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The complexes PtRus(CO):5(PMe,Ph)(us-C) (2), PtRuUs(CO)14(PMe;Ph)s(us-C) (3), PtRus(CO):5(PMes)(us-C) (4),
PtRUs(CO)14(PMes)2(us-C) (5), and PtRus(CO)15(Me,S)(us-C) (6) were obtained from the reactions of PtRus(CO)s¢-
(16-C) (1) with the appropriate ligand. As determined by NMR spectroscopy, all the new complexes exist in solution
as a mixture of isomers. Compounds 2, 3, and 6 were characterized crystallographically. In all three compounds,
the six metal atoms are arranged in an octahedral geometry, with a carbido carbon atom in the center. The PMe,Ph
and Me,S ligands are coordinated to the Pt atom in 2 and 6, respectively. In 3, the two PMe,Ph ligands are
coordinated to Ru atoms. In solution, all the new compounds undergo dynamical intramolecular isomerization by
shifting the PMe,Ph or Me;S ligand back and forth between the Pt and Ru atoms. For compound 2, AH¥= 15.1(3)
kcal/mol, AS* = —7.7(9) cal/((mol-K), and AGgs = 17.4(6) kcal/mol for the transformation of the major isomer to
the minor isomer; for compound 4, AH* = 14.0(1) kcal/mol, AS* = —10.7(4) cal/(mol-K), and AGys = 17.2(2)
kcal/mol for the transformation of the major isomer to the minor isomer; for compound 6, AH* = 18(1) kcal/mol,
AS* = 21(5) call(mol-K) and AGyss = 12(2) kcal/mol. The shifts of the Me,S ligand in 6 are significantly more
facile than the shifts for the phosphine ligand in compounds 2-5. This is attributed to a more stable ligand-bridged
intermediate for the isomerizations of 6 than that for compounds 2-5. The intermediate for the isomerization of 6
involves a bridging Me,S ligand that can use two lone pairs of electrons for coordination to the metal atoms,
whereas a tertiary phosphine ligand can use only one lone pair of electrons for bridging coordination.

Introduction exchange of a phosphine ligand between metal atoms in
The ability of polynuclear metal complexes to rearrange polynucle_alr metal comple?xHere, we report.new evidence
their ligand frameworks is central to understanding their on the ability of phosphines and thioether ligands to under-

reactivity! Today, there are many examples of dynamical g0 'me'tal—to-fmhetal 'Ilgand ercrangetramtl)lecularly in
processes in polynuclear metal complexes through which derivatives of the mixed-metal cluster complex RO

. 4 imi -
ligands exchange sites intramolecularly between metal (ue-C), 1&; A preliminary report of this work has been
atomst2 CO, CNR, and NO ligands are the most common Publishec
examples of ligands that undergo these exchange processes

rapidly. This is due, in part, to the ability of these ligands to \ P
coordinate in stable bridging modes, where they are simul- AN
taneously bonded to two or more metal atoms. There is only \EUZ/E‘,F;‘{\AU.\\\\
one previous report that demonstrates a facile intramolecular / §§u7
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Experimental Section
General Data. All reactions were performed under a nitrogen

atmosphere, using the standard Schlenk labware techniques.z‘JP—H
Reagent-grade solvents were dried by the standard procedures and’>+

were freshly distilled prior to use. Infrared spectra were recorded
on a Nicolet model 5DXBO Fourier transform infrared spectro-
photometer’H NMR and 3P NMR spectra were recorded on a
Varian model Inova 500 spectrometer operating at 500.16 and
202.47 MHz, respectively3lP NMR spectra were externally
referenced against 85%rtho-HsPQO,. Variable-temperature (VT)
1H NMR spectra were determined using the Varian Inova temper-
ature probe that was calibrated with ethylene glycol. Elemental
analyses were performed by Desert Analytics (Tucson, AZ).
PMePh, PMg, and MeS were purchased from Sigmaldrich
and used without further purification. PtRGO)e(us-C) was
prepared according to the published procedi®eoduct separations
were performed by thin-layer chromotography (TLC) in air on
Analtech 0.25 and 0.5 mm silica gel 60Hs, glass plates.
Preparation of PtRus(CO):5(PMeyPh)(1s-C) (2) and PtRus-
(CO)14(PMezPh),(u6-C) (3). A quantity of compound. (12.6 mg,
0.011 mmol) was allowed to react with 1.2 of PMe,Ph (0.014
mmol) in 15 mL of CHCI, at 25°C for 30 min. The products
were separated by TLC in air, using hexane solvent, to yield 3.9
mg of 2 (36%) and 5.2 mg 08 (45%). Spectral data fd: IR vco
(cm~1in CHyCI) 2085 (m), 2066 (sh), 2054 (vs), 2037 (vs), 1995
(sh), 1852 (w, br)tH NMR (in 1,2-dichlorobenzend,) data were
collected for a2a:2b isomer ratio (major isomer to minor isomer)
of 7:3 at 25°C. For isomera: 6 = 1.78 ppm (d, 6H, Chl2Jp_4
=10 Hz,3Jp—p = 53 Hz);3'P{*H} NMR (in 1,2-dichlorobenzene-
ds) 0 = —10.52 ppm {p—p = 6084 Hz). For isomekb: 'H NMR
(in 1,2-dichlorobenzend;) & = 1.98 ppm (d, 6H, Chl 2Jp_py =
10 Hz);3P{*H} NMR (in 1,2-dichlorobenzends) 6 = 9.51 ppm
(3Jpp = 115 Hz).13CO-enrichedC NMR (in CD.Cl, at 20°C)
0 = 197 ppm (averaged singlelg_p; = 61 Hz). Anal. Calcd: C,
22.68; H, 0.87. Found: C, 22.92; H, 0.76. Spectral dats88folR
veo (cmt in CH,Clp) 2069 (m), 2021 (vs), 1968 (sh), 1811 (w,
br). ITH NMR (in 1,2-dichlorobenzend,), for 50% isomer3a: o
= 1.85 ppm (d, 6H, Chl 2Jp_y = 9.8 HZ,3Jpi-y = 51.0 Hz),0 =
1.51 ppm (d, 6H, Chl 2Jp_y = 10.8 Hz). For 40% isomesb: o
= 1.94 ppm (d, 6H, Chl 2Jp_y = 9.5 Hz). For 10% isome3c. o
= 1.75-2.04 ppm {p—y andJp_y; were obscured in this region).
31P{1H} NMR (in 1,2-dichlorobenzend,), for isomer3a: ¢ =
—13.45 ppm (dJp_p; = 5999 Hz,Jp_p = 8 HZz), 6 = 9.62 ppm
(d, Jp—pt= 63 Hz,Jp—p = 8 Hz). For isomeBb: 6 = 4.35 ppm (s,
2Jpp = 139 Hz). For isomeBc. 0 = —11.80 ppm (d Jpp =
6111 Hz,Jp_p = 7 Hz), 6 = —1.11 ppm (dJp-p = 7 Hz). Anal.
Calcd: C, 30.46; H, 1.93. Found: C, 30.41; H, 1.89.
Preparation of PtRus(CO)is(PMes)(us-C) (4) and PtRus-
(CO)14(PMe3)(u6-C) (5). A quantity of compoundl (11.0 mg,
0.009 mmol) was allowed to react with 04 of PMe; (0.009
mmol) in 15 mL of CHCI, at 25°C for 40 min. The products
were separated by TLC in air, using a hexane solvent, to yield 1.7
mg of4 (16%) and 1.2 mg 05 (11%). Spectral data fat. IR vco
(cmtin CHyCl,) 2085 (m), 2066 (sh), 2054 (vs), 2037 (vs), 1995
(sh), 1852 (w, br)!H NMR (in 1,2-dichlorobenzend,) data were
collected for ada:4b isomer ratio (major isomer to minor isomer)
of 7:3 at 25°C. For isomeda ¢ = 1.47 ppm (d, 6H, Chl 2Jp_y
=10.5 Hz 3Jpy = 52 Hz);3P{*H} NMR (in 1,2-dichlorobenzene-
dg) 0 = —21.43 ppm ¥Jp—p = 6030 Hz). For isomesbh: 'H NMR
(in 1,2-dichlorobenzend;) & = 1.64 ppm (d, 6H, Chl 2Jp_y =
10 Hz);3P{*H} NMR (in 1,2-dichlorobenzend;) 6 = 5.91 ppm
(3Jp—p = 115 Hz). Spectral data fd: IR vco (cm~tin CH,Cly)
2069 (m), 2021 (vs), 1968 (sh), 1811 (w, bt NMR (in 1,2-
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dichlorobenzenel), for isomerda: 6 = 1.46 ppm (d, 6H, Chl
2Jp-n = 9.8 Hz,%Jpi-y = 51.0 Hz),d = 1.63 ppm (d, 6H, CHl
10.0 Hz). For isomedb: 6 = 1.52 ppm (d, 6H, Chl
15 Hz). For isome#Ac. 6 = 1.48-1.74 ppm {py and
J—n were obscured in this regionP!P{*H} NMR (in 1,2-
dichlorobenzene};), for 50% isomer:6 = —23.01 ppm (dJp—pt
= 5964 Hz,Jp_p = 8 Hz),0 = 1.98 ppm (dJp—p: = 67 Hz,Jp_p
= 8 Hz). For 40% isomerd = —1.41 ppm (s2Jpp = 130 Hz).
For 10% isomer:0 = —23.52 ppm (d!Jp—p = 5980 Hz,Jp_p =
8 Hz),0 = —7.32 ppm (dJp-p = 8 Hz).

Preparation of PtRus(CO);5(Me2S)us-C) (6). A quantity of
compoundl (13.1 mg, 0.012 mmol) was allowed to react with 11.0
uL of Me,S (0.15 mmol) in 15 mL of CKLCl, at 25°C for 6 h.

The product was separated by TLC in air, using a hexane solvent,
to yield 6.0 mg of6 (44%). Spectral data fa: IR vco (cm™tin
hexane) 2087 (m), 2055 (s), 2040 (vs), 2029 (m, sh), 1989 (m, sh),
1835 (w, br).*H NMR (in CD,Cl, at —40 °C), for 60% isomeba

0 = 2.57 ppm (s, 6H, Chl 3Jpny = 72 Hz). For 35% isomesh:

0 = 2.61 ppm (s, 6H, Ch). For 5% isome6c. 6 = 2.76 ppm (s,

6H, CHs). Anal. Calcd: C, 18.09; H, 0.36. Found: C, 18.17; H,
0.50.

Crystallographic Analyses Dark-red crystals of compoun@s
and 3 suitable for diffraction analyses were grown by slow
evaporation of solvent from benzene/octane solutions at room
temperature. Dark-red crystals of compouhsuitable for diffrac-
tion analysis were grown by slow evaporation of solvent from
diethyl ether solution at-20 °C. Crystals2 and3 for the diffraction
measurements were mounted in thin-walled glass capillaries.
Diffraction measurements were made on a Rigaku model AFC6S
fully automated four-circle diffractometer, using graphite-mono-
chromated Mo K radiation. The unit cells of the crystals were
determined and refined from 15 randomly selected reflections that
were obtained using the AFC6 automatic search, center, index, and
least-squares routines. All data processing was performed on a
Silicon-Graphics model INDIG®Workstation, using the TEXSAN
structure-solving program library obtained from the Molecular
Structure Corporation (The Woodlands, TX). Neutral atom scat-
tering factors were calculated by the standard proceddres.
Anomalous dispersion corrections were applied to all non-hydrogen
atoms?® Lorentz/polarization (Lp) corrections were applied to the
data for each structure. Full-matrix least-squares refinements
minimized the function: Y nuw(|Fo| — |Fcl)?, wherew = 1/0%(F),

o(F) = o(FAI(2F,), ando(Fed) = [0(lraw)? + (0.08 ) Y4/Lp. Both
structures were solved by a combination of direct methods (SIR
92) and difference Fourier syntheses.

A crystal of6 was glued onto the end of a thin glass fiber. X-ray
intensity data were measured at 293 K using a Bruker model
SMART APEX CCD-based diffractometer that employed Ma. K
radiation § = 0.71073 A). The raw data frames were integrated
with the SAINT+ program. Corrections for Lp effects were also
applied by SAINT? An empirical absorption correction, which was
based on the multiple measurement of equivalent reflections, was
applied using the program SADABS. The structure was solved by
a combination of direct methods and difference Fourier syntheses
and refined by full-matrix least-squares calculationsFénusing
the SHELXTL software packadgeCrystal data, data collection
parameters, and the results of the analyses are listed in Table 1.

(6) (a) International Tables for X-ray CrystallographKynoch Press:
Birmingham, England, 1975; Vol. IV, pp 99101, Table 2.2B. (b) In
ref 6a, pp 149-150, Table 2.3.1.

(7) SAINTF+, Version 6.2; Bruker Analytical X-ray System, Inc.: Madison,
WI, 1997.

(8) Sheldrick, G. M.SHELXTL, Version 6.1; Bruker Analytical X-ray
Systems, Inc.: Madison, WI, 2000.



Metal-to-Metal Ligand Exchange in PtRg(CO)¢(u6-C)

Table 1. Crystallographic Data for Compoun@s 3, and6

2 3 6
formula PtRlQPQ5C24H11 PtRL{;P2014C37H28 PtRLJsSQLsclgHe
fw 1270.76 1459.01 2389.46
cryst syst orthorhombic monoclinic monoclinic
a(h) 44.897(5) 9.407(1) 18.820(2)

b (R) 14.590(2) 25.955(7) 17.652(2)
c(A) 10.208(2) 9.980(1) 18.756(2)

o () 90 90 90

B(©) 90 113.41(1) 114.952(2)
y (9 90 90 90.

V (A3) 6687(2) 2236.0(7) 5649.4(12)
space group Pna2; (No. 33) P2;/m(No. 11) P2;/c (No. 14)
z 8 2 8

pealc (g/cnP) 2.52 217 2.81

u (Mo Ka) (mm™1) 6.466 4.882 7.679

temp €C) 20 20 20

20max (°) 44 46 52

no. of observations 3203 ¢ 30) 2637 ( > 30) 9524 ( > 20)
no. of variables 440 287 725

GOF 1.67 1.30 1.026

max shift in final cycle 0.07 0.00 0.002
residualst R, Ry 0.058; 0.080 0.034; 0.046 0.025,0.055
abs correction Difabs Difabs SADABS
transm coeff: max;min 1.00;0.35 1.00;0.45 1.00;0.60
largest peak in final 1.36 0.97 1.30

diff. map (e /A3)

aF\’1/2= Shki(lIFobd = IFcaid )/ nkilFobd; R = [T nkW(IFobd — [Feaid)? Y niWFoné] Y2, wherew = 1/6%(Fopg; GOF = [Ynk(W(IFobd — [Fcaid))?/(Ndata —
nvari)] .

NMR Calculations. Line-shape analyses were performed on a cli1
Gateway personal computer using the EXCHANGE program that mcm cl12 /O
was written by R. E. D. McClung of the Department of Chemistry, O%\

University of Alberta (Edmonton, Alberta, Canada). For compound =

2, exchange rates were determined at nine different temperatures
in the temperature range of 2330°C. The activation parameters
were determined from a best-fit Eyring plot, using the Microsoft 053
Excel 97 program:AH* = 15.1(3) kcal/molAS = —7.7(9) cal/
(mol-K), and AGygg = 17.4(6) kcal/mol for the transformation of
the major isomer to the minor isomer, andH* = 14.5(3) kcal/

mol andASf = —11.4(9) cal/((molK) for the transformation of the
minor isomer to the major isomer. The thermodynamic parameters
were derived from a lik vs 1/T plot of the equilibrium constark
(major isomer2a/minor isomer2b),determined from population
analyses that were determined by peak integrations at five different
temperatures in the range frorb °C to 25°C: AH° = 0.58(8)

kcal/mol andAS® = 3.7(3) cal/(moiK). 051

For compound!, exchange rates were determined at 10 different D
temperatures in the temperature range of 260°C. The activation 013

- ) . . ol11

parameters were determined from a best-fit Eyring plot using the
Microsoft Excel 97 program:AH* = 14.0(1) kcal/mol,ASF = 012
—10.7(4) cal/(molK), and AGyes = 17.2(2) kcal/mol for the Figure 1. ORTEP diagram of the molecular structure of P4@O)s
transformation of the major isomer to the minor isomer, At (PMePh)(us-C), 2 (isomer2a), showing 40% probability thermal ellipsoids.

= 13.0(1) kcal/mol andAS" = —15.1(4) cal/((molK) for the

transformation of the minor isomer to the major isomer. The determined at five different temperatures in the range fro80
thermodynamic parameters were derived from & las 1/T plot °C to —30 °C: AH° = 0.96(5) kcal/mol andAS* = 3.6(2) cal/
of the equilibrium constari (major isomera/minor isomer4b) (mol-K).

determined at five different temperatures in the range froh®

°C to 25°C: AH° = 0.97(15) kcal/mol andAS’ = 4.4(5) cal/ Results and Discussion

(mol-K). For compound, exchange rates were determined at six . . . .
different temperatures in the range frond0 °C to 15°C. The The reaction of the platinurruthenium clusterd with

o ) ' . PMePh yielded the mono- and disubstituted derivatives
activation parameters were determined from a best-fit Eyring plot,
using the Microsoft Excel 97 programsH*= 18(1) kcal/mol ASf PtRL&(CO)lﬁ(PMeth)(“ﬁ'C) (2) and PtR@(CO)l“(PMeZPh)Z'
— 21(5) cal(molK), and AGues = 12(2) keal/mol for the  (“eC) (3), in yields of 36% and 45%, respectivélyThe
transformation of the major isomer to the minor isomer. The Molecular structures ¢ and3 are shown in Figures 1 and

thermodynamic parameters were derived from &las 17T plot 2, respectively. Selected interatomic bond distances and bond
of the equilibrium constark (major isomer6a/minor isomer6h) angles are listed in Tables 2 and 3. Both compounds are

Inorganic Chemistry, Vol. 42, No. 9, 2003 3113



Adams et al.

2a

"P{'H} NMR
2b
2a 2a
2b(26 | |
20 10 70T A0 20 ppm
'HNMR b 2a
Figure 2. ORTEP diagram of the molecular structure of PIRD)4- ’JLM /ﬁ L‘“_
(PMePh)(ue-C), 3, showing 40% probability thermal ellipsoids. 25 21 20 19 18 17 1.6 ppm
Table 2. Selected Intramolecular Distances and Angles for Figure 3. 'H and ¥P{'H} NMR spectra of compoun@ at room
PtRU(CO)Xs(PMePh)(ue-C) (Isomer2a)? temperature in 1,24D,Cl» solvent.
PHL)-P() 5 26(1D)istances IgA()Z-}P(Z) 2270) opposite side of the molecule: RufFpt(1)—-P(1)= 123.5(3},
t . t . —
Pt(1-Ru(2) 3.058(4) Pt(2YRu(7) 2.951(4) Ru(8)-Pt(2)-P(2) - 123.6(3). ) )
Pt(1)-Ru(3) 2.773(4) Pt(2}Ru(8) 2.930(4) Compound3 contains a crystallograpically imposed reflec-
Etg)):suggg %-ggggg gt((Zg}RF;J((l%) g;gg((g)) tion symmetry. The Pt atom, the Ru atoms (Ru(1), Ru(2),
t u . u u . H H H H
RU()-Ru(2) 2.819(5) RU(6)RU(3) 2.899(5) r?md Ru(4)), the carbido lllgand, and the brldglng carbonyl
Ru(1)-Ru(4) 2.819(5) Ru(6}Ru(9) 2.824(5) ligand all lie on the reflection plane. The two P& ligands
SU(%)—EU(? g-ggg(g) EU(G}EU%O) g-g;g(g) are both coordinated to Ru atoms adjacent to the Pt atom
Rﬂgz);Rﬂgsg 2:862553 RﬂggRﬂgﬁ)) 5 937((5)) and are related by the reflection symmetry in the solid-state
Ru(3-Ru(4) 2.921(5) Ru(8}Ru(9) 2.875(6) structure. The bridging carbonyl ligand bridges one of the
Ru(4)-Ru(5) 2.895(5) Ru(9yRu(10) 2.907(6) Pt=Ru bonds, which, similar to that @ is the shortest Pt
O@v-Cav 121 Olavcav) 1.19(1) Ru bond in the molecule (2.780(1) A).
Angles (deg) The3P and'H NMR spectra o show that the compound
Ru@B)-Pt(1-P(1)  144.53) Ru(lG)Pt(2-P(2)  145.4(4) i ; ; ; . . ;
RUG)Y-PH1)-P(l) 12353  RU@PL2..PQ) 123.6(3) eX|st§ asa m|>_<ture of two isomers in a 7:3 ratio in solupon
Ru(2)-Pt(1)-P(1) 134.3(4) Ru(APt(2-P(2) 132.5(3) at 25°C (see Figure 3) Th&P NMR resonance of the major

isomer2a, 6 = —10.52 ppm, shows large couplingl—p
= 6084 Hz) to the Pt atom, indicating that the Pt and P atoms
are mutually bonded. In contrast, the smid#Pt coupling

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

Table 3. Selected Intramolecular Distances and Angles for (3Jp—p = 115 Hz) to the phosphorus resonance of the minor

PIRW(CORA(PMEPR(1e-C) (3 isomer2b, 6 = 9.51 ppm, indicates that the P atom is not
RUG-P(L) ) 344?2?@”093 Q&(l—)Ru@) 2.8104(8) bonded to the Pt atom but is, instead, coordinated to one of
P(1)-Ru(2) 2.780(1) Ru(LyRu(4) 2.965(1) the nelghbor.mg.Ru atoms. The thermodynarmc parameters
Pt(1)-Ru(3) 3.0327(7) Ru(2Ru(3) 2.9271(8) for the equilibrium K = [2a]/[2b] were derived from
Et(ll)‘R};(”f% 2-32231(8) gu(agu@) %22817(8) population analyses determined by peak integrations at five

u(1)Ru(2) -956(1) (avyClav) 16(0) different temperatures in the range fronb °C to 25°C:
Angles (deg) AH° = 0.58(8) kcal/mol and\S’ = 3.7(3) cal/(moiK).

Pt(1)-Ru(3)-P(1) 81.60(6) RU(4YRU(B-P(1) 114.94(6)
Ru(2-Ru@3)-P(1)  109.12(6)

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

The NMR assignments for the structures of isoni2as
and2b are also supported by tHéP and'H NMR spectra
of compound3, which shows that this compound exists as
a mixture of three isomers in solution, see Figure 4. One
structurally similar to PtRgCO)¢(us-C)* and consist of an  isomer,3b, shows only a single phosphorus resonance, with
octahedral cluster containing one Pt and five Ru atoms with a small **Pt—3!P coupling of 139 Hz. This resonance is
a single carbido carbon atom in the center. CompoRnd assigned to the isomer, as found in the solid state, that has
contains two crystallographically independent molecules in the equivalent phosphine ligands coordinated to the Ru
the solid state. Both molecules are structurally similar and atoms. The major isomeBa, and a second minor isomer,
have a PMgPh ligand terminally coordinated to the Pt 3c, both show phosphorus resonances with laf§et—3'P
atom: Pt(1}-P(1) = 2.26(1) A, Pt(2}-P(2) = 2.27(1) A. coupling; YJp—p = 5999 Hz Ba) and Jprp = 6111 Hz
There is one carbonyl ligand that bridges one of theMR1 (minor), indicating that one phosphine ligand is coordinated
bonds, Pt(1)Ru(3)= 2.773(4) A; Pt(2)-Ru(10)= 2.758(3) to the Pt atom in each isomer. Isong8a exhibits a second
A, which is the shortest PtRu bond in the molecule. resonance with smal®*Pt—3'P coupling,2Jprp = 63 Hz.
Because of steric interactions with the bridging CO ligand, No °*Pt—3P coupling to the second phosphorus reso-
the phosphine ligand is leaning toward the Ru atom on the nance was observed for isom&e. It is proposed that one

3114 Inorganic Chemistry, Vol. 42, No. 9, 2003



Metal-to-Metal Ligand Exchange in PtRg(CO)¢(u6-C)

3 41 Hz observed at 16TC is equal to the weighted average
of the *Pt—'H coupling of the two isomers at this
temperature. These spectra confirm the existence of a
dynamical isomerization process by which the phosphine
ligand interchanges coordination sites between the Pt atom
3 and one of the Ru atoms in compoudThe observation
of the 5Pt coupling in the averaged spectra confirms that
ppsb 3 5 the process occurs intramoleculatifhe exchange broad-
3af3a 3a 3a . . .
3 | ) ened spectra were simulated by line-shape calculations that
10 ' 0 ' 10 ' 20 " opm’ have provided exchange rates and, in turn, activation
3 parameters for the procesAG¥gs = 17.4(6) kcal/mol AH*
HNVR 3 ¥ = 15.1(3) kcal/mol, and\S" = —7.7(9) cal/(moiK) for the
transformation oRato 2b, andAH*= 14.5(3) kcal/mol and
AS’ = —11.4(9) cal/(molK) for the transformation o2b to
2.1 20 19 18 17 1.6 ppm 2a.
figure ‘:- b lagd 31'31"'} INMtR spectra of compoune at room A mechanism to explain these spectral changes is shown
emperature in 1,24D.Clz solvent. in Scheme 1. The dynamical isomerization between isomers
2aand2b can be explained by a shift of the phosphine ligand
from the Pt atom to one of the neighboring Ru atoms. It is
160°C proposed that the phosphine ligand is shifted to the Ru atom
positioned opposite to the Ru atom containing the bridging
carbonyl ligand. The process may be initiated by a series of

CO ligand shifts that pass through an intermediate such as
120°C A shown in Scheme 1. To form intermediadrom isomer
24, the bridging CO ligand is shifted to a terminal position

on the Pt atom and two terminal CO ligands on Ru atoms

_]Oioi___/\‘\ are shifted to bridging positions across two adjacent-Ru
Ru bonds. The structure of intermediaeis analogous to

that of the compound PtR(CO)4(PPhCH,CH,PPR)(ue-

L_/L C) recently reported by Shapféyn which both P atoms of

the PPRCH,CH,PPh chelate are coordinated to the Pt atom.
The transformation to isomé&b is completed by a shift of
the phosphine ligand from the Pt atom to the Ru atom. The
phosphine ligand must, at some point, be simultaneously
bonded to both the Pt and Ru atoms, as in intermediate
25 °C shown in Scheme 1. There are very few examples of bridging
coordination of tertiary phosphines in metal complexes;
however, Werner recently reported some of the first examples

'P{'H} NMR

60°C

2.2 2.1 2.0 1.9 1.8 1.7 1.6 ppm in the complexes [(acac)RiMPMe;)(u-CPh).Rh(acac)*
Figure 5. H NMR spectra of compoun@ at various temperatures in e'md [ClRh@'PMei!)(/{'C.PW)ZRhC”zylZ which contain PMg
1,2-GD4Cl, solvent. ligands that are bridging two Rh atoms. To complete the

exchange, the bridging CO ligands are shifted to terminal

PMePh ligand is coordinated to the Pt atom and one PMe positions, as indicated by the arrows in intermedBtand
Ph ligand is coordinated to a Ru atom in each of these aterminal CO ligand is moved into a bridging position across
isomers. the same PtRu bond that contained the bridging CO ligand

TheH NMR spectra of the phosphine methyl resonances in isomer2a. The process is reversibléA singlet observed
of 2 at various temperatures are shown in Figure 5. At 25 at 197 ppm in thé3C NMR spectrum at room temperature
°C, two resonances are observedl:= 1.78 ppm (d, 6H, with Pt=C coupling of 61 Hz indicates that the CO ligands
CHgs, 2Jp—y = 10 Hz,%Jpr-y = 53 Hz) (isomer2a) ando = are rapidly exchanging without dissociation, even at this low
1.98 ppm (d, 6H, Chl 2Jp—4 = 10 Hz) (isomer2b). Isomer temperature.
2a shows significant®®Pt—'H coupling, whereas n&Pt— o o o £ L Dynamic Nuciear M _

i H H P H esson, J. P.; uetterties, E. L. namic Nuclear agnetic
1|__| coupllng IS Obser_ved for thigb isomer. This is consistent Resonance Spectroscopyckman, L., Cotton, F. A., Eds.; Academic
with our interpretation of the structures of t@a and 2b Press: New York, 1975, Chapter 8.

i i (10) Lee, K.; Shapley, J. ROrganometallics1998 17, 3020.
isomers, on the basis of #éP NMR spectra of2 (S.ee éll) Pechmann, T.; Brandt, C. D.; Werner,Ahgew. Chem., Int. E@00Q
above). It was observed that the resonances of both isomer

39, 3909.

broaden and coalesce, reversibly, as the temperature is raised!12) Pechmann, T.; Brandt, C. D.; Roger, C.; WernerArgew. Chem.,

L Int. Ed. 2002 41, 2301.
and appear as a resharpened doublet WPt satellites in (13) Heaton, B. H.. Strona, L.; Martinengo, .Organomet. Chem 981

the averaged spectrum at 18D. The!**Pt—H coupling of 215, 415.
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Scheme 1 Proposed Mechanism for the Isomerization of Two Isomers of Compa@umndintramolecular Shifts of the Phosphine and Carbonyl

Ligands between the Metal Atofhs

ol 0
Me,PhP Me,PhPR //O é// \‘}\: o
\Pt—c/’o ( ol ¢ MePhP—— —
VAN /\Ru S Z//\F;“« S e /\ %\ ‘\\\
/ Y\u\/ ( \if\{ ’ ‘ iéu i //
SN / X/ Al
IR-E\ O L{ / U\,,II
2a A B 2b

a2The carbon atom in the center of the cluster is omitted for clarity.
160 °C

140 °C

100 °C

k

60 °C

20 °C

,,,,,,,,, TT) )
Figure 6. H NMR spectra of compoun@ at various temperatures in
1,2-GD4Cl; solvent. Resonances marked with an asterisk are traces of

unidentified decomposition products in the sample.

The 'H NMR spectra of the methyl resonances of
compound3 at various temperatures are shown in Figure 6.

Ru atoms in3, and the observation of tH&Pt coupling in

the averaged spectra confirms that the process is intra-
molecular® Because of the complexity produced by the
presence of three actively interconverting isomers of com-
pound3 in solution, it was not possible to obtain accurate
activation parameters for the rearrangements.

For comparison, we also prepared the compounds#tRu
(COns(PMes)(ue-C) (4) and PtRg(CO)4(PMe)2(us-C) (5)
and investigated their ligand dynamics. Compouhdsd5
were characterized by a combination of IR and NMR
spectroscopy. Compourtibehaves similarly in solution to
compound?; that is, it exists in solution as a mixture of two
isomers, in a 7:3 ratio at 28, and the fast-exchange limit
was reached at 160C with Pt—'H coupling being
maintained. The exchange-broadened spectra were also
simulated by line-shape calculations, which provided ex-
change rates and, in turn, activation parameters for the
process: AG*9s = 17.2(2) kcal/mol,AH*= 14.0(1) kcal/
mol, andASF = —10.7(4) cal/(molK) for the transformation
of the major isomer to the minor isomer, anti* = 13.0(1)
kcal/mol andASf = —15.1(4) cal/(molK) for the transfor-
mation of the minor isomer to the major isomer. Similar to
compound3, compoundb also exists in solution as a mixture
of three isomers that broaden, coalesce, and average as the
temperature is raised®Pt—'H coupling is maintained in
the fast-exchange limit.

We also prepared and investigated the ligand dynamics
of PtRu(CO)5(Me,S)(us-C) (6). Compounds was obtained

At 25 °C, three resonances are observed that are attributedn 44% yield from the reaction of with Me,S. Compound

to three isomers: the major isomé&a (60 = 1.85 ppm (d,
6H, CHs, 2Jp_y = 9.8 Hz,3Jp-py = 51.0 Hz),0 = 1.51 ppm

(d, 6H, CH;, 2Jp_ = 10.8 Hz)), isomeBb (6 = 1.94 ppm

(d, 6H, CH, 2Jp_y = 9.5 Hz)), and the minor isome3g¢ (6

= 1.75-2.04 ppm). Two isomers (the 50% and 10% isomers)
show significant®Pt—H coupling; no***Pt—'H coupling
was observed for the 40% isomer. This is consistent with
our observations of th&P NMR spectra oB (see above).

6 was characterized by a combination of IR, NMR, and
single-crystal X-ray diffraction analyses. Compousd
contains two crystallographically independent molecules in
the asymmetric crystal unit. Both molecules are structurally
similar, and an ORTEP diagram of the molecular structure
of one of these molecules is shown in Figure 7. Selected
interatomic bond distances and bond angles are listed in
Table 4. The cluster 08 is similar to that of2. The MeS

It was observed that the resonances of all three isomersligand is terminally coordinated to the Pt atom: P$)1)
broaden and coalesce, reversibly, as the temperature is raiseds 2.2926(14) A, Pt(2}S(2) = 2.2963(14) A. As in

however, most importantly?Pt satellites are observed on
the resonances in the averaged spectrum at°C70rhese
spectra confirm the existence of a dynamical isomerization

processes through which the phosphine ligand interchangesngly, the 'H NMR spectrum of compouné at

compound<? and 3, there is one bridging carbonyl ligand
that bridges the shortest-PRu bond in the cluster: Pt(%)
Ru(3)= 2.7451(5) A; Pt(2Ru(8)= 2.7466(5) A. Interest-
—40 °C

coordination sites between the Pt atom and the neighboringshows three resonances of unequal intensities for the methyl
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15°C

-10°C

Figure 7. ORTEP diagram of the molecular structure of P{RO) s
(Me2S)(ue-C), 6 (isomer6a), showing 40% probability thermal ellipsoids.

Table 4. Selected Intramolecular Distances and Angles for
PtRu(CO)i5(Me2S)(us-C) (Isomer6a)?

Distances (A)

PH(1)-S(1) 22026(14)  PHS(2) 2.2963(14) PPM 270 260 250 240
Pt(1-Ru(2) 3.0254(5) Pt(2)Ru(7) 3.0069(5) Figure 8. H NMR spectra of compouné at various temperatures in
Pt(1)-Ru(3) 2.7451(5) Pt(2)Ru(8) 2.7466(5) CD.Cl solvent.
Pt(1)-Ru(4) 2.9214(4) Pt(2}Ru(9) 2.9365(5)
Pt(1)-Ru(5) 2.9308(4) Pt(2)Ru(10) 2.9270(5)
Ru(1)-Ru(2) 2.8261(5) Ru(6YRu(7) 2.8189(5)
Ru(1)-Ru(3) 2.9752(5) Ru(6YRu(8) 2.9562(6) —J\/}L
Ru(1)-Ru(4) 2.8270(5) Ru(6YRu(9) 2.8319(6)
Ru(1)-Ru(5) 2.8956(6) Ru(6YRu(10) 2.9214(6)
Ru(2)-Ru(3) 2.9239(6) Ru(?Ru(8) 2.9160(6)
Ru(2)-Ru(5) 2.8529(5) Ru(?Ru(10) 2.8664(5)
Ru(3)-Ru(4) 2.9774(86) Ru(8YRu(9) 2.9625(6) F2
Ru(4)-Ru(5) 2.8859(6) Ru(9)Ru(10) 2.8912(6) (PPM) ;
O(av)-C(av) 1.13(1) O(avyC(av) 1.14(2)
2.50
Angles (deg)
Ru(3-Pt(1}-S(1)  146.93(4) Ru(8}Pt(2-S(2) 147.24(4) ]
Ru(5-Pt(1}-S(1)  120.88(4) Ru(16)Pt(2-S(2)  120.03(4)
Ru(2-Pt(1}-S(1) 135.34(5) Ru(APt2)-S(2) 130.68(5) 2.60 1
a Estimated standard deviations in the least significant figure are given 7
in parentheses. 2.70 4
groups, indicating thad exists as a mixture of three isomers ]
in solution. The resonance at= 2.57 ppm (60% abun- &
dance), isome6a, shows coupling¥p. 1 = 72 Hz) to the 2.804
Pt atom, which suggests that this isomer has the structure ]
found in the solid state. The two other resonances, at

2.61 and 2.76 ppm, exhibit no coupling to the Pt atom. These 2.80 2.70 2.60 2.50
resonances are assigned to isontdrand6c, respectively, F1 (ppm)
in which the MeS ligand is bonded to a Ru atom. Figure 9. Two-dimensional EXSY NOESYH NMR spectrum of6 at

VT ™H NMR spectra of the methyl resonances of com- —10°C in CDCl; solvent.
pound6 are shown in Figure 8. It was observed that the
resonances of two of the isome6s and6b (6 = 2.57 and much slower, with them. Isome8b is believed to be
2.61 ppm), broaden and coalesce, reversibly, as the temperstructurally analogous to isom&b, having the MgS ligand
ature is raised, with**Pt—'H coupling €Js—y = 40 Hz) being on a Ru atom adjacent to the Pt atom, and the mechanism
observed in the averaged spectrum afC5The resonance  of exchange of the M& ligand between the metal atoms of
atd = 2.76 ppm, isome6c (5% abundance), broadens and isomers6a and 6b is proposed to be analogous to that
collapses into the baseline a0 °C. Coalescence with the observed for the two isomers 8fand4. The binding site of
other resonances was not observed; however, a 2D EXSYthe Me&S ligand in isomer6¢c has not been established;
IH NMR spectrum fo6 at —10 °C, Figure 9, shows strong  however, we suspect that it may be on the Ru atom located
cross peaks between ison@rand the averaged resonance trans to the Pt atom for the following reason. The VT NMR
of isomers6a and 6b, thus confirming its exchange, albeit data indicate that the exchange of isorBerwith isomers
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6aand6b is much slower than that between isoméasand O o)

6b. We believe that, if the M ligand was positioned on / ///
. .. Me,PhP C C

any of the Ru atoms adjacent to the Pt atom, then its \ / Me,S /

o - O pt N> Pt
exchange with isomer6a and 6b would be energetically / W o NN
similar to the exchange between isoméasand6b, because ///,,,Ru /- :RIV\RU N Iy, RZ/EF;L:\RJ\\\
all isomerizations would involve intermediates with anJge v m{uc/ I ~ v um;‘{u/ I
ligand bridging a PtRu bond. However, an intramolecular c/\\ //c c/\\ //c
Me,S metat-metal exchange involving an isomer with the o// i“/ \o & Ry \\‘o
Me,S ligand on a Ru atom located trans to the Pt atom would - z
require an intermediate that has theddigand bridging a c b

Ru—Ru bond. We cannot determine a priori if this would
be more or less favorable than afRu bridged intermediate,
but it should be different.

facilitate the interconversion between isoméesand 6b.
There are many examples of polynuclear metal complexes
that contain bridging thioether ligan&sThere are very few

examples of complexes containing bridging tertiary phos-
\Pt_ A phine ligandg!2
= N\ ;
\E’Z/;/F\I’L:\F\{ N Conclusion
Ru u
/ iﬁuf In this report, we have described some of the first examples
\\Ru of a facile intramolecular metaimetal exchange for phos-
4> phine and thioether ligands. The thioether ligand is able to
SMez

migrate between the metal atoms much faster that the tertiary
_ ~ phosphine ligand in the PtRucluster. Because of the
We did not have enough exchange-rate data to determineyidespread occurrence of phosphine and thioether ligands

th.e aptivation parameters for the isomerization of isqﬁ_uar in polynuclear metal complexes, it may be anticipated that
with isomers6a and 6b; however, there was a sufficient  simijlar intramolecular processes will be found to occur in

amount of rate data from line-shape analyses to determinegther metal cluster complexes as well.

the activation parameters for tba— 6b isomerization. As .

can be anticipated from the much lower temperatures for _Ac!mowledgme_nt. These studies were support_ed by the
the exchange of isomefi®andéb, the activation parameters DI\(ISIOI"I of Chemical Sciences of the Office of Basic Energy
are also much lowerAGt.e = 12(2) kcal/mol AH = 18(1) Sciences of the U.S. Department of Energy (under Grant No.

2b and AG*,0g 4a — 4b (which are equal to 17.4(6) and Supporting Information Available: X-ray crystallographic data

17.2(2) kcal/mol, respectively). in CIF format for compoundg, 3, and6 with details of the structure
The relatively low barrier for théa— 6b isomerization splutions and refinement. This material is available free of charge

may be due to differences in bonding of the bridging ligand Via the Interet at http:/pubs.acs.org.

in an intermediate. In particular, in a phosphine-bridged 10207000

intermediate, the phosphine ligand can donate only two

; ; : (14) (a) Adams, R. D.; Belinski, J. A.; Chen, Qrganometallics1992
electrons for simultaneous coordination to the two metal 11, 4104. (b) Boorman, P. M.; Moynihan, K. J.: Oakley, R Ghem.

atoms, i.e., a 3e2e bond is formed in a species such as Commun1982 899. (c) Cotton, F.'A.; Duraj, S. A.; Roth, W.Acta
h hown in intermedi _However. ina M ri Crystallogr., Sect. C: Cryst. Struct. Commut985 41, 878. (d)
.t at sho . termediat€. Howe e.’ . aMg b dged Boorman, P. M.; Moynihan, K. J.; Richardson, J.IRorg. Chem.
intermediate, such as that observed in intermediatine S 1988 27, 3207. (e) Boorman, P. M.: Gao, X.; Freeman, G. K. W.;

atom can donate four electrons, using its two lone pairs of ,\FﬂaotG,J- F)a(l ICDhem. Sl\oncj' 8ﬁlton ;ram%%l, 11?- (f)gg%rr;gn(. ')3-

. ., Gao, X.; Parvez, . em. Soc., Dalton Tran . g
electrons to form two don_efaccept(_)r bonds. Thls should Ball, J. M.. Boorman, P. M.; Moynihan, K. Can. J. Chem199Q
be more stable than the bridged tertiary phosphine and, thus, 68, 685.
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