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Reaction of PtRus(CO)5(PBu%)(C), 3, with hydrogen at 97 °C yielded the new dihydride-containing cluster compound
PtRus(CO)14(PBU's)(u-H)2(u6-C), 5. Compound 5 was characterized crystallographically and was shown to contain
an octahedral cluster consisting of one platinum and five ruthenium atoms with a carbido ligand in the center. Two
hydrido ligands bridge two oppositely positioned PtRu bonds. Compound 5 reacts with Pt(PBu's), to yield Pt,Rus-
(CO)14(PBU),(u-H)2(u6-C), 6, @ Pt(PBu's) adduct of 5, by adding a Pt(PBu's) group as a bridge across one of the
Ru—Ru bonds in the square base of the Rus portion of the cluster. Compound 6 is dynamically active on the NMR
time scale by a mechanism that appears to involve a shifting of the Pt(PBu';) group from one Ru—Ru bond to
another. Two new complexes, PtRus(CO)y3(PBu's)(ze-H)s(GePhs)(us-C), 7, and PtRus(CO)q5(PBuU's)(ue-H)2(u-GePhy)-
(u6-C), 8, were obtained from the reaction of 5 with HGePhs. The cluster of 7 has an open structure in which the
Pt(PBu';) group bridges an edge of the square base of the square pyramidal Rus cluster. Compound 7 also has
three bridging hydrido ligands and one terminal GePh; ligand. When heated to 97 °C, 7 is slowly converted to 8
by cleavage of a phenyl group from the GePh; ligand and elimination of benzene by its combination with one of
the hydrido ligands. The PtRus metal cluster of 8 has a closed octahedral shape with a GePh, ligand bridging one
of the Ru—Ru bonds. Two tin-containing compounds, PtRus(CO);3(PBu's)(x4-H)3(SnPhs)(us-C), 9, and PtRus(CO);3-
(PBu'3)(2¢-H)2(1-SnPhy)(16-C), 10, which are analogous to 7 and 8 were obtained from the reaction of 5 with
HSnPhs.

Introduction ingly, compound3 exists in solution as a mixture of two

) isomers, a closed on&a, and an open one&b, that inter-
In recent studies, we have shown that the compounds

M(PBuU3),, M = Pd or Pt, readily react with metal cluster lTBu'g,
complexes by adding M(PBy) groups across one or more -
metal-metal bonds to form electronically unsaturated higher- A\ Z = /\R{J\))pt/ ’
nuclearity bimetallic complexés.Examples of some of these E \Ru \ N ’Ru\\uC/Ru\—k
products include RCO)JPd(PBU)]s, 1,2 Rus(COY(ute- \/ N
C)[Pd(PBU)]2, 2,*2and PtRg(CO)5(PBU3)(C), 3.2 Interest- AR~
3a 3b
F}LBU% \ / /PBu‘3 convert rapidly on the NMR time scale. Compouitkacts
\(/ \ ,R _\// with PhGH to yield the alkyne complex PtB(CO)3(PBus)-
:Ruleu/ ’R” c/ \I\J\ (us-PhGH)(us-C), 4, in which the cluster has an open
Pd/—\R’lu/—\\P‘d/ utsP A & // (1) (a) Adams, R. D.; Captain, B.; Fu, W.;Hall, M. B.; Manson, J.; Smith
Bu'sP” Y/ N “PBuUt M. D.; Webster, C. EJ. Am.Chem. Soc2004 126, 5253. (b) Adams,
R. D.; Captain, B.; Pellechia, P. J.; Zhu, Inorg. Chem.2004 43,
1 2 7243. (c) Adams, R. D.; Captain, B.; Smith M. D Cluster Sci2004

15, 139. (d) Adams, R. D.; Captain, B.; Johansson, M.; Smith J. L.,
Jr.J. Am Chem Soc 2005 127, 488.
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structure related to that db, and with H to yield the 50 mL three-neck flask. Pt(PB) (11.5 mg, 0.019 mmol) was
dihydride complex PtR4CO)14(PBus)(u-H)»(us-C), 5, in added to the solution, which was then heated to reflux for 1 h.
which the cluster has a closed structure related to that of After cooling, the solvent was removed in vacuo and the product
3a3 was separated by TLC by using a 6:1 hexane/methylene chloride
Bimetallic cluster complexes such as these have recentlySOIVent mixture to yield 9.5 mg (58%) of grdly Spectral data for

. . >6: IR veo (cmtin CH,Clp): 2065 (s), 2040 (s), 2028 (vs), 2001
been shown to be valuable precursors to bimetallic nano (5), 1973 (w, sh), 1844 (w, br), 1817 (w, bf4 NMR at room

particle catalysts when placed on mesoporous suppblese temperature (in CDG): 6 = 1.46 (d, 27H, CH, 3Jp_y = 13 Hz),
we report the synthesis and characterization of the dihydrido _14 55 (s, 2H13p, , = 772 Hz,23p1 = 7 Hz); 'H NMR at —90
cluster complex PtRYCO)4(PBUs)(u-H)2(ue-C), 5, obtained ¢ (in CD,Cl,): 6 = —13.88 (dd, H, hydridelp 4 = 799 Hz,
from the reaction oB with hydrogen and the results of our 23, ,, = 15 Hz,3Jp_,; = 15 Hz), —15.09 (s, H, hydridéJe. 4 =
studies of the reactions ob with Pt(PBls), and the 706 Hz).3P{1H} NMR (in CDCL): ¢ = 115.4 (s, 1P pp =

compounds HGeRhand HSnPh 6080 Hz), 83.2 (s, 1PJpp = 4582 Hz). Anal. Calcd: C, 29.01,
. . H, 3.71. Found: C, 29.52; H, 2.99%.
Experimental Section Synthesis of PtRg(CO)15(PButs)](u-H) 3(GePhy)(us-C), 7, and

General Data. All reactions were performed under a nitrogen PtRUs(CO)13(PBU'3)(u-H)2(u-GePhy)(ue-C), 8. A 16.0 mg amount
atmosphere by using Schlenk techniques. Reagent-grade solvent8f 5 (0.012 mmol) was dissolved in 20 mL of heptane in a 50 mL
were dried by the standard procedures and were freshly distilled three-neck flask. A 7.5 mg amount of HGeRB.025 mmol) was
prior to use. Infrared spectra were recorded on an AVATAR 360 added, and the solution was heated to reflux for 30 min. The solvent
FT-IR spectrophotomete'H NMR and 3P{!H} NMR were was removed in vacuo, and the products were isolated by TLC by
recorded on a Varian Mercury 400 spectrometer operating at 400 Using a 6:1 hexane/methylene chloride solvent mixture to yield, in
and 162 MHz, respectivel§!P{'H} NMR spectra were externally ~ order of elution, 2.7 mg (15%) of greehand 5.6 mg (29%) of
referenced against 85%tho-HsPOy. IH NMR spectra at various ~ dark greerv. Spectral data fo: IR vco (cm™in CH,Clo): 2094
temperatures were recorded on a Varian Innova 500 spectrometefVS), 2066 (vs), 2039 (vs), 2026 (vs), 1999 (s), 1962 (W)NMR
operating at 500 MHz. Elemental analyses were performed by (in CDCk): 6 = 1.62 (d, 27H, CH3Jp-y = 13 Hz),— 7.47 (s, H,
Desert Analytics (Tucson, AZ). Pt(PB)y was purchased from e+ = 558 Hz,2Jp-y = 11 Hz),— 21.13 (s, H),~ 21.48 (s, H).
Strem. HGePhand HSnPhwere purchased from Aldrich and were ~ >P{*H} NMR (in CDCL): 6 = 117.8 (s, 1Ppp = 2582 Hz).
used without further purification. PtR(COYs(PBU3)(C) was Anal. Calcd for7-4/5(CeHua): C, 34.64; H, 3.19. Found: C, 35.06;
prepared according to the published procedieoduct separations ~ H. 2.90%. Spectral data f@: IR vco (cm™ in CHxCl): 2077
were performed by TLC in air on Analtech 0.25 and 0.5 mm silica (W), 2047 (vs), 2011 (m), 1990 (w), 1961 (vWwWH NMR (in
gel 60 A 554 g|ass p|atesl CDC|3) 0 =1.57 (d, 27H, CH13\]P*H =13 HZ),_ 12.28 (dd, H,

Synthesis of PtR&(CO)14(PBu)(u-H)o(us-C), 5. A 9.3 mg  pen = 804 Hz2Jpy = 9 Hz, )y = 9 Hz), — 14.83 (dd, H,
amount of3 (0.0070 mmol) was dissolved in 10 mL of heptane in  “Jpt-+ = 715 HZ2Jp 1y = 5 Hz, 2y = 9 Hz). ¥'P{*H} NMR (in
a 25 mL three-neck flask. The solution was then heated to reflux CDCl) = 82.5 (s, 1P{Jpip = 4773 Hz). Anal. Calcd: C, 30.26;
and purged with hydrogen (1 atm) for 1.5 h. The solvent was then H. 2.59. Found: C, 30.23; H, 2.43%.
removed in vacuo and the product was separated by TLC by using  Synthesis of 8 in a Higher Yield.A 15.4 mg amount 05 (0.012
a 4:1 hexane/methylene chloride solvent mixture to yield 6.3 mg mmol) was dissolved in 20 mL of heptane in a 50 mL three-neck

(68%) of dark grays. Spectral data fob: IR vco (cm™tin CHy- flask. A 7.0 mg amount of HGeRI{0.023 mmol) was added, and
Cly): 2087 (m), 2052 (s), 2015 (s), 1971 (w, sh), 1821 (w, k). the solution was heated to reflux for 90 min. The solvent was
NMR (in tolueneds): 6 = 1.22 (d, 27H, CH, 3Jp_4 = 13 Hz), removed in vacuo and the products were isolated by TLC by using
—13.86 (d, 2H, hydridéJp—y = 774 Hz,2Jp_y = 8 Hz). 31P{1H} a 6:1 hexane/methylene chloride solvent mixture to yield, in order
NMR (in tolueneés): 6 = 85.3 (s, 1PXpp = 4739 Hz). Anal. of elution, 3.8 mg (21%) o8 and 3.7 mg (20%) of.
Calcd: C, 24.77; H, 2.22. Found: C, 25.13; H, 2.50%. Conversion of 7 into 8.A 12.3 mg amount of (0.0078 mmol)
Synthesis of P$Rus(CO)14(PButs)a(e-H)2(u6-C), 6. A 12.5 mg was dissolved in 15 mL of heptane in a 50 mL three-neck flask.
amount of5 (0.0096 mmol) was dissolved in 15 mL GEl, in a The solution was heated to reflux for 110 min, and the solvent
was then removed in vacuo. The products were separated by TLC
(3) ng?s' R. D.; Captain, B.; Zhu, L1. Am. Chem. So2004 126, by using a 6:1 hexane/methylene chloride solvent mixture to yield
4) (a) Thomas, J. M.; Johnson, B. F. G.; Raja, R.; Sankar, G.; Midgley, 5.3 mg (45_%) of8.
P. A. Acc Chem Res 2003 36, 20. (b) Raja, R.; Khimyak, T. Synthesis of PtR@(CO)13(PBu's)(u-H)3(SnPhs)(us-C), 9, and

Thomas, J. M.; Hermans, S.; Johnson, B. F.ABgew. Chem., Int. PtRus(CO)13(PBUts)(1-H) 2(1-SnPhy) (u6-C), 10.A 20.0 mg amount

Ed. 2001 40, 4638. (c) Hermans, S.; Raja, R.; Thomas, J. M.; Johnson, ; ; ;
B. F. G.. Sankar, G.. Gleeson. Bngew. Chem., Int. E2001 40 of 5 (0.015 mmol) was dissolved in 20 mL of hexane in a 50 mL

1211. (d) Shephard, D. S.; Maschmeyer, T.; Johnson, B. F. G.; Thomas, three-neck flask. An 8.1 mg amount of HSR0.023 mmol) was
J. M.; Sankar, G.; Ozkaya, D.; Zhou, W.; Oldroyd, R. D.; Bell, R. D. added, and the solution was heated to reflux for 60 min. The solvent

Angew. Chem., Int. Ed. Engl997, 36, 2242. (e) Shephard, D. S; i i
Maschmeyer, T.: Sankar, G.: Thomas, J. M.: Ozkaya, D.. Johnson, was removed in vacuo, and the products were isolated by TLC by

B. F. G.; Raja, R.; Oldroyd, R. D.; Bell, R. @hem. Eur. J1998 4, using a 6:1 h_exane/methylene chloride solvent mixture to yield, in
12. (f) Braunstein, P.; Rosd. Catalysis and Related Reactions with order of elution, 2.3 mg (10%) of greelD and 2.0 mg (8%) of
Compounds Containing Heteronuclear Metiletal Bonds. InCom- green9. Spectral data fo: IR vco (cmtin CHyCly): 2094 (vs),

prehensie Organometallic Chemistry;IWilkinson, Stone, and Abel, .
Eds.; Elsevier: Amsterdam, 1995; Vol. 10, Chapter 7. (g) Braunstein, 2066 (vs), 2040 (vs), 2026 (vs), 1997 (s), 1960 (#).NMR (in

P.; Rose, J. InCatalysis by Di- and Polynuclear Metal Cluster ~CDCl): 6 = 1.61 (d, 27H, CH3Js—y = 13 Hz), — 7.49 (s, H,
ComplexesAdams, R. D., Cotton, F. A., Eds.; VCH: New York, Upn = 559 Hz,2Jp_y = 11 Hz),—21.31 (s, H),—21.69 (s, H).

1998; Chapter 13, p 443. (h) Raja, R.; Sankar, G.; Hermans, S.; 31pr1 ; LS — 1 _
Shephard, D. S.; Bromley, S.; Thomas, J. M.; Johnson, B. EH8m. PCH] NMR (in CDCI3).. 0=117.9 (s, 1_P’JP‘7P 2.576 Hz). .
Commun1999 1571. (i) Alexeev, O. S.; Gates, B. [bd. Eng. Chem. Anal. Calcd: C, 32.37; H, 2.76. Found: C, 32.47; H, 2.64%.

Res.2003 42, 1571. (j) Ichikawa, MAdv. Catal. 1992 38, 283. Spectral data fofl0: IR vco (cm™tin CH,Cly): 2074 (w), 2048
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Synthesis and Reactions of PtR(CO)4(PButs)(u-H)(#s-C)

Table 1. Crystallographic Data for Compounés-7

compound 5 7
empirical formula PthPQ_4C27H29' l/ZQHloO PtR Lt,P2014C39H56'C4H100 PtR%GePQ3C44H45' 1/2C6H14
fw 1345.97 1780.43 1628.89
cryst syst orthorhombic triclinic monoclinic

Lattice Parameters
a(A) 20.5414(9) 12.9564(6) 10.0021(6)
b (A) 21.3611(9) 14.6621(7) 15.1699(10)
c(A) 18.4550(8) 14.7665(7) 36.261(2)
o (deg) 90 77.736(1) 90
S (deg) 90 81.399(1) 91.561(1)
y (deg) 90 83.690(1) 90
V (A3) 8097.8(6) 2701.4(2) 5499.8(6)
space group Pccn P1 P2,/c
Zvalue 8 2 4
pcale (/cP) 2.208 2.189 1.967
u (Mo Ko) (mm™1) 5.36 6.64 4.49
temp (K) 296 100 296
20max (deg) 56.6 56.6 56.8
obs reflns [ > 20(1)) 10 069 11745 10 686
no. params 474 632 619
GOF 1.067 1.117 1.158
max. shift in cycle 0.01 0.008 0.000
residuald R1; wR2 0.0241; 0.0556 0.0389; 0.0682 0.0508; 0.1031
absorption correction, SADABS SADABS SADABS
max/min 1.000/0.549 1.000/0.681 1.000/0.502
largest peak in final 0.925 1.493 1.368

diff. map (e /A3)

2R = Yhu(l|Fobd — |Fcad|)/YnklFobs; Rw = [TnwW(IFobd — IFcaid)? Y niWFobf] Y2, W = 1/6%(Fobg); GOF = [ ¥ naW(|Fobd — |Fcaid)¥(Ndata — Mvar)]¥2

(vs), 2035 (m), 2010 (m), 1990 (w), 1959 (v NMR (in
CDCl): 6 =1.59 (d, 27H, CH, 3Jp_4 = 13 Hz),—11.81 (dd, H,
l\]ptfH = 763 HZ,ZprH = 9 Hz, 2\]H7H =9 HZ), — 14.09 (dd, H,
lJPt—H =751 HZ,ZJP_H =6 Hz, ZJH—H =9 HZ).31P{ 1H} NMR (In
CDCly) = 83.3 (s, 1P Jpip = 4877 Hz). Anal. Calcd: C, 29.36;
H, 2.51. Found: C, 29.44; H, 2.40%.

Synthesis of 9 in an Improved Yield.A 22.0 mg amount 06
(0.017 mmol) was dissolved in 20 mL of GEl, in a 50 mL three-
neck flask. An excess amount of HSnRVas added to the solution,
and the reaction continuedrfé h atroom temperature. The solvent
was removed in vacuo, and the produgtwas isolated by TLC

correction based on the multiple measurement of equivalent
reflections was applied by using the program SADABS. All
structures were solved by a combination of direct methods and
difference Fourier syntheses, and refined by full-matrix least-squares
on F2 by using the SHELXTL software packa§€rystal data, data
collection parameters, and results of the analyses for compounds
are listed in Tables 1 and 2.

Compoundb crystallized in the orthorhombic crystal system. The
space groupPccn was identified uniquely on the basis of the
systematic absences in the data, and the structure was solved and
successfully refined in this space group. Compobiedcrystallizes

by using a 5:1 hexane/methylene chloride mixture to yield 16.8 with half of 1 equiv of diethyl ether in the asymmetric crystal unit.

mg (61%).
Conversion of 9 into 10.A 9.8 mg amount 0B (0.0080 mmol)
was dissolved in 15 mL of heptane in a 50 mL three-neck flask.

This molecule was also located and satisfactorily refined in the
structural analysis. The hydride ligands were located and refined
with an isotropic thermal parameter. CompouBdmd 10 crystal-

The solution was heated to reflux for 1 h, and the solvent was then lized in the triclinic crystal system. The space groBp was
removed in vacuo. The products were separated by TLC by using assumed and confirmed by the successful solution and refinement
a 6:1 hexane/methylene chloride solvent mixture to yield 2.2 mg of the structure in both cases. All non-hydrogen atoms were refined

(24%) of 10.

Crystallographic Analyses.Dark red single crystals & and6
suitable for diffraction analysis were grown by slow evaporation
of solvent from a solution of the pure compound in diethyl ether at
—20°C. Dark red single crystals @fsuitable for diffraction analysis
were grown by slow evaporation of solvent from a methylene
chloride/hexane solution at20 °C. Dark single crystals d8 and
red single crystals afO suitable for diffraction analysis were grown
by slow evaporation of solvent from a solution in a methylene
chloride/hexane solvent mixture at8. Each data crystal was glued

with anisotropic displacement parameters. In both compounds, the
hydride ligands were located and refined with an isotropic thermal
parameter. Hydrogen atoms on the phenyl &erttbutyl groups

for both compounds were placed in geometrically idealized positions
and refined as standard riding atoms. Compo€Grabcrystallized

with 1 equiv of diethyl ether from the crystallization solvent in the
asymmetric crystal unit. The solvent molecule was refined with
isotropic thermal parameters. Compourrdand 8 crystallized in

the monoclinic crystal system. The space gré@p'c was identified
uniquely for each compound on the basis of the systematic absences

onto the end of thin glass fiber. X-ray intensity data were measured observed in the data. All non-hydrogen atoms were refined with

using a Bruker SMART APEX CCD-based diffractometer using
Mo Ko radiation ¢ = 0.71073 A). The raw data frames were
integrated with the SAINF program by using a narrow-frame
integration algorithnt. Corrections for Lorentz and polarization
effects were also applied by SAINT. An empirical absorption

anisotropic thermal parameters. Compouhdocrystallized with

half an equivalent of hexane from the crystallization solvent in the

asymmetric crystal unit. The hexane subunit was included in the
analysis and was refined with isotropic thermal parameters. Three
geometric restraints were used in modeling the hexane molecule,

(5) SAINF-, version 6.2a; Bruker Analytical X-ray Systems, Inc.:
Madison, WI, 2001.

(6) Sheldrick, G. M.SHELXTL, version 6.1; Bruker Analytical X-ray
Systems, Inc.: Madison, WI, 1997.

Inorganic Chemistry, Vol. 44, No. 19, 2005 6625



Table 2. Crystallographic Data for Compoun@&sand 10
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compound 8 10 C60 70
empirical formula PtR§GePQ3CssH3g PtRuSNPQ3CasH3g
fw 1507.69 1553.79
cryst syst monoclinic triclinic

Lattice Parameters

a(h) 12.1956(7) 9.7420(4)
b (R) 18.2670(10) 13.8504(5)
c(A) 20.5553(12) 18.2328(7)
o (deg) 9 83.783(1)
B (deg) 106.154(1) 87.630(1)
¥ (deg) ) 72.989(1)
V(A9 4398.4(4) 2338.38(16)
space group P2,/c P1
Zvalue 4 2
peais (g/cT®) 2.277 2.207
1 (Mo Ko) (mm?) 5.609 5.166
temp (K) 100 296 Figure 1. An ORTEP diagram of PtR(CO)4(PBUs)(u-H)2(us-C), 5,
20max (deg) 56.6 56.6 showing 40% probability thermal ellipsoids. Selected interatomic distances
obsrefins (> 20(l)) 10088 9465 (R) are Pt(1)-Ru(4) = 2.8336(3), Pt(1}Ru(2)= 2.8497(3), Pt(1}Ru(3)
no. params 549 548 =2.9969(3), Pt(1yRu(1)= 3.1189(3), Pt(L}H(1) = 1.67(4), Pt(1}H(2)
GOR 1.093 0.997 = 1.71(4), Ru(2}-H(1) = 1.90(4), Ru(4}-H(2) = 1.89(4), Pt(1} P(1) =
max. shift in cycle 0.006 0002 2.3248(9), Ru(1}Ru(5)= 2.7703(4), Ru(1}Ru(2) = 2.8840(4), Ru(ky
;iig;‘;'iisib‘r’géion 00276 0.0309 00219 2.098 Ru(4) = 2.9691(4), Ru(2yRu(3) = 2.8571(4), Ru(2)Ru(5) = 3.1030-
max/min 1.000/0.433 1.000/0.650 (:4)’2 25%)@?“(5) 2.7896(4), Ru(3yRu(4) = 2.9708(4), Ru(4)Ru(5)
largest peak in final 2.123 0.925 ’ ’

diff. map (e /A3)

AR = Ynu(||Fobd — IFcad )/ nklFobd; Rw = [YnkiW(|Fobs — [Feaid)?
YkWFobd]Y2, w = 1/0%(Fopy); GOF = [Yraw(|Ford — [Fead)?
(ndata_ nvari)]llz-

5 are actually longer than the hydride-bridged-Ru bonds
could be due to steric interactions between the CO ligands
on the ruthenium atoms and the PBigand on the platinum
atom. In particular, ruthenium atoms Ru(1) and Ru(3) both
which was disordered about an inversion center. Hydrogen atomshave one carbonyl ligand that is projected toward the methyl
were placed in geometrically idealized positions and included as groups on the PBeligand. This resultant repulsion effects
standard riding atoms. could cause the associated platingrathenium bond dis-
tances to increase slightly, as observed. These effects would
not be present for the ruthenium atoms bonded to the bridging
hydrido ligands because the CO ligands on these atoms are
not projected toward the PBigroup.

Although they are not equivalent in the structure observed
in the solid state, the hydrido ligands are equivalent in the
H NMR spectrum and show strong one-bond coupling to

Results and Discussion

The new dihydrido platinumruthenium cluster complex
5 was obtained in 68% yield from the reaction ®fwith
hydrogen (1 atm) in a heptane solution at reflux for 1.5 h.
Compounds was characterized by a combination of IR,
NMR, 3P NMR, and single-crystal X-ray diffraction analy-
ses. An ORTEP diagram of the molecular structur& s 9Pt 0 = —13.86 (i Jpr-n = 774 Hz,%Jp-y = 8 Hz).
shown in Figure 1. The molecule consists of a RtBluster Interconversion of the environments of the two hydrido
in the shape of an octahedron with an interstitial carbido ligands could be obtained by a simple motion involving two
ligand C(1) in the center. A PByligand is coordinated to ~ ©of the carbonyl ligands, one on Ru(2) and the bridge between
the platinum atom and one CO ligand, C(58)(53), bridges ~ Ru(4) and Ru(5). In particular, if the terminal CO ligand,
the Ru(4>-Ru(5) bond. There are also two hydrido ligands C(23)-0(23), on Ru(2) moved into a bridging position
(located and refined crystallographically) that bridge two of across the Ru(2)Ru(5) bond and the bridging CO ligand,
the PRu bonds. The PtH bond distances appear to be C(53)-0(53), moved into a terminal position on Ru(4), then
significantly shorter than the RtH distances, Pt(HH(1) the environments of the two hydrido ligands would be
=1.67(4) A, Pt(1¥H(2) = 1.71(4) A, Ru(2)-H(1) = 1.90- interchanged.
(4) A, and Ru(4y-H(2) = 1.89(4) A, although the errors When compound was treated with Pt(PBg), the new
are relatively large. In contrast to most examples, these complex PiRus(CO)4(PBus),(u-H)2(us-C), 6, was formed
hydride-bridged metalmetal bonds, Pt(HRu(4)= 2.8336- in 58% yield. Compoun® was characterized by a combina-
(3) A, Pt(1)-Ru(2)= 2.8497(3) A, are significantly shorter ~tion of IR, 'H NMR, 3P NMR, and single-crystal X-ray
than the unbridged PtRu bonds, Pt(£yRu(3)= 2.9969(3) diffraction analyses, and an ORTEP diagram of its molecular
A, Pt(1-Ru(1) = 3.1189(3) A7 It has been shown that in  structure is shown in Figure 2. Compouédan be viewed
the presence of additional bridging ligands, such as anas a Pt(PBY) adduct of5 formed by adding a Pt(PBj)
interstitial carbido ligand, the lengthening effects of bridging grouping across one of the RiRu bonds in the base of the
hydride ligands on metaimetal bonds are often not ob- square pyramidal part of the Rportion of the cluster 05,
served. One possible reason the unbridgee-Ru bonds in ~ specifically either the Ru(f)Ru(2) bond or Ru(2yRu(4)
bond. The added Pt(PBlgroup is structurally similar to
the bridging Pt(PBWY) group found on the edge 8b in the

(7) Teller, R. G.; Bau, RStruct. Bondingl981, 41, 1.
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Synthesis and Reactions of PtR(CO)4(PButs)(u-H)(#s-C)

25°C

-20°C

-45°C

I

o W
Figure 2. An ORTEP diagram of BRus(CO)14(PBus)2(u-H)2(u6-C), 6,

showing 40% probability thermal ellipsoids. Selected interatomic distances
(A) are Pt(1y-P(1)= 2.3344(14), Pt(1yRu(1)= 3.1407(5), Pt(1}Ru(2)

= 2.8835(5), Pt(1yRu(3)= 2.8972(5), Pt(1)Ru(4)= 2.8561(5), Pt(2)

P(2) = 2.3416(14), Pt(2yRu(3) = 2.8146(5), Pt(2yRu(4) = 2.7618(5), -90 °C
Ru(1)-Ru(5) = 2.7654(6), Ru(1}yRu(4) = 2.8820(6), Ru(1yRu(2) =
2.9364(6), Ru(2yRu(3) = 2.8492(6), Ru(2yRu(5)= 2.8704(6), Ru(3)
Ru(4) = 3.0073(6), Ru(3yRu(5) = 2.8719(6), Ru(4yRu(5) = 2.9881-
(6), Pt(1y-H(1) = 1.3(1), Pt(1yH(2) = 1.65(7), Ru(2)-H(1) = 2.23(10),
Ru(4)y-H(2) = 1.88(6).

PPM -128 -13.6 -144 -152 -160 -168
open structure o8. One carbonyl ligand bridges each of Figure 3. Variable-temperaturédH NMR spectra for compound in
the P+-Ru bonds to the added Pt(PBwroup, as found in ~ CD:Clz solvent.
3b, and also in the two alkyne complexesRis(CO) s
(PBU3)2(us-C)(us-PhGH), 11, and P$Rus(CO)3(PBUs)s- tion of thek rate into the Eyring equation provided the free
(us-C)(uz-PhGH), 128 energy of activation for the process at the coalescence
temperature AG' (at 228 K) = 10.0(5) kcal/mol. Facile
i dynamical activity in compound3 and 12 which involves
)\\/ \% )\\77 BNV motion of their edge-bridging Pd(PBand Pt(PBl3) groups
\\ H  Bull
—Pt

Bu'sP~p L =R}, R R Rus
u;

bR/ \ ¢ R// P_j’*_\// u\ c 4/'_\Pt H has been described previoughz?

PBu'

u u R u .
<1 N 7N\ NN For the sake of completeness, three mechanisms for the
\\R/ PBuY /R|u\/ PBUS averaging of the hydrido ligands thhave been considered,

// ~

and these are shown in Scheme 1. The possible mechanisms
" 12 are divided into two categories: (A) shifts involving the

The two hydrido ligands i6 were located in the structural  €dge-bridging Pt(PBy) group and (B) shifts involving the
analysis. They bridge the Pt@Ru(2) and Pt(1}Ru(4) hydrido ligands. By process (A) the Pt(F’aLgroup is shifted
bonds that are the two shortestfRu bonds, 2.8835(5) and ~ ffom the Ru-Ru bond, Ru(3)}Ru(4), that is proximate to
2.7618(5) A, respectively, but the PtdRu(3) = 2.8972-  the hydrido ligand H(2) to the ReRu bond, Ru(2yRu(3),
(5) A is nearly as short as the PtRu(2) bond. The Pt(1) that |s'prOX|mate to the sgcond hydrido Ilg'and.H(l). T.h|s
Ru(1) bond is very long, 3.1407(5) A. As & these metat would mterc_hange t_he environments of h_ydndo ligands, i.e.,
metal bond distances seem to be related to steric interactiond 90€S 10 its equivalent fron®' and vice versa. Two
between CO ligands and the PRigand on the neighboring mec_hamsms for the type (A) process havg peen considered:
Pt atom. The hydrido ligands Biare inequivalent. In accord ~ (1) intramolecular shifts and (2) a dissociation and reasso-
with this, two highly shielded resonances were observed in ¢iation of the Pt(PBY) group. The dissociative mechanism
the IH NMR spectrum of6 at —90 °C, —13.6 and—15.1 must be considered ser|ou§ly because of the gbse_nce of
ppm. Interestingly, however, these resonances broadened angPServable long-range couplings between the hydrido ligands
merged into a singlet that was sharp-at4.55 ppm (with ~ and the Pt or P atoms of the appended Pt(gByroup in
appropriate’®Pt—H coupling) at room temperature, see the fa}st-exchange region of the spectrg. In 'ge'neral, these
Figure 3. These changes are indicative of a dynamical coupllngs_would be observeql in a no_ndlssomatlve process;
exchange process that rapidly averages the environments ofoWever, if the Pt(PBy) group is dissociated from the cluster
the two hydrido ligands on the NMR time scale at room during the exchange process, th_ese couplings would be lost.
temperature. The rate of exchange at the coalescencd\Ote, however, that these couplings were also not observed
temperaturek)) was estimated by using the expressior in the spectra 06 in the slow-exchange region, so one might
7TAV(2)¥2, where Avo is the chemical shift difference not necessarily expect to them to appear in the fast-exchange

between the resonances in the slow exchange limit. Substitu-€9ion. If the Pt(PBY) group dissociates fully fror, then
the compounds and an isolated Pt(PBj fragment would

(8) Adams, R. D.; Captain, B.; Zhu, IOrganometallic2005 24, 2419. be formed as an intermediate, see process (2) in Scheme 1.
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Scheme 1

PBu 3 But
A) PtPBul; shifts 3
Pt <—H

(1) Intramolecular H— T
~ //I /1\1\\\ procCSS \/ :\Rl{

u/ C/\\RU/

u\ —_— “Ru\ Z
XIS < I/)&Z(

Ru
/\
(2) Dissociative
process

—ry

s
fan)

Pt\
u Ru\ + Pt—PBu%
M
{1 Figure 4. An ORTEP diagram of PtR(CO)3(PBus)](u-H)3(GePh)-
/\ 5 (us-C), 7, showing 30% probability thermal ellipsoids. Selected interatomic
Butp distances (A) are Pt(H)P(1)= 2.3745(18), Pt(EH(3) = 1.79(7), Pt(1)
PBuY 3 Ru(3)= 2.6683(6), Pt(1}Ru(4)= 2.8363(6), Ru(1)}Ru(2)= 2.8654(8),
| e shifi _H Ru(1)-Ru(4)= 2.8627(8), Ru(t-Ru(5)= 2.8831(7), Ru(1}H(2) = 1.85-
H—Pt —— B) Hydride shifts P (8), Ru(2)-Ru(3)= 2.8892(7), Ru(2}Ru(5)= 2.8821(7), Ru(2yH(1) =
// . A\\ Intramolecular \ H\\l/ 1.86(5), Ru(3y-Ru(4) = 2.7414(7), Ru(3yRu(5) = 2.9392(7), Ru(4)
\Ru/ ‘Cl}‘\*\ & = /\ rit \\ - Ru(5)= 2.8742(7), Ru(4¥H(2) = 1.70(8), Ru(5}-H(1) = 1.66(5), Ru(5)
- , ): -~ __Ru R“\ H(2) = 1.85(8), Ru(5)-Ge(1)= 2.5362(8).
\\\— \\— I~
/\ PBu; SpBuy In recent studies, we have shown that HG&Pland

HSNnPR® can be readily added to ruthenium, rhodium,

iridium, and rhenium carbonyl cluster complexes to yield
The following test for the Pt(PBy) dissociative process (2)  products containing phenylgermyl and phenylstannyl groups,
was performed. An equimolar quantity 6fwas added to a  respectively. For purposes of comparison, we have also
sample of6, and the'H NMR spectrum of the mixture was  investigated the reactions &fwith HGePh and HSnPh
recorded at room temperature (i.e., the fast-exchange region 1.5 new bimetallic cluster complexeg, and 8, were
of 6). If molecule6 is dissociating its Pt(PBg) group to obtained in 29% and 15% yield, respectively, when a solution
generates, then the released Pt(PBugroup could return  of 5 and HGePhin heptane solvent was heated to reflux
either to the molecule dj that was generated, or any other or 30 min. Compound can be converted directly from
molecule ofS that might be present in the sample. So if & in 450 yield by heating to reflux in a heptane solution for
truly dissociative process were operative, then the signals110 min. Both new products were characterized by a
of 6 and the adde@ in the mixed sample would be averaged. combination of IR,*H NMR, 3P NMR, and single-crystal
However, in the mixed sample, separate and sharp resonanceg-ray diffraction analyses. An ORTEP diagram of the
both for the adde® and for the dynamically activé were molecular structure of is shown in Figure 4. The structure
observed. The conclusion is that the Pt(RBgroup is  of 7 contains an open PtRucluster similar to that of3b
probably not dissociating. This leaves the two intramolecular with the Pt(PBis) group bridging one edge of the base of
mechanisms: A (1) shifts of the Pt(PBugroup or B the Ry square pyramid. A PfGe ligand is coordinated to
intramolecular shifts the hydrido ligands with a static the apical ruthenium atom Ru(5), RuSge(1) = 2.5362-
Pt(PBLUs) group?°On the basis of observations of the static (8) A. Compound’ contains three hydride ligands. All three
hydrido ligands in théH NMR spectra of the compounds were located and refined in the structural analysis. H(1) and
and 10 at room temperature, vide infra, a mechanism H(2) bridge the two of the apicabasal Ru-Ru edges,
involving shifts of the Pt(PBY) group is favored®?8 but Ru(1)-Ru(5) and Ru(2rRu(5), of the Ry square pyramid
the hydride shift mechanism cannot be completely ruled out cis to the PkGe ligand. The third hydride ligand H(3) bridges
for this system. Compoun@ contains a total of 98 valence the Pt(1)-Ru(4) bond. Notably, the hydride-bridged Pt{1)
electrons. This is two less than the number, 100, expectedRu(4) bond distance, 2.8363(6) A, is much longer than the
for an edge-bridged octahedron, 86141t The reason for  unbridged Pt(1}Ru(3) bond of 2.6683(6) A, presumably
this is because the edge-bridging platinum aton® ihas due in part to the presence of this bridging hydride ligand.
only a 16 electron configuration instead of the usual 18

electron configuration of a typical transition metal atom.  (12) (a) Adams, R. D.; Captain, B.; Fu, Worg. Chem2003 42, 1328.
(b) Adams, R. D.; Captain, B.; Smith, J. L., Jnorg. Chem.2005

44, 1413.
(9) A process involving dissociation of hydrogen atoms or hydrogen ions (13) (a) Adams, R. D.; Captain, B.; Fu, W.; Smith, M. Dorg. Chem.
in these nonpolar solvents seems highly unlikely. 2002 41, 5593. (b) Adams, R. D.; Captain, B.; Smith, J. L., Jr.; Hall,
(10) A shift in the location of the bridging CO ligand is required by all M. B.; Beddie, C. L.; Webster, C. Hnorg. Chem.2004 43, 7576.
mechanisms. (c) Adams, R. D.; Captain, B.; Johansson, M.; Smith, J. L.J.JAm.
(11) Mingos, D. M. P Acc. Chem. Red984 17, 311. Chem. Soc2005 127, 489.
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Figure 5. An ORTEP diagram of PtR(CO)3(PBus)(u-H)(u-GePh)-
(us-C), 8, showing 40% probability thermal ellipsoids. Selected interatomic
distances (A) are Pt(DP(1) = 2.3294(8), Pt(1yH(1) = 1.44(6), Pt(1)
H(2) = 1.63(6), Pt(1)}Ru(1)= 2.9006(3), Pt(yRu(2)= 2.9159(3), Pt(%y

Figure 6. An ORTEP diagram of PtR(UCO).3(PBus)(u-H)2(u-SnPh)-
(us-C), 10, showing 30% probability thermal ellipsoids. Selected interatomic

Ru(3) = 2.8501(3), Pt(1yRu(4) = 3.0459(3), Ru(yH(2) = 1.97(5),
Ru(1)-Ru(2) = 2.8274(4), Ru(1yRu(4) = 2.8635(4), Ru(1}Ru(5) =
2.9169(4), Ru(2yRu(3)= 3.0059(4), Ru(2} Ru(5)= 2.8772(4), Ru(3)
Ge(1) = 2.4696(4), Ru(3yH(1) = 2.00(5), Ru(3)-Ru(4) = 2.9619(4),
Ru(3)-Ru(5) = 2.9325(4), Ru(4yRu(5) = 2.8141(4), Ru(5yGe(1) =
2.4788(4).

distances (A) are Pt(HP(1)= 2.3255(10), Pt(1rH(1) = 1.68(5), Pt(1}
H(2) = 1.73(5), Pt(1} Ru(1)= 2.8171(3), Pt(1yRu(2)= 3.0621(3), Pt(1);
Ru(3) = 2.8483(3), Pt(1yRu(4) = 3.0650(3), Ru(1yH(1) = 1.92(5),
Ru(1)-Sn(1) = 2.6209(4), Ru(5ySn(1) = 2.6469(4), Ru(yRu(2) =
2.9612(4), Ru(1yRu(4) = 2.9787(4), Ru(1)}Ru(5)= 3.0023(4), Ru(2)
Ru(3) = 2.8756(4), Ru(2yRu(5) = 2.7926(4), Ru(3)H(2) = 1.88(5),

Ru(3)-Ru(4) = 2.8655(4), Ru(3}Ru(5) = 2.9802(4), Ru(4¥Ru(5) =
2.7881(4).

The resonance of hydride H(3) was observed @47 ppm

and shows the expected coupling*®Pt and3'P, (Jpr-py = and Ry(CO)(us-C)(u-H)-(u-GePh)s, which range from

558 Hz,2Jp-1 = 11 Hz) in the'H NMR spectrum of7. The 2.47 to 2.50 Al22Compounds has structural similarities to
more highly shielded resonances of H(1) and H(2) were the compound PtR(CO)s(us-C)(u-GePh), 13, that was

observed at-21.13 and—21.48 ppm, respectively, and have

no observable couplings to the platinum or phosphorus atoms.

Compound? contains 86 valence electrons. This is two less Pt\/IG\eph2
than the number, 88, expected for an edge-bridged square \\RAE?Q\RU/
pyramid, 74+ 141! The reason for this is becausedrihe TSRS T
edge-bridging platinum atom has only a 16 electron config- /\F\i{'\

uration instead of the usual 18 electron configuration of a 13

typical transition metal atom.

An ORTEP diagram of the molecular structure &fs
shown in Figure 5. The structure of the clusterBat very
similar to that of5 and contains a closed PtReluster where
the Pt(PB&) group bridges the entire base of thesRguare
pyramid. Compound contains only two hydrido ligands,
H(1) and H(2), that bridge oppositely positioned—Ru
bonds, Pt(13H(1) = 1.44(6) A, Pt(13H(2) = 1.63(6) A,
Ru(1)-H(2) = 1.97(5) A, and Ru(3yH(1) = 2.00(5) A.
As in 5, the hydride-bridged metaimetal bonds, Pt(1)
Ru(1) = 2.9006(3) A and Pt(B)Ru(3)= 2.8501(3) A, are
shorter than the unbridged bonds, P{Ru(2)= 2.9159(3)
A and Pt(1>-Ru(4)= 3.0459(3) A. The hydride ligands are
inequivalent, and accordingly, two resonances were observe
for them in thelH NMR spectrum,0 = —12.28 (dd, H,
1-JPt7H = 804 HZ,ZprH = 9 Hz, 2JHfH =9 HZ) and—14.83

obtained from the reaction of PtRCO)eus-C) with
HGePHh, but compoundL3 has no hydrido ligands and the
GePh ligand in 13 bridges one of the PtRu bonds, PtGe
= 2.4701(6) A and RuGe = 2.4457(8) A4 Compound8
contains 86 valence electrons. This is precisely the number
expected for a closo-octahedrbn.

The bimetallic cluster complexé&sand10 were obtained
in low yields, 8% and 10% yield, respectively, from the
reaction of5 with HSnPh in a hexane solution at reflux for
30 min. Compoun® was obtained in a much better yield
(61%) when the reaction was performed at room temperature
in CH,CI, solvent over 5 h, but nd0 was formed at this
qtemperature. CompourtD can be obtained directly fro
In a 24% vyield by heating a solution in heptane solvent at
reflux for 1 h. Both new compounds were characterized by
(dd, H, Jpen = 715 Hz2Jp_ys = 5 Hz, 2y = 9 H2). It is a combination of IR,*H NMR, and P NMR analysis.

- ' ' Attempts to obtain a high quality single-crystal X-ray

noteworthy that, unlike5, there was no evidence for diffracti vsis o ful d I
dynamical exchange between these hydride ligands on the ffiraction analysis o were unsuccessiul due to crystal-

NMR time scale at room temperature. Compouhdlso lographic disorder problems, but the partial analysis clearly

contains a GeRHigand that bridges the Ru@3Ru(5) bond. showed a structure similar to that 8f This is supported by
The Ru-Ge bond distances, Ru3Be(1) = 2.4696(4) A the strong similarities between the IR and NMR spectra of

and Ru(5)-Ge(1)= 2.4788(4) A, are similar to those found (14) Adams, R. D.: Captain, B. Fu, W. Organomet. Chen2003 671,
in the related compounds RCO)o(us-C)(u-H)(u-GePh), 158.
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Scheme 2
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7 and 9. Compound9 contains three hydride ligands, and standard electron-counting theorié<Compoundb forms a
the 'H NMR spectrum shows that one of these ligands is Pt(PBlk) adduct6 by adding a Pt(PBt) group across one

proximate to the platinum atom as in, 6 = —7.49, of the Ru-Ru bonds in the square base of thesRortion
py = 559 Hz, and two are remote to platinum,= of the cluster ofs. Compound6 is dynamically active on
—21.31 and—21.69 with no observable couplings to the the NMR time scale by a mechanism that appears to involve
platinum or phosphorus atoms. a shifting of the Pt(PBl) group from one RutRu bond to

CompoundlOwas successfully characterized by a single- another instead of a hydride-shift mechanism. This conclu-
crystal X-ray diffraction analyses, and an ORTEP diagram sion is based on the considerable precedence for P¥PBu
of its molecular structure is shown in Figure 6. The structure dynamical shift processes observed in related molecules, such
of 10is virtually the same as that 8fexcept that it contains  as3 and 12, and the absence of a dynamical hydride shift
an SnPhligand bridging the RttRu bond in place of the  process in the closely related compourddand 10. Com-
GePh ligand. The Re-Sn bond distances, Ru$n(1)= pounds5 reacts with HGePhand HSnPhby loss of CO and
2.6209(4) A and Ru(5)Sn(1)= 2.6469(4) A, are consider-  the oxidative addition of the MH bond, M= Ge or Sn, to
ably longer than the RtGe bonds ir8, but are very similar  the cluster to yield the produc&and9, respectively. The
to the Ru-Sn bond distances that range from 2.60 to 2.73 \pp, group is coordinated to the apical ruthenium atom of
A to the bridging SnPh ligands found in the related the Ry square pyramid in the products, which is probably
compounds RCO)o(SnPh)(u-SnPh)4(us-C)(u-H), Rus- the site of the M-H oxidative addition. The apical Ru site
(CO)(u-SnPh)4(CeHe) (us-C), and Ry(CO)(u-SnPh)s- is probably the least sterically encumbered in the molecule,
(SnPh)(CeHe) (us-C)(u-H).?2 The compound PtR(CO)s- and this is probably why the oxidative addition occurs there.
(us-C)(u-SnPhy), 14, which is similar tol3, contains a SnRh - yoyever, replacing a CO ligand on the apical ruthenium
ligand bridging one of the PiRu bonds, PtSn=2.5825- 545 \ith a bulky MPh group is certain to increase the
(6) A_and Ru-Sn = 2.6590(6) A%A_ Compound10 also ligand sterics throughout the entire molecule in the products,
contains two inequivalent hydrido ligands, H(1) and H(2), 514 this would be one reason the cluster has opened to form
that bridge oppositely positionedPRu bonds: PYIYH(1)  , ptprigged square pyramidal Reluster. This opening of
= 1.68(5) A, P(1yH(2)=1.73(5) A, Ru(l)—H(_l) - ;'92' the cluster is a notable contrast to the oxidative addition of
(5) A, and Ru(3)H(2) = 1.88(5) A. These inequivalent H; to 3 to give 5 which contains a closed Mluster. When

hydrido I!gands exhibit separate resonances at rloom tem heated, compoundsand9 both lose benzene to fortiand
perature in théH NMR spectrumg = —11.81 (dd, HJpn . . .
= ) _ ) - 10, respectively. The formation of benzene was confirmed
= 763 Hz,%Jp-y = 9 Hz,%J4-H =9 HZ) and—14.09 (dd, 1 . .
1 _ 5 _ 5 _ by *H NMR spectroscopy. The MBhigand that is formed
H, Uppy = 751 Hz,%Jp_y = 6 Hz,%Jy—y = 9 Hz), and as . o o’ . .
X : : . occupies a bridging position across one of the neighboring
with 8, there is no evidence for dynamical exchange between ~ . .
them on the NMR time scale at room temperature apicat-basal Ru-Ru bonds of the Rysquare pyramid. The
b MPh, ligands are sterically smaller than the MRigands,

A summary of the reactions investigated in this study is
shown in Scheme 2. The reaction 8fwith hydrogen 23333raeresult, the metal cluster then closes to the octahedral

proceeds by the loss of one CO ligand fr@nand the
oxidative addition of 1 equiv of Hto the cluster to form
compound5. The valence electron count féris the same Acknowledgment. This research was supported by the
as that for3, 86 electrons, which is in accord with the Office of Basic Energy Sciences of the U.S. Department of
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