Inorg. Chem. 2004, 43, 7243—7249

Inorganic:Chemistry

* Article

Addition of Pt(PBu '5) Groups to Ru 5(CO)1(n8-CeHe)(us-C). Synthesis,
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The reaction of Rus(CO)12(17%-CeHe)(us-C), 7, with Pt(PBu%), yielded two products Rus(CO);2(178-CeHg)(ues-C)[Pt-
(PBUY)], 8, and Rus(CO)15(17%-CeHe)(ut6-C)[Pt(PBU')]2, 9. Compound 8 contains a RusPt metal core in an open
octahedral structure. In solution, 8 exists as a mixture of two isomers that interconvert rapidly on the NMR time
scale at 20 °C, AH* = 7.1(1) kcal mol~%, AS* = —5.1(6) cal mol~ K%, and AG,s* = 8.6(3) kcal mol~L. Compound
9 is structurally similar to 8, but has an additional Pt(PBu's) group bridging an Ru—Ru edge of the cluster. The two
Pt(PBu') groups in 9 rapidly exchange on the NMR time scale at 70 °C, AH* = 9.2(3) kcal mol~1, AS¥ = —5(1)
cal mol=t K1, and AGaygs* = 10.7(7) keal mol~. Compound 8 reacts with hydrogen to give the dihydrido complex
Rus(CO)11(178-CeHg)(1s-C)[Pt(PBU'3)] (1e-H)2, 10, in 59% yield. This compound consists of a closed RusPt octahedron
with two hydride ligands bridging two of the four Pt—=Ru bonds.

Introduction for certain hydrogenation reactions when immobilized on
mesoporous silica3aP

Recently, we have reported a series of new palladium-
Mand platinum-containing bimetallic complexes formed by the

ddition of M(PB) groups, M= Pd and Pt, containing

Heteronuclear (mixed-metal) cluster complexes have at-

of supported heterogeneous catalystdMixed-metal clusters
have also been shown to be good precursors for supporte he sterically crowded PByligand?2 For example, M(P-
bimetallic nanoparticle$:!! Platinum-ruthenium carbonyl Bu),, M = Pd and P, reacts with RECO) and ng(éO)ir
clusters have been shown to exhibit high catalytic activity (ue-Ci to yield the M(IsBEg) adducts Ry(CO)Pd(PBLy)],
1, and RyY(CO)Aus-C)[M(PBU3)]2, 2, M = Pd, and3,
M = Pt, respectively?an
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We have also shown that Pd(PBwand Pt(PBU), react
with Rus(CO)s(us-C) to afford the new complexes Ru
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(COXs(C)[M(PBU3)], 4, M = Pd, and5, M = Pt, and Ry 8—10 along with the NMR studies that characterize the
(COXs(us-C)[Pd(PBU)]2, 6. Compoundsgt and5 both exist dynamical activity of the metal atoms i and 9 are

in solution as a mixture of open and closed isomers (e.g., presented in this report.

5a and5b) that interconvert rapidly on the NMR time scale

at room temperatur@®>cCompound also engages in similar ~ Experimental Section

dynamical rearrangements that average the Pd groups on the

NMR time scale at room temperatuie. General Data. All reactions were performed under a nitrogen

. . atmosphere. Reagent grade solvents were dried by the standard
Compounds5 reacts with PheH to yield the complex procedures and were freshly distilled prior to use. Infrared spectra

PtRU(CO)a(ua-PhGH)(PBUs)(us-C) that is capable of Cz‘ta' were recorded on a Thermo Nicolet Avatar 360 FT-IR spectro-
lyzing the homogeneous hydrogenation of BM® styrene?® photometer!H NMR and3'P{1H} NMR spectra were recorded on
a Varian Mercury 400 spectrometer operating at 400.1 and 161.9

PBu3 MHz, respectively. Variable-temperatuféP{*H} NMR spectra
were recorded on a Varian Inova 500 spectrometer operating at
-/ PBu3 202.5 MHz.3P{*H} NMR spectra were externally referenced
R /Ru\ /Pt /Ru against 85% BPO,. Elemental analyses were performed by Desert
7 vy C Ru R Analytics (Tucson, AZ). Bis(triert-butyl phosphine)platinum(0),
&i\ [\ / u Pt(PBUs),, was obtained from Strem and was used without further
\ / \\ purification. Ry(CO) »(7%-CeHe)(us-C), 7, was prepared according
_Ru_ to the published proceduté Product separations were performed
/ l U~ by TLC in air on Analtech 0.25 and 0.5 mm silica gel 60FA:,
5a 5b glass plates.
PBu Reaction of 7 with Pt(PBus),. Pt(PBlk), (12.3 mg, 0.021 mmol)
| us3 was added to a solution Gf(12.8 mg, 0.014 mmol) in 20 mL of
Pd CH,Cl,. The reaction mixture was stirred at room temperature for
/ \\i/< 1.25 h, after which the solvent was removed in vacuo. The products
\ﬁu/ /Ru\ /_ were separated by TLC using a 3:1 hexane/methylene chloride
RN g//Ru\ solvent mixture to yield in order of elution: 11.4 mg (62%) of
7%“\/ / RUs(CO)5-CoHe) (is-C)[PL(PB)], 8, and 3.2 mg (13%) of Re
\\\///Pd (CO)12(776-C5Hs)cue-C)[Pt(PBL%)]2, 9. Spectral data fo8, IR vco
/Ru\ ‘PBut3 (cm~1in CH,Cl,): 2057 (m), 2038 (w, sh), 2022 (vs), 2007 (s),
1964 (w, sh), 1803 (w, br)IH NMR (in CD,Cl,) at room
6 temperature:d = 5.86 (s, 6H, GHg), 1.49 (d, 27H, CH, 3Jp_y =

13 Hz).3'P{1H} NMR (in CD,Cl,) at room temperatured = 98.97

To explore the dynamical behavior of the Pt(Pgroup (Mprp = 6084 Hz). Anal. Calcd: C, 28.01; H, 2.48. Found: C,
in metal cluster complexes still further, we have now 27.91;H, 2.67. Spectral data f8rIR vco (cm™in CH,Cly): 2042
investigated the reaction of Pt(PBud with the benzene-  (m), 2006 (vs), 1993 (s), 1957 (w, sh), 1800 (w, BH.NMR (in
containing pentaruthenium complex RDO),;2(;°%-CsHe)- CD:Cl;) at room temperatured = 5.52 (s, 6H, GHe), 1.51 (d,
(us-C), 7. Both mono- and diplatinum adducts fOO) 27H, Chy, *Jp-n = 13 Hz). *P{*H} NMR (in CD,Cl;) at room
(7°-CeHe) (us-C)[Pt(PBUs)] . 8 and9, wheren = 1 orn = 2, temperature:0 = 103.41 {Jpp = 6100 Hz). Anal. Calcd: C,
respectively, were obtained, and variable-temperature NMR 2989 H. 3.47. Found: C, 29.95; H, 3.19,
studies show that the complexes are dynamically active byO (;iarﬁlrzgl;)rnggz c?e?dEtéC:Zi IEEi(cTntﬁzp(t)(Z%%())z(gig'%rr:%l)
processes that involve rapid migration of the Pt(%I.OUpS in 10 mL of CH,CI,. The reaction mixture was healtted to reflux for
about the Rgl cluster at room temperature. Additionally,

f ith h ield th 3 h, after which the solvent was removed in vacuo. The products
compounds was found to react with hydrogen to yield the were separated by TLC using a 3:1 hexane/methylene chloride

dihydrido  cluster R‘S_(CO)ll(UG'CGHG)WG'C)[P"(PBd@)]' solvent mixture to yield in order of elution: 4.2 mg (25%) of
(u-H)2, 10. The synthesis and characterization of compounds Ru(CO),,(;°-CeHe)(us-C)[Pt(PBUy)], 8, and 10.2 mg (46%) of

(11) Shephard, D. S.; Masch T.: Sankar, G.; Th J. M.; Ozk RU(CORA™ Cotle) 15 COPUPBLL)L 9
ephara, D. 5.7 Maschmeyer, |.; sankar, G.; omas, J. Ml.; OzKaya, : .
D.; Johnson, B. F. G.; Raja, R.; Oldroyd, R. D.; Bell, R.Ghem- Reaction of 8 with H,. Compound8 (13 mg, 0.010 mmol)

Eur. J.1998 4, 1214. dissolved in 15 mL of heptane was heated to reflux in the presence
(12) (a) Adams, R. D.; Captain, B.; Fu, W.; Smith, M. D.Am. Chem. of a purge with hydrogen (1 atm) for 30 min. After the solvent

So0c.2002 124, 5628. (b) Adams, R. D.; Captain, B.; Fu, W.; Pellechia, i
P J.: Smith, M. DAngew. Chem.. Int. E2002 41, 1951. (c) Adams, was removed, the product was separated by TLC on silica gel by

R. D.; Captain, B.; Fu, W.; Pellechia, P. J.; Smith, M.Iforg. Chem. using a 3:1 hexane/GRI, solvent mixture to yield 7.5 mg (59%)
2003 42, 2094. (d) Adams, R. D.; Captain, B.; Fu, W.; Smith, M. D.  of red Ry(CO);1(175-CeHe)(16-C)[Pt(PBUg)](1-H)2, 10. Spectral data
%-hgrgajnomt-c Chgﬁ]rmgggg %321%% éfl)ZA(%anséans- DR-; Sagg&%: for 10, IR veo (cm™tin CH,Cly): 2060 (m), 2030 (s), 2007 (s),
B.; Fu, W.; Smith, J. L., Jr.; Smith, M. BDDrganometallic2004 23, 1993 (vs), 1950 (w, sh), 1800 (w, brjH NMR (tolueneds in
589. (g) Adams, R. D.; Captain, B.; Pellechia, P. J.; Smith, J. L., Jr. ppm): 6 = 4.51 (s, 6H, GHe), 1.25 (d, 27H, CH, 3Jp-y4 = 13
Inorg. Chem2004 43, 2695. (h) Adams, R. D.; Captain, B.; Fu, W.;  Hz), —14.93 (d, 2H,%Jppy = 778 Hz,2Jp_y; = 8 Hz). 3P{1H}
Hall, M. B.; Manson, J.; Smith, M. D.; Webster, C. £.Am. Chem.
S0c.2004 126, 5253. (i) Adams, R. D.; Captain, B.; Smith, M. D.
Cluster Sci.2004 15, 139. (j) Adams, R. D.; Captain, B.; Fu, W.; (13) Braga, D.; Grepioni, F.; Sabatino, P.; Dyson, P. J.; Johnson, B. F. G;
Hall, M. B.; Smith, M. D.; Webster, C. Enorg. Chem.2004 43, Lewis, J.; Bailey, P. J.; Raithby, P. R.; Stalke,DChem. Soc., Dalton
3921. Trans.1993 985.

7244 Inorganic Chemistry, Vol. 43, No. 22, 2004



Addition of Pt(PBu3) Groups to Ry(CO)»(17%-CeHe)(us-C)

Table 1. Crystallographic Data for Compoun@&s9, and10

8 9 10
empirical formula PtRsPQL2C31H33 PtRL{;POJ_QC31H33'CeH6 Ptle,{;PzO;[zCAsHao'l/zCsHe PtRL{;PQ],Cgngs
formula weight 1328.98 1407.09 1765.43 1302.99
crystal system monoclinic monoclinic orthorhombic monoclinic
lattice parameters
a(h) 12.2809(6) 10.2939(11) 12.2868(3) 9.9622(6)

b (A) 16.3600(7) 19.369(2) 25.0945(6) 18.5553(11)
c(A) 19.0208(9) 11.1354(12) 35.1135(8) 21.1612(13)
p (deg) 101.8170(10) 105.122(2) 90 98.719(2)

V (A3) 3740.6(3) 2143.3(4) 10 826.6(4) 3866.5(4)
space group P2;/c (No. 14) P2; (No. 4) Pbca(No. 61) P2:/n (No. 14)
Zvalue 4 2 8 4

pealc (g/cn®) 2.360 2.180 2.166 2.238

u (Mo Ka) (mm™1) 5.793 5.062 6.619 5.600
temperature (K) 296 296 296 296

20max (deg) 56.6 56.82 50.06 52.04

no. obs. [ > 2a(1)) 8190 9091 8143 6028

no. parameters 460 514 621 450

GOF 1.025 1.003 1.228 1.072

max. shift in cycle 0.002 0.001 0.005 0.001
residualst R1, wR2 0.0222,0.0179 0.0370, 0.0753 0.0482, 0.0985 0.0445, 0.0804
absorption correction SADABS SADABS SADABS SADABS
max/min 1.000/0.705 1.000/0.671 1.000/0.768 1.000/0.811
largest peak in final 0.810 1.176 1.290 1.217

diff. map (e /A3)

AR = Yhu(lIFobd — IFcad!)/YnlFobd; Ru = [TnW(|Fobd — |Feaid)?Y naWFobf] Y2, W = 1/6%(Fobg; GOF = [¥ naW(|Fobd — [Feaid)?/(Ndata = Mvar)]¥/2

NMR (toluenedg in ppm): 6 = 86.62 (s, 1P} Jpy = 4867 Hz). were the same and belong to the monoclinic crystal system.
Anal. Calcd: C, 27.65; H, 2.69. Found: C, 27.51; H, 2.87. For these crystals, systematic absences in the intensity data
were consistent with the space groBpi/c. The structure
was solved and suitably refined in this space group. The
Dark single crystals o8 suitable for X-ray diffraction  crystals of8 obtained from a benzene/octane solvent mixture
analyses were obtained by slow evaporation of solvent from at 8 °C also belong to the monoclinic crystal system; the
a benzene/octane solvent mixture at®, from a diethyl systematic absences in the intensity data for these crystals
ether solution at-25°C, and from a hexane/methylenechlo- were consistent with either of the space grol and
ride solvent mixture at-25 °C. Dark red single crystals of  P2)/m. The structure could be solved only in the former space
9 and10were obtained by slow evaporation from a benzene/ group. A molecule of benzene from the crystallization solvent
octane solution at 8C. Each data crystal was glued onto cocrystallized with the complex. The solvent was included
the end of a thin glass fiber. X-ray intensity data were inthe analysis and was satisfactorily refined with anisotropic
measured by using a Bruker SMART APEX CCD-based thermal parameters.
diffractometer using Mo I radiation ¢ = 0.71073 A). The Compound9 crystallized in the orthorhombic crystal
raw data frames were integrated with the SAKNProgram system. The space grolbcawas uniquely defined by the
by using a narrow-frame integration algoritifrCorrection systematic absences observed in the data. One-half of a
for Lorentz and polarization effects was also applied with molecule of benzene from the crystallization solvent co-
SAINT+. An empirical absorption correction based on the crystallized with the complex. The solvent was included in
multiple measurement of equivalent reflections was applied the analysis and was satisfactorily refined with anisotropic
using the program SADABS. All structures were solved by thermal parameters. For compourid, the systematic
a combination of direct methods and difference Fourier absences in the data identified the space group uniquely as
syntheses and were refined by full-matrix least-squares onP2,/n. The two hydrido ligands were located, but were
F2, using the SHELXTL software package.All non- refined successfully only with geometric restraints.
hydrogen atoms were refined with anisotropic displacement NMR Calculations
parameters. Hydrogen atoms were placed in geometrically
idealized positions and included as standard riding atoms Line-shape analyses were performed on a Gateway PC
during the least-squares refinements. Crystal data, databy using the program EXCHANGE written by R. E. D.
collection parameters, and results of the analyses are listedMcClung of the Department of Chemistry, University of
in Table 1. Alberta, Edmonton, Alberta, Canada. For compousd
The crystals of8 were obtained in two crystalline exchange rates were determined at 10 different temperatures
modifications. The crystals obtained from diethyl ether in the temperature range from90 to 20°C. The activation
solution and from hexane/methylenechloride solvent mixtures Parameters were determined from a least-squares fit of an
Eyring plot (Inhk/KgT] vs 1/T) by using the program

(14) SAINTH, version 6.2a; Bruker Analytical X-ray System, Inc.; Madison, ~ Microsoft Excel 2002: AH* = 7.1(1) kcal mot?, ASF =
WI, 2001.

— 1k-1 F— 1
(15) Sheldrick, G. M.SHELXTL version 6.1; Bruker Analytical X-ray 5.1(6) cal mot* K™, andAGges™ = 8.6(3) kcaI.moT : For.
Systems, Inc.: Madison, WI, 1997. compound9, exchange rates were determined at eight

Crystallographic Analyses
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different temperatures in the temperature range frof®

to 35°C. The activation parameters were determined from
a least-squares fit of an Eyring plot ({KgT] vs 1/T) using

the program Microsoft Excel 2002AH* = 9.2(3) kcal
mol~1, AS* = —5(1) cal mot! K1, andAGues = 10.7(7)
kcal mof™.

Results and Discussion

The reaction of the benzene coordinated pentaruthenium
cluster Rg(CO)1o(178-CeHe) (us-C), 7, with Pt(PBLUg), at room
temperature gave two products gRDO);x(7°-CeHe)(16-C)-
[Pt(PBUs)], 8, in 62% yield and Rg(CO)(15-CsHe)(16-C)-
[Pt(PBU3)]2, 9, in 13% vyield, see eq 1.

})But:;
Pt
C.H \ Figure 1. ORTEP diagram of the molecular structure ofsfLO),;(15-
6 6\R N - CeHe)(us-C)[Pt(PBUg)], 8, showing 40% probability thermal ellipsoids.
\ U ~3|—Ru
—Ru//(ljﬁu{/ I Table 2. Selected Intramolecular Distances and Angles for the Two
/ e Polymorphs of Compoung?
N\ |
_Ru_ 8 (a) Distances (A)
C6H6 | I atoms P2,/c P2;
C—/’Ru/ + PyPBuY), Pt(1)-Ru(1) 2.9049(3) 2.8275(7)
—Ru " > + (D P{1)-Ru(?) 2.8062(3) 2.7865(6)
\ / PBu'; Pt(1)-Ru(4) 3.6283(3) 3.5897(8)
/ Pt(1)-Ru(5) 3.2307(3) 3.4314(7)
Pt Pt(1)}-P(1) 2.3335(7) 2.333(2)
Ru(1)-Ru(2) 2.9331(3) 2.9464(8)
7 CoHs, / Ru(1)-Ru(3) 2.8738(3) 2.7993(10)
\ /&.— -|/=Ru Ru(1-Ru(4) 2.8687(3) 2.8687(3)
- : /
R 0 \} RuC)-R) 887203 > 8433(0
\ |/ p Ru(3)-Ru(4) 2.7506(4) 2.7542(9)
Rt RUA-RUE) 2 835004 2 5064(9
Pt(1)-C(1) 2.139(3) 2.126(6)
9 Ru(1)-C(1) 2.099(3) 2.111(6)
Ru(2-C(1) 2.118(3) 2.070(7)
Ru(3)-C(1) 2.239(3) 2.257(6)

Wh_en an excess of Pt(PB)s was used in the reaction, Ru(4)-C(1) 2.087(3) 2.085(7)
the yield of 9 was increased to 46%. Both products were Ru(5-C(1) 1.925(3) 1.978(6)
characterized via IRRH and®P NMR, single-crystal X-ray

diffraction, and elemental analyses. Interestingly, we were (b) Angles (deg)

able to obtain crystals o8 in two different crystalline atoms P2i/c P21
modifications, and the structures in both modifications were E(l)z‘PtP(tl)l‘Rg(l)l 12?-?;‘;2)7 1gg-§ég3)18
solved and satisfactorily refined. The molecular structure of REEl)):Ptgl)):RﬂEsg 81:2278 79:8115173

8 is very similar in both crystalline modifications, and an Ru(2)-Pt(1)-Ru(4) 78.684(7) 78.611(16)
ORTEP diagram of the molecular structure is shown in Sﬂ(?ﬁﬂ(?m) 138-3‘;(3) 1%%-1?(22)

Figure 1. Selected intg_ratqmic distances and angles for t.he pt((l)_*c(g_);u(é)) 159:26(1(43 156j7(3f))
molecule in both modifications are listed and compared in Ru(5)-C(1)-Ru(1) 168.02(15) 162.6(3)
Table.2. Because there was n_o loss of CO from the starting . Estimated standard deviations in the least significant figure are given
material, compoun@ can be viewed as a Pt(PBuadduct in parentheses.

of the parent compleX. The compound consists of a square-

pyramidal cluster of five ruthenium atoms with a platinum atoms Ru(4) and Ru(5) is small or nonexistent, P#1)
atom located on the square base, but it is not symmetrically Ru(4) = 3.6283(3) A [3.5897(8) A] and Pt(HRu(5) =
bonded to all four ruthenium atoms of the square base. In 3.2307(3) A [3.4314(7) A]. In the closed isomer of the related
fact, there is significant bonding between the platinum atom compound Rg(CO)5(C)[Pt(PBUs)], 5b, there is significant
and only two of the ruthenium atoms, Ru(1) and Ru(2), bonding of the platinum atom to all four ruthenium atoms
Pt(1)-Ru(l) = 2.9049(3) A [2.8275(7) A], and Pt(d) in the base of the Risquare pyramid. The four PRu bond
Ru(2)= 2.8062(3) A [2.7865(6) A] (the quantity in brackets distances irbb range from 2.7966(5) to 3.1483(6) A The

is the value for the molecule in the second crystalline reason for the unsymmetrical bonding of the platinum atom
modification), while the bonding to the other two ruthenium on the Ry square base i is attributed to steric effects

7246 Inorganic Chemistry, Vol. 43, No. 22, 2004
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Scheme 1
FBU‘::,
20°C Pt
CoHs_ / \ CeHs_
Ru* = 7Ru Ru?Ru
\\| // at20°C \\l //\Pt\PB .
rate =2.4x 105 57! s
-40°C
* A B

60°C As the temperature is raised, both resonanceslmdgin to
. * .

broaden and coalesce, reversibly. At 2C, the two
resonances average into a single resonanée=at01.7 with

i large coupling to platinumiJe—p = 6161 Hz. Line-shape
-70°C * calculations were performed to determine the rates of
K interconversion at the various temperatures, from which the
* thermodynamic activation parameters have been obtained:

AH* = 7.1(1) kcal mot!, ASF = —5.1(6) cal mof! K1,
-80°C and AGaes" = 8.6(3) kcal mot?.

It is not known at this time what the structure of the second
isomer is, but on the basis of our previous work on the
structures of5, it seems reasonable to assume that it is
probably an open cluster where the Pt atom bridges only an
edge of the base of the Rsguare pyramid, such & shown
in Scheme 12°°A mechanism to explain the interconversion
of these two isomers, also shown in Scheme 1, would involve
A breaking of the Pt C(1) bond and a shifting of the Pt(PBu

PPM 150 120 90 60 group to an Ru-Ru edge to forn8b. The process occurs at
Figure 2. #'P{’H} NMR spectra at 202.5 MHz of compouBicht various g rate of 2 400 000 per second atZ This is considerably
fﬁ”;ﬁﬁ{;t#ge; ég;%'gﬁ:fg solvent. The signal labeled with ™" is the  ¢,ter than the interconversion for the two isomers of
compound5 that was determined to be 24 000 per second
at 20°C. This can be explained in part by the differences
introduced by the benzene ligand that is coordinated to between the bonding of the platinum atom to the Euster
Ru(5) and the bulky trtert-butylphosphine ligand that is  in 5aand8a. In 5a, the Pt atom is firmly bonded to all four
coordinated to the platinum atom. Curiously, the-Ru Ru atoms of the Rusquare base. In compour the
distance to atom Ru(5) which contains the benzene ligandplatinum atom is bonded to the carbido carbon atom and
is actually slightly shorter than the PRu distance to Ru-  only two of the four ruthenium atoms; thus fewer bonds need
(4). This may be due to the presence of a bridging CO ligand to be broken for the Pt atom to shift to a RRu edge as in
on the P+Ru(2) bond which causes the-FRu(2) to be structure8b, and thus the process is more facile.
shorter than the PtRu(1) bond and in turn pulls the platinum An ORTEP diagram of the molecular structure of com-
atom to the Ru5 side of the cluster. The Rtu bond pound9 is shown in Figure 3. Selected interatomic distances
distances lie in the range 2.7839(3.9331(3) A and are  and angles are listed in Table 3. Once again, there was no
similar to those found in the parent clust&?® with the loss of a carbonyl ligand frord, and thus it can be viewed
exception of the Ru(E)Ru(2) bond which is slightly longer.  as a di-Pt(PBlY) adduct of7. Like compound, the structure
This is because of the sharing of electrons in the Ru(1) of this compound also consists of adRtiopen octahedral-
Ru(2) bond with the platinum atom. The carbide carbon atom like arrangement of the metal atoms with a carbon atom in
lies in the center of the Rusquare base and is bonded to the center and a benzene ligand coordinated to Ru(4). The
the platinum atom, Pt(BC(1) = 2.139(3) A [2.126(6) A]. platinum atom Pt(1) is significantly bonded to only two of

The 3P{*H}NMR spectra of8 in solution at various the ruthenium atoms, Ru(l) and Ru(2), P{Ru(l) =
temperatures are shown in Figure 2. The spectrum 80 2.7744(8) A, and Pt(HRu(2) = 2.8959(8) A, and the
°C shows two resonances @t= 90.2 (Jpr-p = 5986 Hz) carbido carbon atom, Pt(#)C(1) = 2.110(9) A, while the
ando = 112.1 {Jpp = 6050 Hz). Both resonances can be bonding to the other two ruthenium atoms Ru(4) and Ru(5)
attributed to the phosphorus atom of a phosphine ligand. Bothis small or nonexistent, Pt(#Ru(4) = 3.3459(9) A and
resonances exhibit large coupling to platinui#iRt, spin'/, Pt(1>-Ru(5) = 3.3518(8) A. In addition, there is a second
33% natural abundance), indicating that the phosphorus atomPt(PBUs) group that bridges the Ru(2Ru(3) bond. The
is bonded to a platinum atom in each case. The presence oPt(2)-Ru(2) and Pt(2)}Ru(3) bond distances are 2.8460(8)
two phosphorus resonances suggests that comperidts and 2.7518(8) A, respectively, and are similar to the R
in solution as a mixture of two isomers. CompouBd distances found ir8: 2.7498(8}-2.8727(8) Al2" Each of
similarly exists as a mixture of two isomers in solutigh¢ the Ru-Pt(2) bonds contains one bridging carbonyl ligand.
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Figure 3. ORTEP diagram of the molecular structure ofsO) -
(75-CeHe) (ue-C)[Pt(PBLUg)] 2, 9, showing 40% probability thermal ellipsoids.

Table 3. Selected Intramolecular Distances and Angles for Compounds

9 and1(?
(a) Distances
compoundd compoundLO
atoms distance (A) atoms distance (A)
Pt(1)-Ru(1) 2.7744(8) Pt(HyRu(1) 3.0293(6)
Pt(1)-Ru(2) 2.8959(8) Pt(H)Ru(2) 2.8402(7)
Pt(1-Ru(4) 3.3459(9) Pt(BRu(4) 2.8348(6)
Pt(1)-Ru(5) 3.3518(8) Pt(1yRu(5) 2.9801(7)
Pt(1)-P(1) 2.343(2) Pt(1yP(1) 2.3237(19)
Pt(2-Ru(2) 2.8460(8) Ru(BRu(2) 2.9481(8)
Pt(2-Ru(3) 2.7518(8) Ru(£)Ru(3) 2.7768(9)
Pt(2)-P(2) 2.339(2) Ru(tyRu(4) 2.8797(8)
Ru(1)-Ru(2) 2.9357(10) Ru(®)Ru(3) 2.8505(8)
Ru(1)-Ru(3) 2.8362(11) Ru(®Ru(5) 2.8898(9)
Ru(1)-Ru(4) 2.8764(11) Ru(3)Ru(4) 3.1713(9)
Ru(2)-Ru(3) 2.9480(10) Ru(3)Ru(5) 2.8095(9)
Ru(2)-Ru(5) 2.8448(10) Ru(49Ru(5) 2.8707(8)
Ru(3)-Ru(4) 2.7732(11) PH(BHC(1) 2.054(7)
Ru(3)-Ru(5) 2.7965(10) Ru(HC(1) 2.109(6)
Ru(4)-Ru(5) 2.8714(11) Ru(2)C(1) 2.058(6)
Pt(1)-C(1) 2.110(9) Ru(3)C(1) 2.101(7)
Ru(1)-C(1) 2.093(8) Ru(4yC(1) 2.069(6)
Ru(2)-C(1) 2.093(9) Ru(5yC(1) 1.942(6)
Ru(3)-C(1) 2.229(9)
Ru(4)-C(1) 2.083(9)
Ru(5)-C(1) 1.945(8)
(b) Angles
compound® compoundLO
atoms angle (deg) atoms angle (deg)
P(1-Pt(1>-Ru(l)  148.41(7) P(BPt(1)-Ru(l) 139.32(5)
Ru(l-Pt(1}-Ru(2)  62.32(2) Ru(2}Pt(1}-Ru(l) 60.199(17)
Ru(l-Pt(1}-Ru(5)  81.11(2) Ru(5)Pt(1}-Ru(l) 84.368(17)
Ru(2-Pt(1)-Ru(4)  82.84(2) Ru(4)Pt(1)-Ru(2) 93.129(19)
Pt(1)-Ru(1)-Ru(3) 99.81(3) RUu(3YRu(1)-Pt(1) 91.04(2)
Pt(1-Ru(2-Ru(3)  94.52(3) PtIH)Ru(2-Ru(3) 93.54(2)
Pt(1)-C(1)-Ru(3)  163.2(4)  Pt(H)C(1)-Ru(@) 172.6(3)
Ru(5)-C(1)-Ru(l)  165.8(5) Ru(5)C(1)-Ru(1) 170.0(4)
P(2-Pt(2-Ru(2)  141.31(6)
Ru(3-Pt(2-Ru(2)  63.53(2)
Pt(2-Ru(2-Pt(1)  146.20(3)

a Estimated standard deviations in the least significant figure are given

in parentheses.

Variable-temperaturéP{H} NMR spectra of were also
recorded and are shown in Figure 4.-A50 °C, the spectrum
shows two resonances in a 1:1 ratio. These are attributed togroups is produced when the Pt(PBwroup on the Ry
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Figure 4. 31P{1H} NMR spectra at 202.5 MHz of compouSdat various

temperatures in toluerg-solvent. The signal labeled with “*” is an impurity
from 8, and the signal labeled withX” is an unidentified impurity.
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the two inequivalent PBgligands on Pt(1) and Pt(2), and
each exhibits large one-bond coupling to platinudre= 87.6
(Mp-p = 6262 Hz) and) = 111.4 {Jpp = 5695 Hz). This
spectrum is consistent with its solid-state structure. However,
as the temperature is raised, the resonances broaden and
coalesce reversibly. At 7€C, the two resonances average
into a sharp singlet ab = 104.9 with3'P—1°%Pt one-bond
coupling maintainediJs—p = 6086 Hz. Line-shape calcula-
tions were performed to determine the rates of exchange at
the various temperatures, and these rates have provided the
thermodynamic activation parameters for the exchange
process:AH* = 9.2(3) kcal mot?t, AS = —5(1) cal moi*
K1, and AGyeg" = 10.7(7) kcal mot?.

A proposed mechanism to explain the exchange of the
Pt(PBUs) groups in9 is shown in Scheme 2. This mechanism
is based on the similar dynamic behavior exhibited by the
compound Rg(CO)s(us-C)[Pd(PBU)]2, 6, where two Pd-
(PBuUs) groups exchange about afaquare pyramid?° The
two equivalent structures & are represented & andE.
An intermediate such d3 with two edge bridging Pt(PBg)




Addition of Pt(PBus) Groups to Ry(CO)»(%-CeHe)(us-C)

Rus(CO)4(us-C)[Pt(PBUg)](1-H)2, 11, that has been obtained
previously from the reaction o with hydrogent?® Com-
pound10 consists of an Ryt octahedron with a carbon atom
in the center. The PByligand is coordinated to the platinum
atom, and the benzene ligand is coordinated to a ruthenium
atom Ru(5). Unlike in compoun8, the platinum atom is
now bonded significantly to all four ruthenium atoms in the
base of the Ryusquare pyramid. The reason for this is
probably due to the presence of the bridging hydride ligands
that strengthen the PRu bonds. The two hydrido ligands
bridge two oppositely positioned PRu bonds. Interestingly,
the hydride bridged PtRu bonds, Pt(:yRu(2) = 2.8402-
(7) A, and Pt(1}>Ru(4) = 2.8348(6) A, are significantly
shorter than the unbridged -PRu bonds, Pt(tyRu(1) =
3.0293(6) A, and Pt(BRu(3) = 2.9801(7) A. A similar
Figure 5. ORTEP diagram of the molecular structure of RO shortening effect was observed for the hydride bridged Pt
(7°-CeHe)(e-C)[PY(PBUg)](u-H)2, 10, showing 40% probability thermal  Ru bonds in11 This is contrary to the usual bond
ellipsoids. lengthening effects that have been observed for hydride
bridged metal-metal bonds in most other hydride-containing
cluster complexe¥ The two hydride ligands irlO are

equivalent and appear as a single resonafice, —14.93,

in the'H NMR spectrum that exhibits one-bond coupling to

platinum and two-bond coupling to the phosphorus atom
h (1\]ptf|—| =778 HZ,Z\]pr =8 HZ)

When compoun® was allowed to react with hydrogen
(1 atm) at 97°C, compoundL0 was obtained in low yield
along with a few other minor products that were not
characterized.

These results further extend the range of new Pt{ffBu
cluster complex derivatives. As with compouid com-
pounds9 and10 further demonstrate the ability of Pt(PBu
groups to migrate readily about the surface of metal cluster
complexes and provide still another example of the “cluster-
surface” analogy with regard to migration of metal atoms
on metal surfaces by the mechanism of “atom hopplfitf*1é

square base moves down to a-Reu edge. FronD, a Pt-

(PBUs) group could shift back up to the Rsquare base,
resulting in the exchange of the two Pt(PBgroups to give
E or no exchange to give.

The dynamical process occurring in compoudsnd 9
is truly intramolecular. The fast exchange region for bot
compounds shows largé€Pt—3P one-bond coupling, indi-
cating that there is no platinunphosphine dissociation.
Furthermore, there is no exchange between the two com-
plexes in mixtures of the two, thus indicating that the Pt-
(PBUs) group does not dissociate.

When a heptane solution of compoufidvas heated to
reflux in the presence of a hydrogen atmosphere, the new
dihydrido complex Rg(CO)11(17°-CesHe)(us-C)[Pt(PBL5)]-
(u-H)2, 10, was formed in 59% vyield, see eq 2.

PBul4 PBu; .
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