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The reaction of Iry(CO)3, with PhsGeH at 97 °C has yielded the new tetrairidium cluster complexes Ir,(CO)+-
(GePhg)(u-GePhy),[us-173-GePh(CeHa)](e-H)2 (10) and Ir4(CO)s(GePha)a(1-GePhy), (11). The structure of 10 consists
of a tetrahedral Ir4 cluster with seven terminal CO groups, two bridging GePh, ligands, an ortho-metallated bridging
u3-n>-GePh(CeH,) group, a terminal GePhs ligand, and two bridging hydrido ligands. Compound 11 consists of a
planar butterfly arrangement of four iridium atoms with four bridging GePh, and two terminal GePh; ligands. The
same reaction at 125 °C yielded the two new triiridium clusters Ir3(CO)s(GePhs)(u-GePh,)s(us-GePh)(u-H) (12)
and Ir3(CO)s(GePhs)s(u-GePhy)s (13). Compound 12 contains a triangular Irs cluster with three bridging GePhy,
one triply bridging GePh, and one terminal GePhs ligand. The compound also contains a hydrido ligand that bridges
one of the Ir-Ge bonds. Compound 13 contains a triangular Irs cluster with three bridging GePh, and three terminal
GePh; ligands. At 151 °C, an additional complex, IrsHs(CO)s(u-GePhy)s(us-GePh), (14), was isolated. Compound
14 consists of an Iry square with four bridging GePh,, two quadruply bridging GePh groups, and four terminal
hydrido ligands. Compound 12 reacts with CO at 125 °C to give the compound Ir3(CO)s(u-GePhy)s(us-GePh) (15).
Compound 15 is formed via the loss of the hydrido ligand and the terminal GePh; ligand and the addition of one
carbonyl ligand to 12. All compounds were fully characterized by IR, NMR, single-crystal X-ray diffraction analysis,
and elemental analysis.

Introduction interest because of their close relation to well-studied systems
such as platinumtin.

In recent studies, we have shown that®H is a useful
reagent for introduction of large numbers of phentyh
dIigands into polynuclear transition metal carbonyl cluster

Main group metals such as tin and germanium are
frequently used as modifiers for transition metal catalysts in
a variety of chemical processedor example, rhodium
catalysts containing either tin or germanium have been use

in the selective hydrogenation af3-unsaturated aldehydes complex.ehs. For example, th_e l:jea(;:tion 0f5R]D)12(§6HG)'
to unsaturated alcohofslridium—tin catalysts have also (us-C) with PhSnH at 68°C yielded two compounds: RBu

shown high selectivity for hydrogenation as well as dehy- (CORL(SNPR)(us-C)(u-H) (1) and Ry(COo(SnPh)(us-

drogenation reactiorisThese and other catalysts are of great C)lu-H)2 (2) by the oxidativg addition of one anq two
molecules of P§¥SnH, respectively? The same reaction at
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125 °C yielded two higher-nuclearity clusters: HQO)-
(u-SnPh)4(us-C) (3) and RY(CO)(SnPh)(u-SnPh)4(us-C)-
(u-H) (4).52>The mechanism for the addition of the SaPh
groups most likely begins with the activation of the-St
bond by the cluster as observed for compouhdad2. This

is then followed by the cleavage of a SRh bond and
subsequent elimination of benzene.

nPh3
7 K
R
Ph3Sn 1 C6H6 Ph;Sif 7N 2 \C6H6
CslTs Csl'rs
Ru_ Ph; Ru ghz
n n
NI NARR
Ph,Sn N Ph,Sn A
PN € Nswen, PN €N/ snen,
I \Sn/\\ I \Sn/\\SnPh3
Ph, Ph,
3 4

We have also found that BBnH reacts with the com-
pounds M(CO),, M = Rh and Ir to yield the bimetallic
cluster complexes MCO)(SnPh)3(«-SnPh);, M = Rh, 5;

M =Ir, 6, containing an unprecedented number of phenyl
tin ligands® Both compounds consist of triangulas®lusters
with three bridging SnPfand three terminal SnRlgands.
Surprisingly, compouné reacts even further with B&nH
at 151 °C to yield the compound RECO)(SnPh)s(u-
SnPh)s(us-SnPh) (7), which contains eight phenytin
ligands.
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We have also shown that eH can be a useful reagent
for synthesizing high-nuclearity ruthenidrgermanium clus-
ters! For example, the complex RCO)s(us-C) reacted with
PhGeH at 151°C to give the compounds BICO)(u-
GePh)s(us-C) (8) and Ry(CO1(u-GePh)4(us-C) (9). The
multiple addition of GePhgroups is similar to that observed
for the reactions of P$nH.
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There are only a few examples of structurally characterized
iridium—germanium complexes in the literatdrén this
report, we describe our recent studies of the reactions of
Ir4(CO)» with PhsGeH at various temperatures. These studies
have resulted in preparation of some the larges@e cluster
complexes reported to date. Five new compounds, including
Ir4(CO)(GePh)(u-GePh)z[usn*-GePh(GH4)](u-H)- (10),
Ir4(CO)(GePh) (u-GePh)4 (11), Ir3(CO)(GePh)(u-GePh)s-
(us-GePh)f-H) (12), Ir3(CO)(GePh)s(u-GePh)s (13), and
Ir4H4(CO)(u-GePh)a(us-GePh) (14), have been prepared
and structurally characterized. We have also found that
compoundl?2 reacts with CO at 128C to yield the new
compound I§(CO)(u-GePh)s(us-GePh) (5) by the addition
of one carbonyl ligand and the loss of the bridging hydrido
ligand and the one terminal GePligand.

Experimental Section

General Data. All reactions were performed under a nitrogen
atmosphere. Reagent grade solvents were dried by the standard
procedures and were freshly distilled prior to use. Infrared spectra
were recorded on a Thermo-Nicolet Avatar 360 FT-IR spectro-
photometerH NMR spectra were recorded on a Mercury 300
spectrometer operating at 300.1 MHz. Elemental analyses were
performed by Desert Analytics (Tucson, AZ). Product separations
were performed by TLC in air on an Analtech 0.5 mm silica gel
60 A Fxss glass plates. ICO), was purchased from Strem
Chemicals, Inc. PieH was purchased from Aldrich and was used
without further purification.

Reaction of Iry(CO);, with PhsGeH at 97 °C. PhsGeH (125
mg, 0.410 mmol) was added to a suspension gC®);, (30.0
mg, 0.0270 mmol) in 20 mL of heptane. The reaction mixture was
heated to reflux for 8 h, after which the solvent was removed in
vacuo. The product was separated by TLC using a 3:2 hexane/
methylene chloride solvent mixture to yield 11.0 mg (21%) of
yellow Iry(CO)(GePh)(u-GePh)z[us-17°-GePh(GHa)](u-H)2 (10)
and 2.9 mg (4%) of red }(CO)(GePh).(u-GePh), (11). Spectral
data for10: IR vco (cm™t in hexane) 2082 (m), 2070 (s), 2043
(s), 2035 (m), 2024 (m), 1998 (M NMR (CD.Cl, in ppm at 25
°C) 0 = 6.7-7.6 (m, 44 H, Ph);-17.63 (s, 1Hu-H), —21.82 (s,
1H, u-H). Calcd: 38.58 C, 2.63 H. Found: 38.40 C, 2.58 H.
Spectral data fot1: IR vco (cmtin hexane) 2073 (w), 2045 (m),
2034 (m), 2027 (vs), 2008 (W}H NMR (CD.Cl, in ppm) 6 =
6.8-7.5 (m, 70 H, Ph). Calcd1d-%,CsH¢): 44.80 C, 2.89 H.
Found: 44.45 C, 2.80 H.

Conversion of 10 to 11.PhsGeH (20 mg, 0.066 mmol) was
added to a solution df0 (9.0 mg, 0.0046 mmol) in 10 mL of hep-
tane. The reaction mixture was heated to reflux for 8 h, after which
the solvent was removed in vacuo. The product was separated by
TLC using a 3:2 hexane/methylene chloride solvent mixture to yield
4.0 mg (35%) ofl1 as well as 2.5 mg (28%) of unreacté&@.

Reaction of Ir,(CO)1, with Ph3GeH at 125°C. PhsGeH (125 mg,
0.41 mmol) was added to a suspension gid0),» (30 mg, 0.027
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High-Nuclearity Iridium Carbonyl Clusters

Table 1. Crystallographic Data for Compound$—12

compound 10 11 12
empirical formula 15§Ge,0;Cg1H46 |I’4G%OBC92H70'1/2C6H6 |I'3GQ305C65H51'1/2CH20|2
formula weight 1950.14 2546.87 1894.07
crystal system monoclinic triclinic monoclinic
lattice parameters

a(A) 10.4442(5) 11.6779(7) 12.8208(8)
b (A) 23.0461(11) 12.3335(7) 21.4960(14)
c(A) 24.1284(12) 17.2043(10) 23.5896(15)
o (deg) 90 76.525(1) 90
B (deg) 90.504(1) 89.661(1) 90.6010(10)
y (deg) 90 71.842(1) 90
V (A3) 5807.4(5) 2283.7(2) 6500.8(7)
space group P2(1)/c P1 P2(1)/c
z 4 1 4
pealc (g cn3) 2.23 1.852 1.935
u(Mo Ka) (mm1) 11.219 7.798 8.481
temperature (K) 296 296 296
20max (deg) 52.04 50.06 50.06
no. of observations 9202 6585 9302
no. of parameters 693 525 705
goodness of fit 1.029 1.104 1.075
maximum shift in cycle 0.001 0.001 0.002
residualst R1; wR2 ( > 20(1)) 0.0307; 0.0667 0.0492; 0.1351 0.0347; 0.0961
absorption correction SADABS SADABS SADABS
max/min 1.000/0.816 1.000/0.290 1.000/0.694
largest peak in final diff. map (e A3) 1.555 2.096 1.894

AR = Yhu(lIFobd — IFcad!)/YnlFobd; Ry = [TnkW(|Fobd — |Feaid)?¥ nawFopd 2 W = Llo?(Fobgd; GOF = [ ¥ niW(|Fobsd — |Feaid)?(Ndata — Nvar)] 2

mmol) in 20 mL of octane. The reaction mixture was heated to solvent mixture to yield 7.9 mg (93%) of orange;(€O)s(u-
reflux for 5 h, after which the solvent was removed in vacuo. The GePh)s(us-GePh) (5). Spectral data fod5: IR vco (cm™2 in
product was separated by TLC using 3:2 hexane/methylene chloridehexane) 2047 (w), 2021 (s), 2001 (s), 1989 () NMR (CD.Cl,
solvent mixture to yield 8.5 mg (17%) of yellows(CO)(GePh)- in ppm) 6 = 6.7-7.7 (m, 35 H, Ph). Calcd: 36.61 C, 2.24 H.
(u-GePh)s(us-GePh)g-H) (12) and 2.2 mg (4%) of red 4(CO)- Found: 35.23 C, 2.24 H.

(GePh)s(u-GePh); (13). Spectral data fofl2 IR vco (cm™ in Crystallographic Analyses.Yellow crystals of10 and 12, red
hexane) 2050 (s), 2029 (s), 2015 (m), 2000 (m), 1993 tthNMR crystals of13 and 14, and orange crystals5 were grown over a
(CDCl; in ppm) 6 = 6.5-7.6 (m, 50 H, Ph),-14.17 (s, 1 H, period of -2 days by slow evaporation of the solvent from a
u-H). Calcd @2-%,CH,Cl,): 43.09 C, 2.99 H. Found: 42.94 C, 3:1 hexane/CkLl, solvent mixture at-18 °C. Red crystals o11
2.92 H. Spectral data fdt3: IR vco (cm™tin hexane) 2050 (m), were grown similarly from a 3:1 benzene/octane solvent mixture
2010 (s).*H NMR (CD.Cl in ppm)6 = 6.7—7.4 (m, 75 H, Ph). at 5°C. Each data crystal was glued onto the end of a thin glass
Calcd @3-1/,CH,Cl,): 49.96 C, 3.47 H. Found: 50.17 C, 3.82 H. fiber. X-ray intensity data were measured by using a Bruker

Conversion of 11 to 12.PhkGeH (18 mg, 0.059 mmol) was  SMART APEX CCD-based diffractometer using Maadiation
added to a solution af1 (10 mg, 0.0040 mmol) in 10 mL of hep- (4 = 0.71073 A). The raw data frames were integrated with the
tane. The reaction mixture was heated to reflux for 5 h, after which SAINT+ prograni by using a narrow-frame integration algorithm.
the solvent was removed in vacuo. The product was separated byCorrections for Lorentz and polarization effects were also applied
TLC using a 3:2 hexane/methylene chloride solvent mixture to yield with SAINT+. An empirical absorption correction based on the
3.0 mg (41%) ofl2 as well as 2.5 mg (25%) of unreactéd. multiple measurement of equivalent reflections was applied using

Reaction of Ir4(CO);, with Ph3GeH at 151°C. PhsGeH (125 the program SADABS. All structures were solved by a combination
mg, 0.41 mmol) was added to a suspension g£Ci®), (30 mg, of direct methods and difference Fourier syntheses and refined by
0.027 mmol) in 20 mL of nonane. The reaction mixture was heated full-matrix least-squares technique &t using the SHELXTL
to reflux for 2 h, after which the solvent was removed in vacuo. software packag®. All non-hydrogen atoms were refined with
The product was separated by TLC using a 3:2 hexane/methyleneanisotropic displacement parameters unless otherwise noted. All
chloride solvent mixture to yield 3.5 mg (7%) @2, 1.0 mg (2%) phenyl hydrogen atoms were placed in geometrically idealized
of 13, and 14.2 mg (26%) of red 4d,(CO)(u-GePh)4(us-GePh) positions and included as standard riding atoms during the least-
(14). Spectral data fot4: IR vco (cm™tin hexane) 2025 (m), 2009  squares refinements. All hydrido ligands were located and refined
(s).*H NMR (CDCl, in ppm)d = 7.1-7.9 (m, 50 H, Ph);-12.21 with isotropic displacement parameters. Crystal data, data col-
(s, 4 H, I—H). Calcd (L3-Y/,CH,Cly): 36.75 C, 2.60 H. Found: lection parameters, and results of the analyses are listed in Tables
37.09 C, 2.56 H. 1 and 2.

Conversion of 11 to 14.Hydrogen gas was bubbled through a Compoundd.0, 12, and14 crystallized in the monoclinic crystal
suspension of1 (10 mg, 0.0040 mmol) in 10 mL of nonane. The system. For these compounds, the space gR2ufz was identified
reaction mixture was heated to reflux for 2 h, after which the solvent uniquely on the basis of the systematic absences in the intensity
was removed in vacuo. The product was separated by TLC usingdata. One-half molecule of GBI, solvent was cocrystallized with
a 3:2 hexane/methylene chloride solvent mixture to yield 3.3 mg both 12 and 14 and was located in each case and refined with
(39%) of 12. isotropic displacement parameters and three geometric restraints.

Reaction of 12 with CO.Compoundl2 (10 mg, 0.0054 mmol)
was dissolved in octane and heated to reflux under a slow purge of () I\S/lgld’\ig:)rﬁ \\ﬁlrsizo(;\me.Za; Bruker Analytical X-ray Systems, Inc.:
CO for 10 h. The solvent was then removed in vacuo, and the (10) Sheldrick, G. M.SHELXTL, version 6.1; Bruker Analytical X-ray
product was separated using a 3:2 hexane/methylene chloride Systems, Inc.: Madison, WI, 1997.
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Table 2. Crystallographic Data for Compound8—15
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compound 13 14 15
empirical formula |§G%OGC96H75'1/2CH2C|2 |T4GQ04C54H54'1/2CH2C|2 |I'3GQ;OGC48H35
formula weight 2379.16 2133.88 1574.72
crystal system triclinic monoclinic triclinic
lattice parameters

a(h) 15.3856(5) 23.6617(10) 11.6076(7)
b (A) 15.7158(5) 14.9749(6) 12.9334(8)
c(A) 20.5575(6) 19.5807(8) 17.3520(11)
o (deg) 100.493(1) 90 98.003(1)
p (deg) 98.208(1) 103.784(1) 93.926(1)
y (deg) 118.086(1) 90 114.303(1)
V (A3) 4159.8(2) 6738.2(5) 2328.1(2)
space group P1 P2(1)/c P1
z 2 4 2
Pealc (g cm3) 1.899 2.103 2.246
u(Mo Ka) (mm™1) 7.001 10.582 11.133
temperature (K) 296 296 296
2Omax (deg) 50.06 50.06 56.04
no. of observations 11933 9936 8208
no. of parameters 1012 731 550
goodness of fit 1.021 1.045 1.018
maximum shift in cycle 0.001 0.002 0.001
residualst: R1; wR2 ( > 20(1)) 0.0371; 0.0795 0.0296; 0.0749 0.0280; 0.0693
absorption correction SADABS SADABS SADABS
max/min 1.000/0.774 1.000/0.451 1.000/0.449
largest peak in final diff. map (e A3) 1.504 1.407 1.864

AR = Ynu(lIFobd — IFcad!)/ThkilFobd; Rw = [YnkW(IFobd — [Feaid)? 3 niWF2ond Y% W = 1/6%(Fong; GOF =

[> naw(|Fobd — ‘Fcalcl)zl(ndata_ nvari)]llz-

Compoundl11 crystallized in the triclinic crystal system. The Scheme 1
space grougPl was assumed and confirmed by the successful Ph’
solution and refinement of the structure. The metal atoms Ir(2) and 97 °C /,r/,\ + Ph ce—lr/—\' _GePh;
Ge(1) were disordered equally over two sites and were refined with PhG \/\\\/ H ? | / \, / \
anisotropic displacement parameters. The carbonyl ligands €(21) PhsGejlrilL\‘lEGeth 'WTIF—GCP"’
0(21) and C(22)0(22), as well as the phenyl ring C(37¢(42), PhGe— | PhyGe
were also found to be disordered over two positions, and they were 10 b iy
each refined at 50% occupancy with isotropic displacement 1
parameters. One-half molecule of benzene from the crystallization Ph Ph,
solvent cocrystallized witd1 and was located and refined with  Iry(CO);, . thGe\\/G\Q“ N
isotropic displacement parameters and 24 geometric restraints. + A€, GINE Phsce\l'r/_\l'r/GePhs

I‘IY }r

Compoundsl3 and 15 also crystallized in the triclinic crystal Ph3;GeH

- thGe—/l Gel’hz Ph,Gé—Ii:
system. For both compounds, the space grBlipvas assumed \;m 2 3
and confirmed by the successful solution and refinement of the " o (1';Ph3
structures. One-half molecule of GEl, solvent was cocrystallized
with 13 and was located and r_eflned w_lth isotropic displacement 151°C thGe\Q\ r<GePh2
parameters and three geometric restraints.

. . Ph Ge 3’;

Results and Discussion 2w N Geph,

The reaction of W{CO), with an excess of RfseH at 97
°C yielded two new tetrairidium cluster complexeg@O),-

(GePh)(u-GePh)o[usn*-GePh(GH4)](u-H)2 (10) and Iu- GePh(GH,) ligand formed by ortho-metallation of a phenyl

(COX(GePh)o(u-GePh)4 (11) in 21 and 4% yields, respec-  ring bridging the Ir(1)-1r(2)—Ir(3) triangle. This type of

tively. At 125°C, the same reaction yielded two additional interaction has been observed for phosphido ligands, as found

new triiridium clusters l(CO)(GePh)(u-GePh)s(us-GePh)- in the compounds R(CO)4(u-PMey)[uz-7>-PMex(CsHa)]-

(u-H) (12) and I5(CO)(GePh)s(u-GePh)s (13) in 17 and  (45-C)!t and Ir(CO)4(u-PPh)[us-7>-PPh(GHJ)], %2 but has

4% yields, respectively, and at 13C, the reaction yielded  not been observed previously for germanium-containing

still another new complex, a tetrairidium clustesHs(CO)- ligands. The complex also contains one GgeHigand

(u-GePh)a(us-GePh) (14) in 26% yield. See Scheme 1. All  terminally coordinated to Ir(1). Th&H NMR spectrum of

five compounds were characterized by a combination of IR, 10 shows two resonances at17.63 and—21.82 ppm,

'H NMR, single-crystal X-ray diffraction, and elemental indicating the presence of two inequivalent hydrido ligands.

analysis. Both hydrido ligands were located and refined crystallo-
An ORTEP diagram of the molecular structure Idf is

shown in Figure 1. Selected intramolecular bond distances(11) Adams, R. D.; Captain, B.; Fu, W.; Smith, M. .Organomet. Chem.

and angles are listed in Table 3. Compouriconsists of 2002 651, 124.

- ) (12) de Araujo, M. H.; Vargas, M. D.; Braga, D.; Grepioni,Folyhedron
an I, tetrahedron with two GeBHigands and ones-77°- 1998 17, 2865.
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High-Nuclearity Iridium Carbonyl Clusters

Figure 1. ORTEP diagram of the molecular structure of GO);(«-H)--
(GePh)(u-GePh),(u-GePhGH4) (10) showing 30% thermal ellipsoid
probabilities.

Table 3. Selected Intramolecular Distances and Angles for Compounds
10and11?

10
IrL)—Ir(2) 2.8340(4) Ir(1>-Ge(3) 2.4474(7)
Ir(1)—Ir(3) 2.7983(4) Ir(1)>-Ge(4) 2.5201(7)
Ir(1)—Ir(4) 2.8895(4) Ir(2y-Ge(1) 2.5660(7)
Ir(2)—Ir(3) 2.7672(4) Ir(2y-Ge(2) 2.5036(7)
Ir(2)—Ir(4) 2.9744(4) Ir(3y-Ge(2) 2.4838(8)
Ir(3)—Ir(4) 2.7230(4) Ir(3y-Ge(3) 2.5117(8)
Ir(1)—Ge(1) 2.4518(7) €0 (avg) 1.13(2)

Ge(1)-Ir(1)—Ge(d) 93.12(2) Ge@In2)—Ir(3)  55.961(18)

Ge(1)y-Ir(1)—Ir(4)  94.349(19)  Ge(3}Ir(1)-Ge(l) 169.43(3)

Ge(1)-Ir(1)—Ir(3)  116.365(19) Ge(4)Ir(1)—Ir(3)  146.672(19)

11
Ir(1)—1r(2A) 2.9070(10)  Ir(1-Ge(3) 2.5246(11)
Ir(1)—Ir(2B)* 3.2277(11)  Ir(1)=Ge(2) 2.5287(10)
Ir(1)*—Ir(2A) 3.0715(10)  Ir(1)~Ge(1B)* 2.543(6)
Ir(1)* —Ir(2B)* 3.3720(11) Ir(2A-Ge(2) 2.6113(16)
I(2A)—Ir(2B)*  2.7690(10)  Ir(2B)*~Ge(1B)*  2.523(4)
Ir(1)—Ge(1A) 2.672(7) Ir(2B)=Ge(2)* 2.3078(16)
Ir(1)—Ge(2)* 2.5287(10) €O (avg) 1.15(2)
Ir(1)—Ir(2A)—Ir(1)* 139.66(4) Ir(2A)-Ir(1)—Ge(1A) 50.88(9)
Ir(1)—Ge(1Ax-Ir(2A)  69.61(18) Ir(2A)—Ir(1)—Ge(2) 94.84(3)
Ir(2A)—=Ir(1)*—Ir(2B)* 52.08(3) Ge(3)Ir(1)—Ge(2)* 103.15(4)

aEstimated SDs in the least significant figure are given in parentheses.

graphically and were found to bridge the Ir{lly(4) and Ir-
(2)—Ir(4) bonds. The bond-lengthening effect usually asso-
ciated with bridging hydrido ligands was observed as the
distances of Ir(1)yIr(4) and Ir(2)-Ir(4) [2.8895(4) and
2.9744(4) A, respectively] are significantly longer than that
of the Ir(3)~Ir(4) [2.7230(4) A] bond, which does not contain
a bridging hydrido ligand?®

The structural analysis df1 shows that the molecule is
centrosymmetric and that the metal atoms Ir(2) and Ge(1)

Figure 2. ORTEP diagram of the molecular structure o{@O)s(GePh)-
(u-GePh)4 (11) showing 30% thermal ellipsoid probabilities. For disordered
atoms, only one representation is given.

Figure 3. ORTEP diagram of the metal core bf showing 40% ellipsoid
probabilities. Atoms Ir(2) and Ge(1) are disordered equally over two sites.

disordered over two positions in a 1:1 ratio. An ORTEP
diagram of the molecular structure di showing a repre-
sentation without the disorder is shown in Figure 2. A
diagram of the metal core GfL showing the disordered atoms
is shown in Figure 3. Selected intramolecular distances and
angles are listed in Table 3. The structure consists of a
butterfly arrangement of four iridium atoms. Four GePh
ligands bridge each of the peripherat-Ir bonds, and two
terminal GePhligands are bonded to the two iridium atoms,
Ir(1) and Ir(1)*, at the “wingtip” positions. All of the Ir and
Ge atoms lie in the same plane, and each iridium atom is
bonded to two carbonyl ligands that are oriented perpen-
dicular to this plane. The peripheralHir bonds [range
3.3720(11)-2.9070(10) A] are longer than the central bond
of Ir(2A)—Ir(2B)* [2.7690(10) A]. Compound.1 was also
obtained fromL0in 35% yield by reaction with an additional
quantity of PRGeH at 97°C.

The molecular structures @ and13are shown in Figures
4 and 5, respectively. Selected intramolecular bond distances
and angles are listed in Table 4. Both compounds contain
only three iridium atoms. Compourd@ consists of a closed
Ir3 triangle with one terminal GeRhthree bridging GePh
and one triply bridging GePh ligand. The—ir bond

are disordered equally over two sites. The carbonyl ligands distances [2.8297(4)2.8785(4) A] are much longer than

bonded to Ir(2) [C(21)0O(21) and C(22Y0(22)], as well
as one phenyl ring bonded to Ge(1) [C(3T)(42)], are also

those found in W(CO)» [2.696(1) A] Triply bridging GePh
ligands are very rare, but two were, in fact, observed together

(13) Teller, R. G.; Bau, RStruct. Bonding (Berlin}l981, 41, 1.

(14) Churchill, M. R.; Hutchinson, J. Bnorg. Chem.1978 17, 3528.
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Figure 4. ORTEP diagram of the molecular structure a{@O)s(u-H)-
(GePh)(u-GePh)s(us-GePh) 2) showing 30% thermal ellipsoid prob-
abilities.

Figure 5. ORTEP diagram of the molecular structure a{@O)(GePh)s-
(u-GePh)s (13) showing 30% thermal ellipsoid probabilities.

in the compound RYCO)o(u-GePh)(us-GePh)(us-H)(ua-
CH) that was obtained from the reactionGafvith hydrogen.
Compoundl2 also contains a single hydrido ligand that was
located crystallographically and found to bridge the 1)
Ge(5) bond. As expected, the Ir(ige(5) bond, 2.6258(3)
A, is significantly longer than the unbridged Ir(2Ee(5)
and Ir(3-Ge(5) bonds, 2.4102(8) and 2.4139(8) A, respec-
tively. Although there are some examples of hydrido ligands
bridging transition metattin bonds!® this is to our knowl-
edge the first example of a hydrido ligand bridging a
transition metat-germanium bond. Compourik® was also

Adams et al.

Table 4. Selected Intramolecular Distances and Angles for Compounds
12 and 13

12
If(L)—Ir(2) 2.8457(4) Ir(2)-Ge(1) 2.5368(8)
Ir(1)—Ir(3) 2.8785(4) Ir2-Ge(2) 2.4823(8)
Ir(2)—Ir(3) 2.8297(4) Ir(2-Ge(5) 2.4102(8)
Ir(1)—Ge(1) 2.4798(8) Ir(3yGe(2) 2.5046(8)
Ir(1)—Ge(3) 2.4698(7) Ir(3) Ge(3) 2.5495(8)
Ir(1)—Ge(4) 2.4850(8) Ir(3yGe(5) 2.4139(8)
Ir(1)—Ge(5) 2.6253(8) €0 (avg) 1.13(2)
Ge(l)y-Ir(1)-Ge(d) 91.55(3)  Ge(®Ir(2)—Ir(3)  55.803(19)
Ge(1)-Ir(1)-Ge(5) 88.34(2)  Ge(3)Ir(1)-Ge(1) 170.18(3)
Ge(1)-Ir(1)—Ir(3)  115.62(2) Ge(4}Ir(1)—Ir(3)  151.48(2)
13
I((1)—Ir(2) 2.9344(4) Ir2-Ge(2) 2.5261(7)
Ir(1)—Ir(3) 2.8971(4) Ir(2)-Ge(5) 2.5959(7)
Ir(2)—1r(3) 2.9135(4) Ir3)y-Ge(2) 2.5559(7)
Ir(1)—Ge(1) 2.5182(7) Ir(3yGe(3) 2.5400(7)
Ir(1)—Ge(3) 2.5653(7) Ir(3yGe(6) 2.5534(8)
Ir(1)—Ge(4) 2.5754(7) €0 (avg) 1.13(2)
Ir(2)—Ge(1) 2.5455(7)
Ge(1)-Ir(2)~Ge(5) 100.55(2)  Ge(3)Ir(1)—-Ir(3) 55.016(17)
Ge(2-1r(2)—Ge(l) 164.09(2)  Ge®Ir(L)—Ir(2) 149.42(2)
Ge(3)-Ir(1)—Ir2)  114.828(18) Ge(Hr(2)—Ir(1) 152.91(2)

a Estimated SDs in the least significant figure are given in parentheses.

obtained in 41% vyield by reaction dfl with an additional
quantity of PhGeH at 125°C.

The structure ofL3 consists of an ptriangle with three
bridging GePh and three terminal GeRHigands. It is
isomorphous and isostructural with the related tin-containing
compounds? and 8 that we recently reported As with
compoundll, all nine metal atoms are coplanar, and each
carbonyl ligand, two on each metal atom, lies perpendicular
to this plane. The kIr bond distances ii13 [2.8971(4)-
2.9344(4) A] are similar to those found in the tin homologue
8[2.9038(11)-2.9323(11) A]. Molecular orbital calculations
were previously preformed onand indicated that the long
Rh—Rh bond distances were the result of strong—Sn
bonding and weak RhRh interaction$.A similar effect is
observed here for compound® and 12, and the unusual
length of Ir—Ir bonds is attributed to bonding modifications
due to the presence of the edge-bridging germanium ligands.

An ORTEP diagram of the molecular structure 16f is
shown in Figure 6, and selected intramolecular distances and
angles are listed in Table 5. Compouldiconsists of an I
square with four bridging GeRland two quadruply bridging
GePh ligands. Examples of GeR groups bridging four
transition metal atoms are known and include,(C®),:-
(us-GeMe)'® and Nb(CO)(us-GeEt).r” In addition, four
hydrido ligands were located and structurally refined. One
hydrido ligand is terminally coordinated to each iridium
atom, and all are oriented on the same side of theduare
plane. Four terminal carbonyl ligands are positioned on the
opposite side of the Jplane, with one on each iridium atom.
The'H NMR spectrum in solution exhibits a single resonance
at —12.21 ppm, which is consistent with the structure

(15) (a) Khaleel, A.; Klabunde, K. J.; Johnson, A.Organomet. Chem.
1999 572 11. (b) Schubert, U.; Gilbert, S.; Mock, &hem. Ber.
1992 125 835. (c) Cardin, C. J.; Cardin, D. J.; Parge, H. E.; Power,
J. M. Chem. Commuril984 609.
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(16) Foster, S. P.; Mackay, K. M.; Nicholson, B. &hem. Commurl982
1156.

(17) Zebrowski, J. P.; Hayashi, R. K.; Bjarnason, A.; Dahl, LJFAm.
Chem. Soc1992 114, 3121.



High-Nuclearity Iridium Carbonyl Clusters

Figure 6. ORTEP diagram of the molecular structure ofH§(CO(u-
GePh)a(us-GePh) (14) showing 30% thermal ellipsoid probabilities.

Table 5. Selected Intramolecular Distances and Angles for Compound
142

14
Ir(1)—Ir(2) 2.8608(3) Ir(2y-Ge(4) 2.4535(7)
Ir(1)—Ir(4) 2.8619(3) Ir(3y-Ge(1) 2.5386(7)
Ir(2)—Ir(3) 2.8567(3) Ir(3y-Ge(2) 2.5755(7)
Ir(3)—Ir(4) 2.8692(3) Ir(3)y-Ge(4) 2.4482(7)
Ir(1)—Ge(1) 2.5395(7) Ir(3yGe(5) 2.4485(7)
Ir(1)—Ge(2) 2.5787(6) Ir(4yGe(1) 2.5617(7)
Ir(1)—Ge(3) 2.4586(7) Ir(4YGe(2) 2.5636(7)
Ir(1)—Ge(6) 2.4552(7) Ir(4)Ge(5) 2.4724(7)
Ir(2)—Ge(1) 2.5564(7) Ir(4) Ge(6) 2.4511(7)
Ir(2)—Ge(2) 2.5616(7) €0 (avg) 1.12(2)
Ir2)—Ge(3) 2.4459(7)
Ir)-Ir(2)—Ir(3)  90.026(9)  In(2Ge(1)-Ir4) 104.66(2)
Ir(1)-Ge(1)-1r(2)  68.305(18) Ir(2}-Ge(2)-Ir(4)  104.45(2)
Ir(1)-Ge(1)y-1r(3) 105.56(2)  Ir(2rGe(4)-Ir(3)  71.296(19)
Ir(1)-Ge(2)-Ir(2)  67.635(16)  Ir(3}-Ge(5)-Ir(4)  71.330(19)
Ir(1)-Ge(3)-Ir(2) 71.367(19) Ge(3}Ir(1)—Ir(2)  54.110(16)
Ir(1)—Ge(6)-Ir(4)  71.367(19)  Ge(3}Ir(1)—Ir(4)  139.110(18)

aEstimated SDs in the least significant figure are given in parentheses.

observed in the solid state. The-lir bond distances, 2.8567-
(3)—2.8692(3) A, are longer than those in(€0). This

may be due to the presence of the bridging germyl ligands.

Interestingly, compound4 was also obtained in 39% yield
from the reaction ofL1 with H, at 151°C. A summary for
the interrelationships of compound$, 11, 12, and 14 is
shown in Scheme 2. In the reaction of(€O);, with Phs-
GeH at 97°C, 10 is presumably formed first and then
converted toll during the course of the reaction. At 125
°C, compoundL1is then converted t@2 by the loss of one
iridium-containing group. Compouril reacts with hydro-
gen at 151°C to form 14. Compoundl3 was obtained in
very low yield from the reaction of }(CO),, with PhsGeH

at 125 and 152C and could not be obtained frof®, 11,

or 12. The electron counting for compound®-13 is
relatively straightforward, and all iridium atoms have the GePh)s(us-GePh) (5) showing 30% thermal ellipsoid probabilities.

Scheme 2
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15

thGL[Ir\—Geth

usual 18-electron configuration. However, the total valence
electron count fod4 is 62, which is two electrons less than
the expected 64 for a square arrangement of four metal
atoms. The twaqus-GePh ligands were each counted as a
3-electron donor to the cluster.

Compoundl?2 reacts with CO at 128C to give the new
triiridium cluster complex K(CO)(GePh)s(us-GePh) (L5)
in 93% vyield. See Scheme 3. An ORTEP diagranibfis
given in Figure 7. Selected intramolecular bond distances

Figure 7. ORTEP diagram of the molecular structure of(GO)s(u-
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Table 6. Selected Intramolecular Distances and Angles for Compound
15

15
Ir(1)—1r(2) 2.8624(3) Ir(2-Ge(2) 2.4920(5)
Ir(1)—Ir(3) 2.8252(3) Ir(2)-Ge(4) 2.4561(5)
Ir(2)—1r(3) 2.9034(3) Ir(3-Ge(2) 2.4956(5)
Ir(1)—Ge(1) 2.4973(5) Ir(3)Ge(3) 2.4851(5)
Ir(1)—Ge(3) 2.4969(5) Ir(3)Ge(4) 2.4584(5)
Ir(1)—Ge(4) 2.4365(5) €0 (avg) 1.13(1)
Ir(2)—Ge(1) 2.4934(5)
Ir(1)—Ir(2)—1r(3) 58.676(6) Ir(2y-1r(1)—Ir(3) 61.387(7)
Ir(1)—Ir(3)—Ir(2) 59.936(6) Ir(2-Ir(1)—Ge(1) 54.940(11)
Ir(1)—Ir(2)—Ge(1) 55.067(12) Ir(2yGe(1)-Ir(1)  69.994(13)
Ir(1)—Ir(2)—Ge(2) 112.730(13) In(D)Ge(2)-Ir(3)  71.200(14)
Ir(1)—Ge(d)-Ir(2) 71.610(13)  Ir(2}Ge(4)y-Ir(3) 72.425(14)
Ir(1)—Ge(4)-Ir(3)  70.502(13)  Ir(3FIr(1)—Ge(l) 116.177(12)

aEstimated SDs in the least significant figure are given in parentheses.

and angles fod5 are listed in Table 6. The structure b%

is similar to that ofL2 in that they both contain ditriangles
with three bridging GePhligands and one triply bridging
GePh ligand. Compound5 is formed from 12 by the
addition of a single carbonyl ligand and the loss of the
hydrido ligand and the terminal GePligand, but the

Adams et al.

an electron-precise triangular arrangement of three iridium
atoms.

Herein we have described the synthesis and reactivity of
the largest iridium-germanium cluster complexes reported
to date. CompoundB0—14 were synthesized by the reaction
of Iry(CO), with PhsGeH at various temperatures. An
additional complex15, was obtained by the reaction d2
with CO. This work has further demonstrated the ability of
metal clusters to engage in multiple additions of germanium-
containing ligands to metalcarbonyl clusters. These and
related cluster complexes containing Group 14 elements
could be used as precursors to a range of new bimetallic
nanoparticle catalysts.
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ultimate fate of these two ligands was not ascertained. ThePuPs-acs-0rg.

total valence electron count @# is 48, which is typical for
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