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Abstract: The reaction of Ir4(CO);, with an excess of Pt(PBu%), at room temperature yielded the bis-
Pt(PBu’) adduct Irs(CO)2[Pt(PBu%)]2 (9), which contains two Pt(PBu’) groups bridging opposite edges of
a central Ir, pseudotetrahedron. The same reaction at 110 °C yielded two new higher nuclearity complexes,
Irg(CO)12[Pt(PBu’)]s (10) and Irg(CO)10[Pt(PBuU%)]s (11). Compound 10 consists of a central Iry(CO)4
tetrahedron with four edge-bridging Ir(CO), groups and four Pt(PBu's) groups that are each bonded to Ir3
triangles of the Ir, tetrahedron and two of the Ir(CO), groups. Compound 11 consists of a central Ir4(CO),
pseudotetrahedron with two edge-bridging Ir(CO). groups and four Pt(PBu’) groups; one Pt(PBu’) group
is bonded to five iridium atoms as found in 10; two are bonded to four iridium atoms, and one is bonded
to one of the outer Ir,Pt triangles. Compound 11 reacted with hydrogen at 97 °C to give the new tetrahydrido
complex Irg(CO)s[Pt(PBu)la(u-H)a (12). Compound 12 is formed by the loss of the two bridging carbonyl
ligands from 11 and the addition of four hydrido ligands. All four new compounds were characterized by
both *H and 3P NMR and by single-crystal X-ray diffraction analyses. The bonding in 9 was studied by
Fenske—Hall molecular orbital calculations, which in this case provides a delocalized bonding description
for the Ir—Ir and Ir—Pt bonding, where the attachment of the 0 e~ fragments of Pt(PR3) use Ir—Ir bonding
orbitals of the Ir4(CO)12 cluster to form multicenter Pt—Ir bonds.

Introduction activity and higher selectivity due to synergy between the
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There is much current interest in the synthesis of bimetallic .
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that when platinum was combined with iridium, a vastly superior V \
catalyst was producedToday, bimetallic reforming catalysts | P u// / \_(,L
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an advantage over their monometallic counterparts both in higher
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(1) Thomas, J. M.; Johnson, B. F. G.; Raja, R.; Sankar, G.; Midgley, P. A. 2
Acc. Chem. Re003 36, 20. (b) Raja, R.; Khimyak, T.; Thomas, J. M.;

Hermans, S.; Johnson, B. F. Sahgew. ChemInt. Ed.2001, 40, 4638. (c)
Hermans, S.; Raja, R.; Thomas, J. M.; Johnson, B. F. G.; Sankar, G.; We have recently shown that the M(PBr compounds (M

Gleeson, DAngew. Chemlnt. Ed. 2001, 40, 1211. (d) Shephard, D. S;; = Pt or Pd) readily react with metal carbonyl cluster complexes
Maschmeyer, T.; Johnson, B. F. G.; Thomas, J. M.; Sankar, G.; Ozkaya, . $
D.; Zhou, W.; Oldroyd, R. D.; Bell, R. GAngew. Chem.nt. Ed. Eng|. by adding M(PBts) groups across metametal bonds. For

1997, 36, 2242. (e) Shephard, D. S.; Maschmeyer, T.; Sankar, G.; Thomas, example, the Pd(PB4g), compound reacts with ruthenium
J. M.; Ozkaya, D.; Johnson, B. F. G.; Raja, R.; Oldroyd, R. D.; Bell, R. G.
Chem—Eur. J.1998 4, 12. carbonyl cluster complexes, such asf@0), and Ry(CO), -

(2) Sinfelt, J. HBimetallic Catalysts: Disceeries, Concepts and Applicatigns _ i j -
Wiley: New York, 1983. (b) Sinfelt, J. HSci. Am.1985 253 90. (c) (ue-C), to form the Lewis acigbase adducts, R(CO).[Pd
Sinfelt, J. H.; Via, G. HJ. Catal. 1979 56, 1. (PBU3)]3 (1) and RY(CO)A(us-C)[Pd(PBUp)]2 (2), respectively?

(3) Xiao, J.; Puddephatt, R. Coord. Chem. Re 1995 143 457. (b) Dees, _ i
M. J.; Ponec, VJ. Catal.1989 115 347. (c) Rice, R. W.; Lu, KJ. Catal. The RQS(CO)“?(”S_C) complex also reacts with M(PBjp (M
ig% ;7) 12241. (d) Rasser, J. C.; Beindorff, W. H.; Scholten, J.FCatal. = Pt or Pd), yielding the R-;;QCO)ls(C)b[M(PBug)] (3) and Ry-
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J. M.; Johnson, B. F. @hem. CommuriLl999 1571. (b) Alexeev, O. S.;
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solution as two isomers3a and 3b, that interconvert rapidly
on the NMR time scale.
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We have also prepared several rhodidpfatinum cluster
complexes by the reaction of {IEO), with Pt(PBUs)..6¢ Four
new products, RI{CO(u-CON(us-CO)(PBLUs)[Pt(PBUs)] (5),
Rh(CO)[Pt(PBU)]2[Pt(CO)] (6), Rn(COX[P(PBU)]3 (7), and
Rhs(CO)¢[Pt(PBU3)]4 (8), were obtained. Interestingly, all four

They were obtained from reactions of Pt(Pfuwith Ir4(CO)..

We also describe an example of hydrogen activation by one of
these complexes. Three new compoundg$Ci® ) J[PtP(Bus)]2

(9), Irg(COY2PtP(BU3)]4 (10), and 16(CO)dPtP(Bus)]4 (1),

and a hydride containing a derivativeI, Irg(CO)[PtP(BUs)]4+-
(u-H)a (12), were isolated and structurally characterized.

Experimental Section

General Data.All of the 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 spectrophotometer.
IH NMR spectra were recorded on a Varian Mercury 400 and Varian
Inova 500 spectrometer operating at 400.1 and 500.2 MHz, respectively.
S1P{1H} NMR spectra were recorded on a Varian Mercury 400
spectrometer operating at 162.0 MHz and were externally referenced
against 85%rtho-HzPQ,. Elemental analyses were performed by Desert
Analytics (Tucson, AZ). Product separations were performed by TLC
in air on Analtech 0.5 mm silica gel 60 Bos, glass plates. Tetrairidium
dodecacarbonyl, J(CO)., and bis(tritert-butyl phosphine)platinum(0),
Pt(PBL)2, were obtained from Strem and were used without further
purification.

Reaction of Iry(CO);, with Pt(PBu'), at 25 °C. Pt(PBls). (50.0
mg, 0.084 mmol) was added to a suspension O}, (30.0 mg,
0.027 mmol) in 100 mL of CkCl,. The reaction mixture was stirred
at room temperature for 8 h. The solvent was removed in vacuo, and
the product was separated by TLC using a 2:1 hexane/methylene
chloride solvent mixture to yield 25.8 mg (50%) of browa(CO) o
[Pt(PBU3)]2 (9). Spectral data fo8: IR vco (cm™tin CH.Cly) v 2064
(m), 2037 (vs), 2004 (m), 1854 (w), 1816 (W NMR (CDCl; in
ppm) o 1.46 (d, 54 H, CH, 3Jp_ = 13 Hz);**P{H} NMR (CDCl; in
ppm) 6 129.0 (s, 2 PiJp—p = 5851 Hz). Anal. Calcd: C, 25.45; H,
3.05. Found: C, 25.36; H, 2.66.

Reaction of Iry(CO)1, with Pt(PBu's), at 110 °C. Ir4(CO)2 (30.0
mg, 0.027 mmol) was suspended in 100 mL of toluene and heated to
reflux. Pt(PBi), (50.0 mg, 0.084 mmol) was added, and the color of
the solution immediately changed from yellow to dark brown. The
reaction mixture was stirred f& h atreflux. The solvent was removed
in vacuo, and the products were separated by TLC using a 2:1 hexane/
methylene chloride solvent mixture to yield in order of elution 7.4 mg
(16%) of brown Ig(CO)[Pt(PBUs)]4 (10) and 17.8 mg (33%) of green
Irs(CO)o[Pt(PBU3)]4 (11). Spectral data fot0: IR vco (cm™tin CHa-

Cl,) v 2000 (s), 1971 (m), 1958 (W}H NMR (CDCls in ppm)d 1.38
(d, 108 H, CH, %Jp_4 = 13 Hz); 3*P{H} NMR (CDCl; in ppm) ¢

compounds show evidence of some type of fluxional behavior, 92.5 (s, 4 P/pp = 4248 Hz). Anal. Caled: C, 20.81; H, 3.14.
involving either the ligands or the metal atoms themselves. Found: C,20.71; H, 2.88. Spectral datafdr IR vco (cm™* in hexane)

Compound7, for example, undergoes a dynamical rearrange-
ment of the metal atoms that averages the three nonequivalen

platinum phosphine groups.

There have been very few reports of high nuclearity platirum
iridium cluster complexe$.Herein, we describe some of the
largest platinumriridium cluster complexes reported to date.

(6) Adams, R. D.; Captain, B.; Fu, W.; Smith, M. D.Am. Chem. So2002
124, 5628. (b) Adams, R. D.; Captain, B.; Fu, W.; Pellechia, P. J.; Smith,
M. D. Angew. ChemInt. Ed.2002 41, 1951. (c) Adams, R. D.; Captain,
B.; Fu, W.; Pellechia, P. J.; Smith, M. Inorg. Chem2003 42, 2094. (d)
Adams, R. D.; Captain, B.; Pellechia, P. J.; Smith, dJnbrg. Chem2004

43, 2695. (e) Adams, R. D.; Captain, B.; Fu, W.; Smith, J. L.; Smith, M.
D. Organometallic2004 23, 589. (f) Adams, R. D.; Captain, B.; Fu, W.;
Hall, M. B.; Smith, M. D.; Webster, C. Bnorg. Chem.2004 43, 3921.
(g) Adams, R. D.; Captain, B.; Smith, M. D. Cluster Sci2004 15, 139.

(h) Adams, R. D.; Captain, B.; Fu, W.; Smith, M. D.Organomet. Chem.
2003 682 113.

Sterenberg, B. T.; Jenkins, H. A.; Puddephatt, RrganometallicsL999

18, 219. (b) Araujo, M. H.; Avent, A. G.; Hitchcock, P. B.; Nixon, J. F;
Vargas, M. D.Organometallics1998 17, 5460. (c) Bhaduri, S.; Sharma,
K. R.; Clegg, W.; Sheldrich, G. M.; Stakle, D. Chem. So¢Dalton Trans.
1984 12, 2851. (d) Freeman, M. J.; Miles, A. D.; Murray, M.; Orpen, A.
G.; Stone, G. APolyhedron1984 3, 1093.
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v 2014(w), 1995 (vs), 1986 (s), 1961 (s), 1955 (m), 1945 (m), 1934(w),
928 (w), 1782 (w), 1760 (w)tH NMR at 25°C (toluenedls in ppm)

1.81 (br), 1.61 (d, 54 H, C¥3Jp—n = 13 Hz), 0.93 (d, 27 H, CH
8Jp-n = 13 Hz);'H NMR at 100°C (toluenedg in ppm)d 1.78 (d, 27
H, CHs, 2Jp_y = 13 HZz), 1.61 (d, 54 H, Ck} Jp—y = 13 Hz), 0.99 (d,

27 H, CH;, 3Jp_n = 13 Hz);*'P{*H} NMR (tolueneds in ppm)o 131.8
(s, 1 P,\Jpp = 3871 Hz), 91.2 (s, 2 PJprp = 5287 Hz), 75.263 (s,
1 P,%3pp = 4326 Hz,3Jpp = 627 Hz). Anal. Calcd: C, 23.52; H,
3.65. Found: C, 23.54; H, 3.30.

Reaction of 11 with Hydrogen.A solution of11 (10.0 mg, 0.0033
mmol) in heptane was heated to reflux under a slow purge of hydrogen
for 3 h. The solvent was removed in vacuo, and the product was
separated by TLC using a 2:1 hexane/methylene chloride solvent
mixture to yield 4.5 mg (45%) of greens(CO)[Pt(PBUs)]a(u-H)a, 12.
Spectral data fol2 IR vco (cm™tin hexane)y 2025 (m), 2008 (s),
1968 (s), 1956 (s), 1940 (m), 1930 (Ml NMR at 25°C (tolueneds
in ppm) 6 1.86 (br), 1.53 (d, 54 H, C§l3Je—y = 13 Hz), 0.88 (d, 27
H, CHs, 3Jp_y = 13 Hz),—10.57 (s, 2 HJpry = 706 Hz),—15.39 (s,

2 H, 3Jpy = 776 Hz);*H NMR of hydride region at-50 °C (toluene-
dsin ppm)d —10.30 (d, 2 HiJpry = 709 Hz,2Jp_ = 39 Hz),—14.98
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Table 1. Crystallographic Data for Compounds 9 and 10

Table 2. Crystallographic Data for Compounds 11 and 12

compound 9 10
empirical formula 15PtP>012C36H54°CgH10 IrgPt%P4015Ce0H108
formula weight 2005.87 3463.30
crystal system triclinic orthorhombic
lattice parameters
a(h) 8.6678(11) 41.4988(13)
b (A) 14.6290(18) 27.0640(9)
c(A) 22.004(3) 25.7975(8)
o (deg) 101.230(2) 90
f (deg) 94.949(2) 90
y (deg) 91.420(2) 90
V (A3) 2724.1(6) 28973.8(16)
space group P1 Pbcn
Z value 2 12
pealc (g cm9) 2.445 2.382
w (Mo Ka)) (mm™1) 14.96 16.848
temperature (K) 296(2) 296(2)
2@max (deg) 50.06 48.02
No. of observations 7296 17602
No. of parameters 555 1190
goodness of fit 1.061 0.937
maximum shift 0.003 0.009
in cycle
residuald Ry; wR. 0.0562; 0.1439 0.0409; 0.0962
(> 20(1))
absorption correction  SADABS SADABS
max/min 1.000/0.615 1.000/0.268
largest peak in final ~ 4.033 1.683

diff. map (e A3)

compound 11 12
empirical formula 1§P%4P4010CsgH106 CH3CN IrePt4P40gCseH 108
formula weight 3063.94 2966.86
crystal system monoclinic triclinic
lattice parameters
a(A) 19.6831(6) 12.5080(7)
b (A) 15.6634(4) 14.9767(9)
c(A) 25.1088(7) 23.6748(14)
o (deg) 90 105.119(1)
B (deg) 91.732(1) 99.902(1)
y (deg) 90 104.222(1)
V (A3) 7737.6(4) 4016.0(4)
space group P2:/n P1
Zvalue 4 2
peale (g cn3) 2.630 2.579
u (Mo Ko) (mm™1) 17.605 16.961
temperature (K) 296(2) 100(2)
20max (deg) 52.04 54.34
No. of observations 11053 16256
No. of parameters 766 849
goodness of fit 0.992 1.062
maximum shift 0.009 0.003
in cycle
residuald Ry; wRx 0.0439; 0.0896 0.0299; 0.0727
(> 20(1))
absorption correction  SADABS SADABS
max/min 1.000/0.199 1.000/0.230
largest peak in final  3.957 2.801

diff. map (e A3)

3R = Ynul||Fobd — |Feaid )/ Y nuilFobd; Rw = [YnkW(|Fobd — |Feaid)?
thl\)/ilizobgl/z: W = 1/0%(Fob9; GOF = [YnW(|Fobd — |Fcaid)?/(Ndata —
Nvari .

3R = Yhu||Fobd — |Fead!)/YnlFobd; Rw = [SnkW(|Fobd — |Fead)?
thl\)lilféobéllz; W = 1/0%(Fob9; GOF = [YnuW(|Fobs — |Fcald)?(Ndata —
Nvari)| <.

Compound® and12 crystallized in the triclinic crystal system. For
both compounds, thB1 space group was assumed and confirmed by
the successful solution and refinement of the structures. One molecule
of p-xylene from the crystallization solvent co-crystallized wtland
was located and refined with isotropic displacement parameters. Two
molecules of diethyl ether co-crystallized wiff?2 and were located
and refined with anisotropic thermal parameters. All four hydride
ligands were located and successfully refined with one geometric

(d, 2 H,Jpi-y = 763 Hz,2Jp_y = 7 Hz); 'H NMR at 100°C (toluene-
de in ppm)d 1.95 (d, 27 H, CH, 3Jp_y = 11 Hz), 1.57 (d, 54 H, CH
3Jp_y = 13 Hz), 0.94 (d, 27 H, CH 3Jo_yy = 123 Hz),—10.77 (s, br,
2 H), —15.74 (s, br, 2 H)3*P{*H} NMR at 25°C (toluenees in ppm)
6 129.8 (s, 1 PLpip = 3754 Hz), 90.5 (s, 2 P p = 4758 Hz),
61.2 (s, 1 P prp = 6670 Hz,%Jpp = 621 Hz). Anal. Calcd: C,
23.11; H, 3.38. Found: C, 23.22; H, 3.36. MS (EBY}z 2971 M'.
Crystallographic Analyses.Dark-brown single crystals & suitable )
for X-ray diffraction analysis were obtained by slow evaporation of restrant.
solvent from a solution op-xylene at room temperature. Dark-brown Compoundl0 crystallized in the orthorhombic crystal system. The -
single crystals ofL0 were obtained by slow evaporation of a benzene/ Pbcn space group was established on the basis of the systematic
octane solvent mixture at &. Dark-green single crystals afL were absences observed during the collection of the intensity data. There
obtained by slow evaporation of a methylene chloride/acetonitrile &€ two independent molecules i in the asymmetric unit, one that
solvent mixture at 8C. Dark-green single crystals @2 were obtained IS ordered in a general position and one that lies on a mirror plane,
by slow evaporation of solvent from a solution of diethyl ether-a8 thus generating 12 formula equivalents per unit cell. The packing of
°C. Each data crystal was glued onto the end of a thin glass fiber. the molecules generates Igrge_ cavities that are f|||_ed with disordered
X-ray intensity data were measured by using a Bruker SMART APEX Solvent molecules of crystallization. No reasonable disorder model could
CCD-based diffractometer using Mookradiation ¢ = 0.71073 A). bg obtained for these species, and therefore they were accpunted for
The raw data frames were integrated with the SAIN@rogran$ by with the SQUEEZE/PLATON prograrif. Two crystallographically
using a narrow-frame integration algorithm. Corrections for Lorentz NOnequivalent cavities of equal volume are present at (0, 0.500, 0.244)
and polarization effects were also applied with SANTAN empirical and (0, 0.500, 0.775). The program calculated a total solvent-accessible
absorption correction based on the multiple measurement of equivalent¥olume per unit cell of 7467.2%or 25.8% of the total unit cell volume,
reflections was applied using the SADABS program. Al structures were corresponding to 4348-¢cell. The contribution of these diffusely
solved by a combination of direct methods and difference Fourier SCattering species was removed from the structure factor calculations.
syntheses and refined by full-matrix least-squaresFérusing the ~ The tabulated=(000), My, and density reflect the known unit cell
SHELXTL software packagAll non-hydrogen atoms were refined ~ contents only. o o
with anisotropic thermal parameters. A&drt-butyl hydrogen atoms were Compoundl1 crystallized in the monoclinic crystal system. The
placed in geometrically idealized positions and included as standard P2/n space group was identified uniquely on the basis of the systematic
riding atoms during the least-squares refinements. Crystal data, data@°Sences in the intensity data. One molecule ot@M from the
collection parameters, and results of the analyses are listed in TablesCryStallization solvent co-crystallized withl and was located and

1 and 2. Data fo®—12 were collected at 296(2) K, and data fb2 refined with anisotropic thermal parameters. _ .
were collected at 100(2) K. Molecular Orbital Calculations. All molecular orbital calculations

reported here are from the Fenskdall method!! Fenske-Hall

(8) SAINT+, version 6.2a; Bruker Analytical X-ray Systems, Inc.: Madison,
WI, 2001. (10) Spek, A. L.PLATON: A Multipurpose Crystallographic TqoUtrecht
(9) Sheldrick, G. MSHELXTL version 6.1; Bruker Analytical X-ray Systems, University: Utrecht, The Netherlands, 1998.
Inc.: Madison, WI, 1997. (11) Hall, M. B.; Fenske, R. Anorg. Chem.1972 11, 768-775.
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Scheme 1

25°C Pt \
— AN //\/_/Ir
Ea\A
10 PBUY
Pt(PBu" 9
Iry(CO) P 2YS)2
But; PBu';
PBu! t
B =
110 °C /B\/ \P\t//‘r\ /\f%‘r\\\\/ \\
E—— \ //\ } /1 + Bu4P-Ptlr=—Ir_Pt-PBu
ISR Nl‘é// 4
Pt N |/ Pt AN/ -
Bu‘;P/ \)\\\//( PBuY Rt r
L PButy
11 10

calculations were performed utilizing a graphical user interface
developeéf to build inputs and view outputs from stand-alone Fenkse
Hall (version 5.2) and MOPLOT? binary executables. Contracted
doubleg basis sets were used for the Ir and Pt 5d, P 3p, and C and O
2p atomic orbitals. Pfwas used in place of PBun these calculations.
The FenskeHall scheme is a nonempirical approximate method that
is capable of calculating molecular orbitals for very large transition
metal systems and has built-in fragment analysis routines that allow
one to assemble transition metal cluster structures from the ligand
containing fragments.

Results and Discussion

The reaction of U{CO);, with an excess of Pt(PBj, at room
temperature gave the new compoung(@O),-[Pt(PBU3)]2 (9),
in 50% yield. However, at 11€C, the same reaction gave two
new higher nuclearity compoundsg(€O);,[Pt(PBus)]4 (10)
and I(CO)o[Pt(PBU3)]4 (112), in 16 and 33% yields, respec-
tively (Scheme 1). Interestingly, it was not possible to convert
9 into 10 or 11 at the same temperature at which they were 9 10

Figure 1.

ORTEP diagram of the molecular structure of(@O)[Pt-
(PBU3)]2 (9) showing 40% thermal ellipsoid probabilities. The methyl groups
on thetert-butyl groups have been omitted for clarity.

Table 3. Selected Intramolecular Distances and Angles for
Compounds 9 and 102

formed in the original reaction. All three compounds were

Bond Distances (A)

characterized by a combination of IR} and3!P NMR, single- ::8;:”% g-;égggg ::8)):”8* 222322?(8))
crystal X-ray di_ffraction, and elemental analysis. _ Ir(1)—Ir(4) 2:7462(9) Ir(2)-Ir(1)* 2_'7303(6)
An ORTEP diagram of the molecular structureSag shown Ir(2)—1r(3) 2.7486(9)  Ir(2)-Ir(3) 2.6342(6)
in Figure 1. Selected intramolecular distances and angles for  1(2)—Ir(4) 27014(9)  PY(LyIN(1) 2.6608(6)
are listed in Table 3. The structure ®tonsists of a central4r gg(az)i'lrr((‘ll)) g;ggig; E:Eg::g; %893281((2))
pseudotetrahedron. Two of the-ir bonds on opposite sides Pt(1)-Ir(4) 2:7535(9) Pt(1}Ir(3) 2:6820(6)
of the Iry cluster contain bridging Pt(PBigroups. Each iridium Pt(2)-Ir(2) 2.7527(9)  Py(L)Ir(5) 2.6717(6)
atom contains two linear terminal carbonyl ligands, and each Pt2)-Ir(3) 2.7472(9) GO (av) 1.13(1)
L . C-0 (av) 1.19(2)
Ir—Pt bond has one bridging carbonyl ligand. Overall, the
molecular structure haG; symmetry. The compound can be )\ o | o 59?3%?3)'6\”9'?5(1(;‘—??()2)—|r(1)* 60.35(2)
viewed a bIS-Pt(PBbD adduct of |ﬁ(CO)12 because no CO Ir(1)—Ir(2)—1r(4) 60.98(2) In(L)-1r(3)—Ir(2) 62.21(2)
ligands were lost during the course of the reaction and, therefore, Ir(1)—Pt(1)-Ir(4) 59.76(2) Ir(1)-Pt(1)-Ir(1)* 58.76(2)
can be constructed from an(€O),, fragment and two Pt(P{R :%gg:::ﬁg:g:gg 191396%2((3?;) Ilrr((g gg(li)—_llrr((Ss)) ﬁgiggg
fragments. The kIr bonds bridged by the Pt(RRgroups Ir(4)—Ir(3)—Pt(2) 92:54(3) PH(1}Ir(3)—Pt(2)* 114'.53(2)

[Ir(1)—Ir(4) = 2.7462(9) A and Ir(2}Ir(3) = 2.7486(9) A] are

significantly longer than the unbridged-ir bonds that lie in
the range of 2.7010(9)2.7260(9) A. This can be explained by
delocalization of the electrons in these-Ir-bridged bonds to
the platinum atom; see below. For the-Ir bond distances in
Ir4(CO), the average tlr distance= 2.693 A4 The31P{1H}

a Estimated standard deviations in the least significant figure are given
in parentheses.
NMR spectrum of9 shows only one resonance at 129.0 ppm
with appropriate one-bond coupling to platinukdg(-p = 5851
Hz), indicating that the phosphine ligands are indeed directly
bonded to platinum as assigned in the structure determinations,
and also that two platinum phosphine groups are equivalent.
Molecular Orbital Calculations for 9. One can envision
the In(CO)[Pt(PRs)]. cluster being assembled from four

(12) Manson, J.; Webster, C. E.; Hall, M. BMP, Development Version 0.1.115
(built for Windows PC and Redhat Linux); Department of Chemistry, Texas
A&M University: College Station, TX (http://www.chem.tamu.edu/jimp/,
April 2004).

(13) Lichtenberger, D. LMOPLOT?2 version 2.0 (for orbital and density plots
from linear combinations of Slater or Gaussian type orbitals); Department
of Chemistry, University of Arizona: Tucson, AZ, June 1993.

(14) Churchill, M. R.; Hutchinson, J. Pnorg. Chem.1978 17, 3528.
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Figure 3. Molecular orbital diagram for the Ir(C@)ragment.

Ir(CO)s fragments (Figures 2 and 3) and two PtHRgments
(Figure 4; this cluster possessgssymmetry, and the discussion
of its bonding interactions will be based on this point group).
As expected for the pseudo-octahedral Ir(e®agment, the
MO splitting shows three low-lying occupied orbitals from the
pseudo-octahedralzf’ set (1, and1€) and two higher-lying
orbitals @e) from the “g” set with three electrons. The next
lowest-lying orbital is the2ay. The key orbitals of the Pt(RR
fragment are the occupie2k, 1e and g»-like 1&g HOMO and
the “sp”-like 28 LUMO. The combination of four Ir(CQ)
fragments produces th€, symmetric 1s(CO)» core of the
cluster (Figure 5). In this pseudotetrahedral core, the fggr t
like sets produce 12 linear combinatiods—6a and 1b—6b,
which are occupied #CO sz bonding (but cluster nonbonding).
The four sets of glike orbitals produce eight linear combina-
tions,7a—9a, 11a and7b—10b. Of these, the six lowest-energy

la,;:HOMO "dz*" 2a;:LUMO "sp"
Figure 4. Molecular orbital diagram for the PtBRragment.

the energy level diagram (Figure 6), with symmetry labels
derived from theC, symmetry of produc®. Molecular orbital
plots of these six orbitals are shown in Figure 7. These orbitals
interact with two pairs of orbitals derived from symmetric and
antisymmetric combinations of thegdike HOMO (1a, 1b) and

an sp-hybridized LUMOZa, 2b) derived from the [Pt(PBy)].
unit. These are shown on the right side of Figure 6. The
combination of the W(CO).» core fragment orbitals with the
[Pt(PBU3)]2 fragment orbitals results in cluster bonding MOs,
as shown in the center of Figure 6. The best orbital overlap
between these two last fragments is seen irRthand2acluster
orbitals. In2b, the bonding interaction is mainly between the
occupied8b orbital in the 1g(CO), fragment, and the unoc-
cupied antisymmetric sp hybrid (LUMORDb, from the [Pt-
(PBU3)]2 fragments. This2b cluster orbital involves two
symmetric three-center interactions, one across each of the two
Ir,Pt triangles (Figure 8). Appropriately, the symmetric sp hybrid
(LUMO+1), 2a, from the [Pt(PBi)], fragments accepts
electrons from th@aand8a orbitals of the 15(CO), fragment

to generate thea cluster orbital, as shown in Figure 9. Six
other cluster orbitalsl@, 1b, 3a, 3b, 4a, and5a) are involved

in Ir—Ir bonding in the I5 core. The HOMO for this cluster is
the5aorbital, which was derived from thestbonding HOMO,
the10aorbital in the la(CO)2 fragment; this orbital is directed

to the center of the Jrcore and has no significant interactions
with the platinum atoms.

Higher Nuclearity Clusters Produced at Elevated Tem-
peratures. An ORTEP diagram of the molecular structure of
10is shown in Figure 10. Selected intramolecular distances and
angles forlO are listed in Table 3. The structure B0 consists

orbitals are occupied as cluster-bonding and nonbonding orbitals,of a central tetrahedral 4CO), core. There are four Ir(CQ)
while three high-lying antibonding orbitals are unoccupied. The groups bridging four of the six edges of thg{@O), core. There

2a; orbitals combine and produce four orbitalsQa (the
Ir4(CO), fragment HOMO) and three unoccupied orbitdl24
11b, and12b).

The six principal metatmetal bonding orbitals for the
Ir4(CO)2 portion of the molecule are shown on the left side of

are also four Pt(PBg) groups, and each Pt atom is bonded to
five iridium atoms, which includes three from a triangular group
of the central I§(CQO), group and two of the edge-bridging
Ir(CO), groups. The molecule has a crystallographically imposed
C, symmetry. TheC, axis passes through the Ir(4) and Ir(5)
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Figure 7. Molecular orbitals responsible for the bonding interactions in
the Ir(CO)2 unit (7, 8a, 7b, 9a, 8b, and104).

Figure 8. The 2b orbital of the 1a(CO)[Pt(PRs)]2 cluster showing the
II’(CO)3 II'4(CO)12 interaction of the antisymmetric combination of the two Pt fragment LUMO

Figure 5. Molecular orbital diagram for the {CO). fragment unde€; orbitals with the8b orbital of the 1&(CO);» fragment.

symmetry.

—_2a(LUMO+)
/T 2b(LUMO)

. la (HOMO)
—1b

Band of 8
orbitals (d)

Iry(CO2 Irg(CO)2[PUPR)sL,  [PH(PR)3],
Figure 6. Molecular orbital diagram for the model clustes(EO)[Pt-

(PR9)]2, R=H. Figure 9. The 2a orbital of the Ia(CO)[Pt(PRs)]2 cluster showing the
interaction of the symmetric combination of the two Pt fragment LUMO
atoms. The I+Ir bond distances of the central, lietrahedron orbitals with the7a and8a orbitals of the 1§(CO), fragment.

all lie in the range of 2.7061(6)2.7328(8) A and are very

similar to those observed if. By contrast, the kIr bond Ir(1) such that the distances of Ptcly(1)* = 2.8958(6) A and
distances between the iridium atoms in the interior tetrahedron Pt(1)}-Ir(2) = 2.9151(6) A are much longer than the distance
and the outer iridium atoms are significantly shorter, 2.6342(6)  of Pt(1)-Ir(1) = 2.6597(6) A. This shortening is probably due
2.6513(6) A. The platinum atoms are not symmetrically bonded to steric interactions between the bulkyteit-butyl phosphine

to the five iridium atoms. For example, Pt(1) is pushed toward and the carbonyl ligands. As wifh the3P NMR spectrum of
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Table 4. Selected Intramolecular Distances and Angles for
Compounds 11 and 122

11 12
Bond Distances (A)
Ir(1)—Ir(2) 2.7106(6) Ir(1>-1r(2) 2.7093(3)
Ir(1)—Ir(3) 2.6911(6) Ir(1)-1r(3) 2.6977(3)
Ir(2)—1r(6) 2.6077(7) Ir(2)-Ir(6) 2.6072(3)
Ir(3)—1Ir(5) 2.5833(6) Ir(3)-Ir(5) 2.5939(3)
Pt(1)-Ir(2) 2.6231(6) Pt(1yIr(2) 2.6589(3)
Pt(1)-1r(3) 2.6158(7) Pt(1)Ir(3) 2.6255(3)
Pt(2)-Ir(1) 2.9241(7) Pt(2)1r(1) 2.8997(3)
Pt(2)-Ir(4) 2.8544(6) Pt(2)Ir(4) 2.7532(3)
Pt(2)-Ir(5) 2.7983(8) Pt(2)Ir(5) 2.8369(4)
Pt(3)-Ir(1) 2.9020(6) Pt(3)1r(1) 2.8826(3)
Pt(3)-Ir(4) 2.8289(7) Pt(3)1r(4) 2.7457(4)
Pt(3)~Ir(6) 2.7359(7) Pt(3}-Ir(6) 2.8140(3)
Pt(1)-Pt(4) 2.6674(6) Pt(1)yPt(4) 2.6703(3)
Pt(1)-P(1) 2.273(3) Pt(1B}P(1) 2.261(2)
Pt(4)-P(4) 2.319(4) Pt(4}P(4) 2.335(2)
C—-0 (av) 1.15(2) C-0O (av) 1.15(2)
) Bond Angles (deg)
Figure 10. ORTEP diagram of the molecular structure o GO)J[Pt- P(1)-Pt(1)-Pt(4) 177.91(10) P(BHPt(1)-Pt(4) 179.41(4)

(PBuUs3)]4 (10) showing 30% thermal ellipsoid probabilities. Methyl groups P(4)-Pt(4)y-Pt(1) 105.80(8) P(4)Pt(4)-Pt(1) 104.80(4)
from the tritert-butyl phosphine ligands have been omitted for clarity.

a Estimated standard deviations in the least significant figure are given
in parentheses.

Figure 12. ORTEP diagrams of the metal frameworks Bd and 11
showing 30% thermal ellipsoid probabilities. The interiartetrahedra are
shown in bold.

Ir(1)—Pt(2) = 2.9241(7) A and Ir(1)-Pt(3)= 2.9020(6) A are
Figure 11. ORTEP diagram of the molecular structure of(@O)[Pt- slightly elongated. The distances of Pt(1)(2) = 2.6231(6) A
(PBUg)]4 (11) showing 30% thermal ellipsoid probabilities. Methyl groups  and Pt(1)-Ir(3) = 2.6158(7) A are relatively short. The PBu
from the tritert-butyl phosphine ligands have been omitted for clarity. group bonded to Pt(1), Pt@&P(1)= 2.273(3) A, is significantly
10 also shows one resonande< 92.5 ppm) with appropriate  displaced from its symmetric 3-fold position [e.g., PH#i(1)-
one-bond coupling to platinumdde.p = 4248 Hz), indicating ~ P(1)= 177.91(10)]. The 'H NMR spectrum at room temper-
that all four phosphine groups are equivalent, as one would ature shows two resonances at 0.93 and 1.61 ppm in a 2:1 ratio,
expect based on the overdby molecular symmetry. as well asa broad resonance_at 1.80 ppm. The broad resonance
An ORTEP diagram ofL1 is shown in Figure 11. Selected IS most likely caused by the hindered rotations oftéwe-butyl
intramolecular distances and angles are listed in Table 4. Like 970UPS on P(1) due to steric interactions with the neighboring
that of 10, the structure ofl1 also contains a centraly{(CO), carbonyl groups on Ir(2) and Ir(3):*>When the temperature
pseudotetrahedron, but there are only two edge-bridging IgCO) Was increased to 10, this signal sharpened, and teNMR '
groups and four Pt(PB4) groups. One of these, Pt(4), is bonded spectrum showed thre_e sharp resonances in a 2:1:1 ratio, as
to five iridium atoms in an arrangement similar to those observed €XPected with appropriate couplings to the phosphorus atoms.
in 10. Two platinums are bonded to four iridium atoms: three ~For comparison, ORTEP diagrams of the metal frameworks
from the central {(CO): pseudotetrahedron and one of the Of compoundsl10 and 11 are given in Figure 12. Both
bridging Ir(COY groups. The fourth Pt(PBy) group, Pt(1), is compognds have an |nter|or4q.CQ)4 tetrahedron (shown in
bonded only to two of the iridium atoms in thes€O0) bold) W|'Fh Qt least three face-bridging Pt(PFgwroups and two
pseudotetrahedron and one of the Pt(RBgroups through a  ©dge-bridging Ir(CQ)groups. CompoundO can be generated
direct PPt bond, Pt(1)-Pt(4)= 2.6674(6) A. The l-Irbond ~ from 11 by moving Pt(1) from the Ir(2}Ir(3)—Pt(4) triangle
distances in the central flCO) unit are similar to those to the Ir(2)-1r(3)—Ir(4) triangle and subsequent addition of two
observed fo® and10. As with 10, the bond distances between Ir(CO), groups. Attempts to achieve this conversion syntheti-
Ir(5) and Ir(6) and the central Jipseudotetrahedron are quite Cally were unsuccessful.

short, 2.5833(6)2.6077(7) A.Ir(1) is bonded to eight of the 1o\ mithner, . D.: Bushweller, C. H. Am. Chem. Sod985 107, 7823. (b)
nine other metal atoms in the metal cluster. The distances of Bushweller, C. H.; Brunelle, J. Al. Am. Chem. Sod.973 95, 5949.
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Reaction of 11 with H,. CompoundL1reacted with hydrogen
at 97°C to give the new decanuclear compounrg@O)s[PtP-
(Buta)]a(u-H)4 (12) in 45% vyield (Scheme 2). Compourik®
was characterized by a combination of fR} and3'P NMR,

mass spectra, elemental, and single-crystal X-ray diffraction

analyses. ThéH NMR spectrum ofl2 at —50 °C shows two
hydride resonances of equal intensity-at0.30 and—14.98
ppm that both show one-bond coupling to platinddp{n =
709 and 763 Hz, respectively) and two-bond coupling to
phosphorus?Je—y = 39 and 7 Hz, respectively). The proten

Figure 13. ORTEP diagram of the molecular structure @fdrH)4(CO)-

proton coupling was undoubtedly small and not observed as [Pt(PBUs)]4 (12) showing 60% thermal ellipsoid probabilities. Methyl groups

the angles of Ir(4yPt(2)-Ir(5) = 101.545(109 and Ir(4)-
Pt(3)—Ir(6) = 102.149(10) are close to 90 As the temperature

is increased, the resonances slowly begin to broaden and move

closer together. At 100C, the spectrum had not yet reached

coalescence, and no further measurements at higher temperatur
were taken. This is indicative of a dynamical averaging process
where all hydrido ligands become equivalent. The mass

spectrum ofl2 indicated the presence of four hydrido ligands,

so they must be present as two inequivalent pairs. This was

confirmed by the low-temperature single-crystal X-ray diffrac-
tion analysis.
An ORTEP diagram of the molecular structurel@fis shown

from the tritert-butyl phosphine ligands have been omitted for clarity.

Concluding Remarks

This work further demonstrates the addition of Pt(BBu

&roups to metatmetal bonds. The reaction of Pt(PBu with

Ir4(CO)1, at room temperature has given the addugQ©),»-
[Pt(PBU3)]2 (9). The stability of9 is derived from the cluster-
bonding orbitals that are produced by Ir d-fragment orbitals,
which have been stabilized by the Cfacceptor, interacting
with Pt d-orbitals, which have been destabilized by the phos-
phineo-donor. The ligand bonding brings the relative energies
of these fragment orbitals into coincidence such that proper

in Figure 13. Selected intramolecular distances and angles are>YMMetry combinations form delocalized cluster-bonding orbit-

listed in Table 4. The ¥PY cluster of12 is similar to that of
11 The principal difference betweehl and 12 is that 12
contains two fewer carbonyl ligands thad and 12 has four
hydrido ligands 11 has no hydrido ligands). Two of these
hydrido ligands, H(2) and H(3), have replaced the two bridging
carbonyls inl11 across the Pt(2)Ir(4) and Pt(3)-1r(4) bonds.

als. At 110°C, the reaction of Pt(PBg), with Ir4(CO), gave

two new high nuclearity clustersg(€O)[Pt(PBus)]4 (10) and
Irs(COXo[Pt(PBU3)]4 (11). The latter compound reacted with
hydrogen at 97C to yield Irg(u-H)4(CO)[Pt(PBUs3)]4, 12. These
compounds also seem to be active toward small organic
molecules and should serve as excellent precursors to hetero-

These substitutions cause a decrease in these two bond |engthgeneous catalysts.

from 2.8548(7) and 2.8292(7) A, respectively (i), to
2.7532(3) and 2.7457(4) A, respectively {i). While it is well
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