coated with 
Merck GF254 silica gel (0.5 mm). Literature procedures 
were used to synthesize CpMoIr3(/.~-CO)3(CO) 8 (1) [7]. 
Commercial reagents PPh 3 (Aldrich) and PMe 3 (1.0M 
solution in THF) (Aldrich) were used as-received. 

3.2. Instruments 

IR spectra were recorded on a Perkin-Elmer System 
2000 FT-IR with CaF 2 optics. 1H and room temperature 
31p NMR solution spectra were recorded in CDCI 3 
using a Varian Gemini-300 (1H at 300MHz, 31p at 
121MHz) and are referenced to residual CHC13 
(7.24ppm) and external 85% H3PO 4 (0.00ppm) respec- 
tively. Variable-temperature (230K) 31p NMR spectra 
were recorded in CDC13 using a Varian VXR300S 
spectrometer (121 MHz) and are referenced to external 
H3PO 4 (0.00ppm). The solid state 31p NMR spectrum 
of 2a was obtained using a Varian Unity-400 spectrom- 
eter at 161.929MHz. The compound was packed in a 
Kel-F insert and placed in a silicon nitride rotor and 
spun at 3kHz at the magic angle. The 31p NMR spec- 
trum was obtained at 298 K with proton power decou- 
piing and cross-polarization. A contact time of 2.0ms 
and a recycle time of 30 s were used. A resonance with 
a chemical shift of 27.5 ppm was observed, referenced 
to 85% H 3 P O  4 through solid PPh 3 ( -  10.0ppm). Mass 
spectra were recorded using a VG ZAB 2SEQ instru- 
ment (30kV Cs + ions, current 1 mA, accelerating po- 
tential 8 kV, 3-nitrobenzyl alcohol matrix) at the Re- 
search School of Chemistry, Australian National Uni- 
versity; peaks are reported as m / z  (assignment, relative 
intensity). Microanalyses were carried out by the Micro- 
analysis Service Unit in the Research School of Chem- 
istry, Australian National University. 

3.3. Reaction of CpMolr3( tx-CO)3(CO) ~ with 1 equiv, of 
PPh 3 

An orange solution of CpMolr3(tz-CO)3(CO) 8 
(35.3 mg, 0.0338 mmol) and PPh 3 (8.8 mg, 0.034 mmol) 
in CH2C12 (25 ml) was stirred at room temperature for 
24 h. The dark orange solution obtained was evaporated 
to dryness on a rotary evaporator, then the residue 
dissolved in CH2C12 (ca. 3 ml) and applied to prepara- 
tive ch romatograph ic  plates.  Elut ion with 
dichloromethane-petroleum spirit (3 /2)  gave three 
bands. The contents of the first and major band, Rf  = 

0.78, were identified by solution IR as unreacted 
CpMolr3(/z-CO)3(CO) 8 (1) (13.6 mg, 0.0130 mmol 

(38%)). The second band, Rf = 0.68, was crystallized 
from CH2CI2-MeOH to afford orange crystals of 
CpMol r3 ( /x -CO)3 (CO)7 (PPh  3) (2) (10.1 mg, 
0.0079mmol (23%)). The third band, Rf = 0.49, was 
crystallized from CH zC12-MeOH to afford orange crys- 
tals of CpMolr3(/x-CO)3(CO)6(PPh3) 2 (3) (12.8mg, 
0.0085 mmol (25%)). 

3.4. Reaction of CpMolr3( Iz-CO)3(CO) 8 with 2 equiu, of 
PPh 3 

Following the method in Section 3.3, CpMoIr3(/z- 
CO)3(CO) 8 (20.9mg, 0.0200mmol) was reacted with 
PPh 3 (10.5mg, 0.0401mmol) in CH2C12 (15ml) at 
room temperature for 24h. Purification by preparative 
chromatography with dichloromethane-petroleum spirit 
(3/2)  eluent gave two bands. The first band, R e = 0.80, 
in trace amounts, was identified by solution IR as 
CpMolr3(/~-CO)3(CO)7(PPh 3) (2). The major band, R e 
= 0.50, was identified by IR and l H NMR as 
CpMolr3(Ix-CO)3(CO)6(PPh3)2 (3) (16.2 mg, 
0.0107 mmol (54%)). 

3.5. Reaction of CpMolr3(iz-CO)3(CO) 8 with 3equiv. of 
PPh 3 

Following the method in Section 3.3, CpMoIr3(/z- 
CO)3(CO) 8 (24.7mg, 0.0236mmol) was reacted with 
PPh 3 (18.7mg, 0.0713mmol) in CH2C12 (15ml) at 
room temperature for 24h. Purification by preparative 
chromatography with dichloromethane-petroleum spirit 
(3 /2)  eluent gave one band, R e = 0.49, identified by IR 
and 1H NMR as CpMolr3(/x-CO)3(CO)6(PPh3) 2 (3) 
(20.7 mg, 0.0137 mmol (58%)). 

3.6. Reaction of CpMolr3(tx-CO)3(CO) 8 with excess 
PPh 3 

Following the method in Section 3.3, CpMolr3(/z- 
CO)3(CO) 8 (40.4mg, 0.0386mmol) was reacted with 
PPh 3 (64.8 mg, 0.247 mmol) in CH2C12 (25 ml) at room 
temperature for 24 h. Purification by preparative chro- 
matography with dichloromethane-petroleum spirit 
(3 /2)  eluent gave one band, R e = 0.48,  identified by IR 
and IH NMR as CpMolr3(/x-CO)3(CO)6(PPh3) 2 (3) 
(47.4mg, 0.0313 mmol (81%)). 

3.7. Analytical data for 2 and 3 

2. Anal. Found:  C, 31.08; H, 1.07%. 
C33H20Ir3MoO10P. Calc.: C, 30.96; H, 1.57%. IR (c- 
C6H12): v(CO) 2077s, 2064m, 2042vs, 2025vs, 2012vs, 
1995vs, 1963m, 1930m, 1851w, 1823w, 1809w, 
1733mcm -1. 1H NMR ( C D C I 0 : 6  7.43-7.33 (m, 15H, 
Ph), 4.86 (s, 5H, C5H5)ppm. 3rp NMR (CDC13, 230 K): 
10.4 (s, 1P) ppm. MS: 1282 ([M] ÷, 34), 1254 ( [ M -  
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CO] +, 12), 1226 ([M - 2C0] +, 51), 1198 ([M - 3C0] +, 
33), 1170 ([M - 4CO] +, 100), 1142 ([M - 5CO] +, 50), 
1114 ([M - 6CO] +, 38), 1086 ([M - 7CO] +, 23), 1058 
([M - 8CO] +, 13), 1030 ([M - 9CO1 +, 8), 1002 ([M - 
10CO] +, 10). 

3. Anal. Found:  C, 39.52; H, 2.14%. 
CsoH35Ir3MoOgP2 . Calc.: C, 39.66; H, 2.33%. IR (c- 
C6H12): I~(CO) 2062vs, 2029w, 2011s, 2004vs, 1989vs, 
1961m, 1915w, 1895m, 1816m, 1775s, 1763s, 
1753scm -1. 1H NMR (CDC1]): 8 7.60-7.24 (m, 30H, 
Ph), 4.92 (s, 5H, CsH 5) ppm. P NMR (CDC13, 230 K): 
27.1 (s, 4P), 25.6 (s, 1P), - 7 . 0  (s, 1P) ppm. MS: 1516 
([M] +, 8), 1488 ( [ M -  CO] ÷, 10), 1460 ( [ M -  2CO] ÷, 
28), 1432 ( [ M -  3CO] +, 66), 1404 ( [ M -  4CO] ÷, 10), 
1376 ([M - 5CO] ÷, 100), 1348 ([M - 6CO] ÷, 40), 1320 
([M - 7CO] ÷, 46), 1271 ([M - 6CO - Ph] ÷, 19), 1243 
([M - 7CO - Phi +, 21), 1166 ([M - 7CO - 2Ph] +, 29), 
1101 ([M - 7CO - 2Ph - Cp] +, 17), 1086 ([M - 6CO 

- PPh3] +, 22), 1058 ([M - 7CO - PPh3] ÷, 66), 1030 
([M - 8CO - PPh3] +, 11), 1009 ([M - 6CO - PPh 3 - 
Ph] +, 8), 1002 ( [ M -  9 C O -  PPh3] +, 12), 981 ( [ M -  
7 C O - P P h  3 - P h ]  +, 12), 953 ( [ M - 8 C O - P P h  3 -  
Ph] ÷, 44), 925 ([M - 9CO - PPh 3 - Ph] ÷, 23). 

(1). The second band, Rf--0.58, was identified by IR 
and 1H NMR as CpMolr3(/z-CO)3(CO)v(PMe 3) (4) 
(1.2mg, 0.0011mmol (5%)). The major band, Re= 
0.45, was identified by IR and 1H NMR as CpMolr3(/z- 
CO)3(CO)6(PMe3) 2 (5) (13.0rag, 0.0114mmol (46%)). 

3.10. Reaction of CpMolr~(Ix-CO)3(CO) 8 with 3equiv. 
of  PMe 3 

Following the method in Section 3.8, CpMolr3(/x- 
CO)3(CO) 8 (28.0mg, 0.0268mmol) was reacted with 
PMe 3 (78 Ixl, 1 M solution in THF, 0.078 mmol) in THF 
(25 ml) at room temperature for 24h. Purification by 
preparative chromatography with dichloromethane-pet- 
roleum spirit (3/2)  eluent gave two bands. The first, 
R e = 0.47, was identified by IR and 1H NMR as 
CpMol r3 (~ -CO)3(CO)6(PMe3)  2 (5) (4.0 mg, 
0.0035mmol (13%)). The second band, Re= 0.20, was 
identified as CpMolr3(/z-CO)3(CO)5(PMe3) 3 (6) 
(9.3 mg, 0.0078 mmol (30%)). 

3.11. Reaction of CpMolr3(tx-CO)3(CO) 8 with excess 
PMe 3 

3.8. Reaction of CpMolr3( Ix-CO)3(CO) 8 with 1 equiv, of 
PMe 3 

An orange solution of CpMolr3(/x-CO)3(CO) 8 
(27.2mg, 0.0260mmol) and PMe 3 (27pA, 1 M solution 
in THF, 0.027 mmol) in THF (25 ml) was stirred at 
room temperature for 24 h. The dark orange solution 
obtained was evaporated to dryness on a rotary evapora- 
tor, then the residue dissolved in CH2C12 (ca. 3 ml) and 
applied to preparative chromatographic plates. Elution 
with dichloromethane-petroleum spirit (3/2)  gave three 
bands. The contents of the first band, Rf = 0.76, were 
identified by solution IR as unreacted CpMolr3(/x- 
CO)3(CO) 8 (1)(4.2mg, 0.0040mmol (15%)). The sec- 
ond and major band, Rf = 0.60, was crystallized from 
CHC13-MeOH to afford orange crystals of CpMolr3(/x- 
CO)3(CO)7(PMe 3) (4) (12.7mg, 0.0116mmol (45%)). 
The third band, Rf=0.43,  was crystallized from 
CHC13-MeOH to afford orange crystals of CpMolr3(/x- 
CO)3(CO)6(PMe3) 2 (5) (10.6 mg, 0.0093 mmol (36%)). 

3.9. Reaction of CpMolr3( ~-CO)3(CO) ~ with 2 equiv. 
of  PMe 3 

Following the method in Section 3.8, CpMolr3( ~z- 
CO)3(CO) 8 (25.6mg, 0.0245 mmol) was reacted with 
PMe 3 (49 Izl, 1 M solution in THF, 0.049 mmol) in THF 
(25 ml) at room temperature for 24h. Purification by 
preparative chromatography with dichloromethane-pet- 
roleum spirit (3/2)  eluent gave three bands. The first 
band, Re=0.74, was identified by solution IR as 
CpMolr3(/x-CO)3(CO) 8 (1.8mg, 0.0017mmol (7%)) 

Following the method in Section 3.8, CpMolr3(/z- 
CO)3(CO) 8 (35.2mg, 0.0337mmol) was reacted with 
PMe 3 (202 txl, 1 M solution in THF, 0.202mmol) in 
THF (25 ml) at room temperature for 24 h, Purification 
by preparative chromatography with dichloromethane- 
petroleum spirit (3/2)  eluent gave two bands. The first, 
Rf = 0.51, in trace amounts, was identified by IR as 
CpMolr3(/x-CO)3(CO)6(PMe3) 2 (5). The major band, 
Rf=0.24,  was identified by IR and ~H NMR as 
CpMolr3(/~-CO)3(CO)5(PMe3) 3 (6) (13.6 mg, 
0.0114 mmol (34%)). 

3.12. Analytical data for 4, 5 and 6 

4. Anal. Found: C, 20.42; H, 1.04%. 
C18H14Ir3MoO10P. Calc.: C, 19.77; H, 1.29%. IR (c- 
C6H12): p(CO) 2072s, 2063w, 2043vs, 2032m, 2024s, 
2016s, 2013vs, 2006s, 1996vs, 1993s, 1985w, 1962w, 
1927w, 1908w, 1842w, 1825m, 1807m, 1764mcm -1. 
1H NMR (CDC13): 65.01 (s, 5H, C5H5), 1.90 (d, 
J (HP)= l lHz, 9H, Me) ppm. 31p NMR (CDC13, 
230K): -26.2  (s, 1P) ppm. MS: 1096 ([M] ÷, 29), 1068 
([M - COl +, 24), 1040 ([M - 2CO] +, 52), 1012 ([M - 
3CO] +, 100), 984 ([M - 4CO] +, 40), 956 ([M - 5CO] +, 
43), 928 ( [ M -  6CO] +, 50), 913 ( [ M -  6 C O -  Me] +, 
12), 900 ([M - 7CO] +, 43), 880 ([M - 5CO - PMe3] +, 
16), 870 ([M - 7CO - 2Me] +, 29), 852 ([M - 6CO - 
PMe3] +, 23), 842 ([M - 8CO - 2Me] +, 17), 824 ([M - 
7CO - PMe3] +, 21), 814 ([M - 9CO - 2Me] +, 17), 796 
([M - 8CO - PMe3] +, 10), 786 ([M - 10CO - 2Me] +, 
7). 

5. Anal.  Found: C, 22.18; H, 1.91%. 
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C20H23Ir3MoO9P 2. Calc." C, 21.04; H, 2.03%. IR (c- 
C6H12): ~'(CO) 2046m, 2006vs, 1996sh, 1192vs, 
1985m, 1978m, 1968m, 1955m, 1891w, 1813w, 1768m, 
1751mcm - l .  IH ~ (CDC13): t$ 5.04 (s, 5H, C5H5) , 
1.94 (d, J ( H P ) =  10Hz, 18H, Me) ppm. 3~p NMR 
(CDC13, 230K): - 2 1 . 8  (s, 3P), - 2 3 . 8  (s, 1P), - 4 1 . 8  
(s, 1P)ppm.  MS: 1116 ( [ M - C O l  +, 10), 1088 ( [ M -  
2CO] +, 28), 1060 ( [ M - 3 C O ]  +, 90), 1032 ( [ M -  
4(20] +, 50), 1004 ([M - 5CO] +, 50), 974 ([M - 5CO - 
2Me] +, 100), 956 ([M - 4CO - PMe3] +, 27), 946 ([M 
- 6(20 - Me] +, 52), 928 ([M - 5CO - PMe3] +, 41), 
913 ([M - 5CO - PMe 3 - Me] +, 38), 898 ([M - 5CO 
- P M e  3 - 2 M e ]  +, 47), 885 ( [ M - 6 C O - P M e  a -  
Me] +, 39), 870 ([M - 6CO - PMe 3 - 2Me] +, 41), 857 
([M - 7CO - PMe 3 - Me] +, 45), 842 ([M - 7CO - 
PMe 3 - 2Me] +, 37), 827 ([M - 7CO - PMe 3 - 3Me] +, 
22). 

6. IR (c-C6H12): l,(CO) 2007s, 1967vs, 1960s, 1951 
s, 1782s, 1756m, 1737scm -1. IH NMR (CDC13): 
4.89 (s, 5H, C5H5), 1.79 (s (br), 27H, Me) ppm. 31p 
NMR (CDC13, 230K): - 2 8 . 1  (s, P), - 4 6 . 7  (s, 1P), 
- 80 .1  (s, 1P) ppm. MS: 1192 ([M] +, 68), 1164 ([M - 
CO] + , 100), 1136 ( [ M - 2 C O ]  +, 52), 1108 ( [ M -  
3CO] +, 77), 1080 ([M - 4CO] +, 38), 1060 ([M - 2CO 
- P M e 3 ]  +, 52), 1052 ( [ M -  5CO] ÷, 62), 1032 ( [ M -  
3CO - PMe3] +, 53), 1022 ([M - 5CO - 2Me] +, 48), 
1004 ([M - 4CO - PMe3] +, 45), 989 ([M - PMe 3 - 
Me] +, 59), 976 ( [ M -  5 C O -  PMe3] +, 55), 961 ( M -  
5CO - PMe 3 - Me] +, 45), 946 ([M - 5CO - PMe 3 - 
2Me] +, 73), 933 ( [ M -  6 C O -  PMe 3 - M e ]  +, 46), 918 
([M - 6CO - PMe 3 - 2Me] ÷, 58), 905 ([M - 7CO - 
PMe 3 - Me] +, 81), 890 ([M - 7CO - PMe 3 - 2Me] +, 
45), 857 ([M - 6CO - 2PMe 3 - Me] +, 48). 

constrained at estimated values. Conventional residuals 
R = 0.034 and R w = 0.031 on IF[ at convergence were 
obtained, the weighting function w = 4 F 2 / 0 . 2 ( F  2)  
where 0 . 2 ( F 2 ) = [ S 2 ( C + 4 B ) + ( p F 2 ) 2 ] / L p 2  (S is 
the scan rate, C is the peak count, B is the background 
count, p = 0.01 determined experimentally from stan- 
dard reflections) being employed. Computation used the 
TEXSAN package [8]. Pertinent results are given in the 
figures and tables. Tables of  hydrogen atom coordinates 
and thermal parameters and complete lists of bond 
lengths and angles for non-hydrogen atoms have been 
deposited at the Cambridge Crystallographic Data Cen- 
tre. 

3.14. Crystal data 

C33H20[r3MoO10 P, M = 1280.09. Monoclinic, space 
group P21/Co(N*- 14), a = 9 . 8 0 4 ( 3 ) ,  b = 15~071(4), 
c = 23.407(9)A, /3=  101.55(2) °, V =  3388(1)A 3, Z =  
4. D c a l c = 2 . 5 0 9 g c m - 3 ;  F ( 0 0 0 ) = 2 3 4 4 .  /ZMo= 
121.62 c m - l ;  specimen: 0.44 × 0.40 X 0.20 ram3; 
Tmjn,ma x = 0.34, 1.00. 
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3.13. X-ray structure determination Refere~'es 

A n  o r a n g e - r e d  b l o c k  o f  C p M o l r 3 ( p -  
CO)3(CO)7(PPh 3) (2,1) suitable for diffraction analysis 
was grown by slow diffusion of  methanol into a 
dichloromethaue solution at 3 °C. A unique dh~hactome - 
ter data set was collected on a Rigaka AFC6R diffrac- 
tometer at 298K within the 20m~ x limit 50.1 ° (o.~--20 
scan mode; monochromatic M o K a  radiation (A = 
0.71069 ,~) yielding 6258 independent reflections. 4359 
of these with I >  3o-(1) were considered 'observed' 
and used in the full-matrix least squares refinement after 
Lorentz-polarization, empirical absorption (transmission 
factors 0.34-1.00) and secondary extinction corrections. 
Anisotropic thermal parameters were refined for the 
non-hydrogen atoms; (x,  y, z, U~so)H were included, 
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