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The reaction of Rhy(CO)y, with Pt(PBu's), in CH,Cl, at room temperature yielded three new complexes: Rhy(CO),-
(‘u-CO)4(/,£4-CO)(PBUI3)2[Pt(PBUI3)], 10, ha(CO)g[Pt(PBUts)]z[Pt(CO)], 11, and ha(CO)g[Pt(PBUtg)k, 12. The reaction
of Rhy(CO);2 with an excess of Pt(PBu'), in hexane at 68 °C yielded the new hexarhodium—tetraplatinum compound,
Rhg(CO)16[Pt(PBU%)]4, 13, in a low yield. All four compounds were characterized by 3P NMR and single-crystal
X-ray diffraction analyses. Compound 10 contains an unsymmetrical quadruply bridging carbonyl ligand in the fold
of a butterfly tetrahedral cluster of four rhodium atoms with a Pt(PBu's) group bridging the hinge of the butterfly
tetrahedron. Compound 11 contains an unsaturated trigonal bipyramidal Rh,Pt; cluster. Compound 12 is similar to
11 except the trigonal bipyramidal Rh,Pt; cluster opened by cleavage of one Pt—Rh bond due to steric interactions
produced by the replacement of one of the carbonyl ligands in 11 with a tri-tert-butylphosphine ligand. Compound
12 undergoes facile dynamical rearrangements of the metal atoms in the cluster which average the three inequivalent
phosphine ligands on the platinum atoms. Compound 13 contains an octahedral cluster of six rhodium atoms with
four Pt(PBu's) groups bridging edges of that octahedron.

Introduction There have been major efforts to prepare bimetallic cluster
. complexes containing palladiunand platinun in recent
Mixed-metal (heteronuclear) molecular cluster complexes
. . . ears. Recently, we have shown that the compounds M(P-
have attracted considerable interest because of their use as, _ L .
ul3),, M = Pd and Pt, containing the sterically crowded

precursors for the preparation of heterogeneous catalysts on. butviphosphine ligand I for th
oxide supportd.Mixed-metal clusters have been found to “‘t?ft‘ utylphosphine ligand are exce ent rea_gents or the
' addition of M(PBUg) groups to rutheniumruthenium bonds

be good precursors for the _preparatlon of a variety of and ruthenium-platinum bonds to yield higher nuclearity
supported bimetallic nanoparticles . L :
mixed-metal cluster complexes containing palladium and
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in rapid equilibrium on the NMR time scale at room tem-
perature. Similarly, Pd(PBy), also reacts with RCO)s- ium—platinum compounds R{CO)[Pt(PBUs)]-[Pt(CO)],
(us-C) to produce the palladium compoundssfLO ) s(ue- 11, Rhy(COX[Pt(PBUs)]3, 12, and a hexarhodium-tetraplati-
C)[Pd(PBt)], wheren = 1 (4) andn = 2 (5), which also ~ num cluster, R{CO)¢[Pt(PBus)]s, 13, were obtained from

exhibit similar dynamic behavior of their metal cluster cores this reaction. The synthesis and structural characterizations

in solution!! of these compounds are reported herein including studies of
dynamics of the metal clusters exhibited by these compounds
1'3But3 in solution by NMR spectroscopy.
Pt . .
\ §< s | I, Experimental Section
A C N 71\ C s General Data. All reactions were performed under a nitrogen
—-Ru Ry~ =<—-Ru U .
71\ S 71\ //\ ‘/Pt\ atmosphere. Reagent-grade solvents were dried by the standard
_Ru Ru\ PBu‘3 procedures and were freshly distilled prior to use. Infrared spectra
> 71 were recorded on a Thermo-Nicolet Avatar 360 FT-IR spectro-
3a 3b photometer!H NMR spectra were recorded on a Mercury 300 and
. a Varian Inova spectrometer operating at 300.1 and 400.1 MHz.
PBu’; PBu'; 31p{1H} NMR spectra were recorded on a Mercury 300 and a
Id Varian Inova 400 and 500 spectrometer operating at 121.5, 161.9,

|
Pd P
N N
N N

and 202.5 MHz, respectively!P NMR spectra were externally

RyY==— —Ru referenced against 85%-H3P0O,. Elemental analyses were per-
_Ru Ru™ _ Iu\ RI1'1\7’ formed by Desert Analytics (Tucson, AZ). Product separations were
AN / s AN\ Z! P4 performed by TLC in air on Analtech 0.5-mm silica gel 60F5s4
,RIU\ R glass plates. RKCO);, and Pt(PBl), were obtained from Strem
4 5 PBut3 and were used without further purification.

Reaction of Rhy(CO)1, with Pt(PBu'3),. Pt(PBUs), (22.4 mg,
0.037 mmol) was added to a solution of JRBO);, (28.0 mg, 0.037
mmol) in 25 mL of CHCI,. The color of the solution immediately
turned from bright red to brown. The reaction mixture was then
stirred at room temperature for an additional 10 min, after which
the solvent was removed in vacuo. The products were separated
n= 1 orn= 2, respectively, an® and9, where M= Pd by TLC using a 3:2 hexane/methylene chloride solvent mixture to
andn=1orn=2, respectiveb}? yield in order of elution: 7.7 mg (14%) of B{CO)[Pt(PBU3)]-

Platinum-rhodium catalysts form the basis for the modern [P(CO)], 11, 4.0 mg (7%) of RI(CO)(u-CO(us-CO)(PBUs).-
three-way automotive catalytic convertéio test the ability g’;gﬁgf)gag’fg:g 1& 1V mg(c(i%j/"l)n Oéftcﬁ?k[zpééiB(%&lﬁo

- Cco 212)- ’
of the Pt(PI_B!Eg) group to add to the metarne_tal bqnds of (m). 1871 (m), 1846 (s), 1827 (m, sh), 1704 (w, BA.NMR (CDy-
other transition elements, we have now investigated the Cly in ppm): 6 = 1.42 (d, 54 H, CH, 3Jp_y = 13 Hz), 1.40 (d, 27
reaction of Pt(PBY), with the tetr.arhodi.um cluster Rh H, CH, 3JP;H - 13 Hz).,31P{1I-’|} NMR (CD,Chy in ’pp'm): 5 =
(COM).. Four products: a tetrarhodiunplatinum compound  gg g (tt, 1P 1Jp,p = 4946 Hz,2Jgnp = 13 Hz, 3Jrnp = 3 Hz),
Rhy(COM(u-CON(us-CO)(PBUy)2[Pt(PBU3)], 10,two dirhod-  86.4 (d, 2P 1Jrnp = 236 Hz). Anal. Calcd: C, 36.87; H, 5.57.
Found: C, 36.48; H, 5.67. Spectral data idr IR vco (cmtin
hexane): 2075 (w), 2069 (w), 2064 (m), 2058 (w), 2041 (w), 2032
(s), 2017 (vs), 1873 (m), 1851 (M NMR (CDCls in ppm): o
= 1.26 (d, 54 H, CH, 3Jp_ = 13 Hz).3%P{*H} NMR (CDCl in

In addition, we have also shown that Pt(Pand Pd-
(PBUs) groups add across the R&t bonds in the mixed-
metal cluster PtRy(CO)e(us-C) to afford the adducts
PtRW(CO)e(us-C)[M(PBU3)]n, 6 and7, where M= Pt and

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

(13) (a) Oh, S. H.; Carpenter, J. [E.Catal.1986 98, 178. (b) Barbier, J.,
Jr.; Duprez, DAppl. Catal., B1994 4, 105.
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Table 1. Crystallographic Data for Compound$, 11, 12, and13

compound 10 11 12 13
empirical formula PiRhyP309CysHg1 P&ERMP,0yCs3Hs4 P&ERMP;0sCaqHs1 P4uRhP4016Cs4H108'2CH,Cl2
fw 1465.74 1447.79 1622.09 2825.06
cryst syst orthorhombic monoclinic orthorhombic monoclinic
lattice params
a(A) 23.1623(9) 12.8419(5) 39.314(3) 25.3187(15)
b (A) 12.6080(5) 20.2154(8) 12.0693(9) 14.6823(9)
c(A) 37.4151(15) 16.5434(7) 12.3772(9) 26.4675(16)
o (deg) 90 90 90 90
B (deg) 90 91.277(1) 90 112.726(1)

y (deg) 90 90 20 90

V (A3) 10926.3(7) 4293.7(3) 5872.9(7) 9075.1(9)
space group Pbca(No. 61) P2:/n (No. 14) Pna2; (No. 33) C2lc

Zvalue 8 4 4 4

pealc (9/cn®) 1.782 2.240 1.835 2.068

u (Mo Ka) (mm™1) 3.870 10.612 7.794 7.442

temp (K) 296(2) 296(2) 296(2) 296(2)

2Omax (deg) 56.64 56.62 52.04 50.06

no. obs. (I> 20(1)) 10540 7419 8834 6880

no. params 586 460 565 437

GOF 1.067 1.026 1.020 1.062

max. shift in cycle 0.003 0.001 0.007 0.008
residuald: R1; wR2 0.0331; 0.0770 0.0468; 0.1151 0.0487; 0.0916 0.0496; 0.1321
abs correction, SADABS SADABS SADABS SADABS
max/min 1.000/0.662 1.000/0.512 1.000/0.699 1.00; 0.395
largest peak in final diff. map (#A3) 1.886 4.202 1.179 2.424

2R = Yhu(lIFobd — IFcad!)/Y nalFobd; Ry = [ nkW(|Fobsd — |Fcaid)?Y naWFob] Y2, W = L/o¥(Fobgd; GOF = [ ¥ nW(|Fobd — |Fecaid)?(Ndata — Nvar)] 2

ppm): 0 = 96.3 (t, 2P pp = 5432 Hz,20pip = 133 Hz,2Jrp-p SMART APEX CCD-based diffractometer using Makadiation
= 12 Hz). Anal. Calcd: C, 27.38; H, 3.76. Found: C, 27.63; H, (4 = 0.71073 A). The raw data frames were integrated with the
3.94. Spectral data fdt2 IR vco (cmtin hexane): 2081 (vw), SAINT+ program by using a narrow-frame integration algorithm.
2075 (vw), 2069 (w), 2065 (w), 2059 (w), 2041 (w), 2029 (s), 2000 Correction for Lorentz and polarization effects were also applied
(vs), 1851 (m), 1823 (s), 1802 (mX NMR (CD,Cl, in ppm): & with SAINT+. An empirical absorption correction based on the
=1.33(d, 81 H, CH, 3Jp_4 = 13 Hz).3P{IH} NMR (dg-toluene multiple measurement of equivalent reflections was applied using
at—80°C in ppm): 6 = 112.2 (s, 1PXpp = 6257 Hz), 85.5 (s, the program SADABS. Both structures were solved by a combina-
1P, Wpp = 4875 Hz), 78.5 (s, 1PUpp = 5176 Hz). Anal. tion of direct methods and difference Fourier syntheses and refined
Calcd: C, 32.58; H, 5.03. Found: C, 31.14; H, 4.91. by full-matrix least-squares oR?, using the SHELXTL software
Synthesis of RR(CO):¢[Pt(PBuU'3)]4, 13. Pt(PBUs), (65.3 mg, packagé?® All non-hydrogen atoms were refined with anisotropic
0.11 mmol) was added to a solution of RBO),» (23.1 mg, 0.031 displacement parameters. Hydrogen atoms were placed in geo-
mmol) in hexane solvent (25 mL). The mixture was then heated to metrically idealized positions and included as standard riding atoms
reflux and stirred for 10 min. After cooling, the solvent was during the least-squares refinements. Crystal data, data collection
removed in vacuo, and the products were then separated by TLCparameters, and results of the analyses are listed in Table 1.
using a 3:2 hexane/methylene chloride solvent mixture to yield 7.2~ Compoundsl1 and 13 crystallized in the monoclinic crystal
mg of a brown band. Th&'P{1H} NMR spectrum of the brown system. For compountil systematic absences in the intensity data
band showed two resonances in a 1:1 ratio. The brown band wasconfirmed the space group2;/n. The structure was solved and
then dissolved in 3 mL of CKCl, to which Pt(PB&), (4 mg,~4 suitably refined in this space group. For compourithe space
equiv) was added. Five milligrams of the brown band was again groupsCc andC2/c were indicated by the systematic absences in
separated by TLC by using a 3:2 hexane/methylene chloride solventthe data. The latter space group was chosen and confirmed by the
mixture. The product R{CO),¢[Pt(PBUs)]4, 13, was finally isolated solution and refinement of the structure. Crystallographically, this
in a pure form in 3% vyield (2.8 mg) by recrystallization of this molecule lies on aC, symmetry site in the asymmetric unit.
brown band at 8C by slow evaporation of solvent from a solution ~Compounds10 and 12 crystallized in the orthorhombic crystal
in a hexane/methylene chloride solvent mixture. Spectral data for system. Systematic absences in the intensity data for compound
13 IR vco (cm™1in CH,Cly): 2016 (vs), 1852 (s), 1840 (s), 1826 10 were consistent with the unique space groBpca For
(m), 1740 (w).*H NMR (CD,Cl; in ppm): 6 = 1.46 (d, 108 H, compoundl2 the systematic absences in the data were consistent
CHgz, 3Jp_y = 13 Hz).31P{*H} NMR (CH,Cl, in ppm): 6 = 98.4 with the two space grouggna2 andPnma The former space group
(septet, 4P1Jpp = 5977 Hz,2Jp_ry = 3 Hz). Anal. Calcd: C, was chosen and confirmed by the successful solution and refinement
28.93; H, 4.07. Found: C, 29.10; H, 4.34. NOTE: The second of the structure. Efforts to solve in the space grd&mmawere
product in the original brown band could not be isolated in a pure unsuccessful.
form and could not be fully characterized. NMR Calculations. Line shape analyses were performed on a
Crystallographic Analyses.Dark red single crystals df0, 11, Gateway PC by using the program EXCHANGE written by R. E.
and 12 suitable for X-ray diffraction analyses were obtained by D. McClung of the Department of Chemistry, University of Alberta,
slow evaporation of solvent from solutions in hexane/methylene Edmonton, Alberta, Canada. For compourkxchange rates were
chloride solvent mixtures at25 °C. Dark red single crystals of

13 were obtained by slow evaporation of the same solvent mixture (14) S?ANJ\J/T \2/8651i0” 6.2a; Bruker Analytical X-ray System, Inc.: Madi-
at 8°C. Each data crystal was glued onto the end of a thin glass (15) sheldrick, G. M.SHELXTL Version 6.1; Bruker Analytical X-ray

fiber. X-ray intensity data were measured by using a Bruker Systems, Inc.: Madison, WI, 1997.
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Oce7 Table 2. Selected Intramolecular Distances and Angles for Compounds
c75 () 10 and13
\ (a) Distances
compoundLO compoundl3
atoms distance (A) atoms distance (A)
Pt(1)-Rh(1) 2.7630(4) Pt(1YRh(1) 2.7210(4)
Pt(1)-Rh(3) 2.7727(4) Pt(1)Rh(3) 2.7353(7)
Pt(1)-P(1) 2.3667(10) Pt(2)Rh(2) 2.7364(7)
Rh(1-Rh(2) 2.7506(5) Pt(2)Rh(4) 2.7113(4)
Rh(1)-Rh(3) 2.7836(5) Rh(BRh(2) 2.8070(9)
Rh(1)-Rh(4) 2.7594(5) Rh(£)Rh(3) 2.7616(9)
Rh(2-Rh(3) 2.7279(5) Rh(2}Rh(3) 2.7826(10)
Rh(2)-P(2) 2.3749(12) Rh(2)Rh(4) 2.7573(9)
Rh(3)-Rh(4) 2.7358(5) Rh(3)Rh(4) 2.8071(9)
Rh(4)-P(3) 2.3681(11)
Pt(1}--Rh(2) 3.3290(4)
Pt(1)+-Rh(4) 4.4037(4)
Rh(2)--Rh(4) 4.3804(5)
Figure 1. ORTEP diagram of the molecular structure of 880 )(u- Rh(1)-C(10) 2.136(5)
CO)(us-CO)(PBUg)[Pt(PBU3)], 10, showing 40% probability thermal Rh(2)-C(10) 2.439(5)
ellipsoids. The methyl groups have been omitted for clarity. Rh(3)-C(10) 2.179(4)
Rh(4)-C(10) 2.195(5)
determined at 11 different temperatures in the temperature range C(10r-0(10) 1.168(5)
—90 to —15 °C. The activation parameters were determined from (b) Angles
a least-squares fit of an Eyring plot (IhfKgT] vs 1/T) using the compoundLO compoundL3
program Microsoft Excel 97. Activation parameters for the exchange " le (d " le d
process between resonances at 112.2 and 85.5 arAH* = 8.2- atoms angle (deg) aroms angle (deg)
(@) kcal Mol AS = ~2(3) cal mof K2, andAGes —8.7(5)  FICIENEND 19850705 OGP RG  e0o1()
kcal mol2, Activation parameters for the exchange process of the Rh(4)-Rh(1)-Pt(1) 105-.769(13) Rh(HRh(2)-Rh(4) 90:17(3)
resonance at = 78.5 with the resonances at= 112.2 and 85.5 Rh(3-Rh(2-Rh(1) 61.071(12)
are AH* = 8.2(3) kcal mot!, ASF = —3(1) cal mot! K-1, and Rh(1)-Pt(1}-Rh(3)  60.376(10)

Asts* = 89(6) kcal mot?.

Results and Discussion

The reaction of R{CO),, with an equimolar amount of
Pt(PBls), at room temperature afforded three new com-
plexes: RW(CO)(u-COu(us-CO)(PBLy),[Pt(PBUs)], 10, in
7% vyield, RR(CO)[Pt(PBU3)],[Pt(CO)], 11, in 14% yield,
and RRB(CO)[Pt(PBUs)]s, 12, in 22% yield. All three
compounds were characterized by a combination of‘#R,
and3P NMR, and single-crystal X-ray diffraction analyses.

An ORTEP diagram of the molecular structure of com-

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

frequency, observed as a broad absorption in the IR spectrum
at 1704 cm?, is significantly lower than that found for
terminal CO ligands. There are very few reported examples
of similar quadruply bridging CO ligands in the literature.
One was found in the compound £B0,Ni,Sy(4-CO) 7 In

this compound the €0 bond distance is 1.18 A and the
CO stretching frequency was reported to be at 1653'cm
The platinum atom is not symmetrically disposed with

pound10is shown in Figure 1. Selected interatomic distances respect to the wing-tip rhodium atoms, PtRh2 = 3.3290-
and angles are listed in Table 2. The four rhodium atoms in (4) A and Ptt:-Rh4 = 4.4037(4) A. This may be due to

this compound are arranged in the “butterfly” tetrahedral
structure. The platinum atom of the Pt(PBgroup bridges
the Rh1-Rh3 “hinge” bond of the butterfly. The RFRh
bond distances lie in the range 2.72798)7836(5) A and
are similar to those found in R{CO),, range 2.6603(17)
2.7642(12) Al® There is an unsymmetrical quadruply bridg-
ing carbonyl ligand C18010 in the fold of the Rhcluster.
One of the RRC bonds, Rh2C10 = 2.439(5) A, is
significantly longer than the other three: RhC10= 2.136-
(5), Rh3-C10= 2.179(4), and Rh4C10= 2.195(5). This

can be attributed to the higher coordination number at Rh2,

which has two terminal (or weak semibridging) CO ligands
plus one PBY compared to the other rhodium atoms, which
have one PB4 ligand and two bridging carbonyls (Rh4) or

steric effects caused by the edge-bridging CO ligands on the
two Rh—Rh bonds to Rh4.

The 3'P{H} NMR spectrum of10 at room temperature
shows two resonances in a 1:2 ratio, indicating that phosphine
ligands on Rh2 and Rh4 are equivalent in solution or the
molecule is undergoing a dynamical averaging process. Since
the IR spectrum in solution is consistent with the structure
found in the solid state, the latter explanation seems to be
the more likely one. A rearrangement involving a rocking
back and forth of the Pt(PBigroup on the RhtRh3 hinge
bond accompanied by appropriate shifts of the CO ligands
on Rh2 and Rh4 would average the two RBigands on
the rhodium atoms, eq 1.

Unfortunately, efforts to confirm the dynamics by variable

one terminal CO and two bridging COs (Rh1 and Rh3). The temperaturé!P NMR spectroscopy te-55 °C showed no

C10-010 distance, 1.168(5) A, is not much longer than that
of a terminal carbonyl ligand, but the CO stretching

evidence for slowing of the process on the NMR time scale.
The resonance at = 89.8 corresponds to the PBgroup

(16) Farrugia, L. JJ. Cluster Sci200Q 11, 39.

2698 Inorganic Chemistry, Vol. 43, No. 8, 2004
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Bu'3P PBu'y

on the platinum atom and shows large one-bond coupling
to platinumiJp_p = 4946 Hz {%Pt, spinl/,, 33% natural
abundance). Furthermore, this resonance is split into a triplet
of triplets with couplings of 13 and 3 Hz due to two-bond
coupling to Rh1 and Rh3 and three-bond coupling to Rh2
and Rh4, respectively*{Rh, spin'/,, 100% natural abun-
dance). Thé®P resonance at = 86.4 corresponds to the
PBus; group on Rh2 and Rh4. This resonance is a doublet
due to one-bond coupling to rhodiurilrp-p ~ 236 Hz.
However, each of these resonances is further split due to
the complex AAMM'X; spin system that occurs due to the
magnetic nonequivalence of Rh2 and Rh4. The measured

06

Figure 2. ORTEP diagram of the molecular structure of,@O)[Pt-
(PBU3)]2[Pt(CO)], 11, showing 40% probability thermal ellipsoids. The
methyl groups have been omitted for clarity.

Table 3. Selected Intramolecular Distances and Angles for Compounds
1land12®

(c) Distances

line spacings of these resonances are not necessarily coupling

constants and no effort to simulate these patterns was

attempted.
The molecular structure otl is shown in Figure 2.

Selected bond distances and angles are listed in Table 3. The

structure ofl1 consists of a trigonal bipyramidal cluster of
two rhodium atoms and three platinum atoms. The equatorial
triangle contains the rhodium atoms, Rh1 and Rh2, and one
platinum atom, Pt3. The two apical positions are occupied
by two platinum atoms, Ptl and Pt2. A PBligand is
coordinated to each of the apical platinum atoms, Pt1 and
Pt2, while the third platinum atom Pt3 contains a terminal
CO ligand. The structure of the cluster di is similar to

that of the related compound H;(CO)(PPh)s, 14, that
was obtained in a similar manner from the reaction of-Rh

(CO)2 with Pt(PPh)s,*® except thatll has one less ligand
than 14; that is, compound.1 has only 11 ligands (9 CO
ligands and two phosphines) whilg has 12 ligands (9 CO
ligands and three phosphines). In particular, the platinum
Pt2 has one phosphine and one terminal CO ligan@idin
but the corresponding platinum atomilit has only the one
PBuUs; ligand.

@
¢ PP
. Pts Pt
F NI
B p/P“\‘\Rh/ :PM/\!kh’/
" AT PhsP™ 7N\ 14

Accordingly, 11 has two less valence electrons thbf
70 cluster valence electrons fbt versus 72 cluster valence
electrons (as expected according to the cluster electron
counting rules) forl4. Thus, compoundll is formally

electron-deficient by the amount of two electrons, although

(18) Dolgushin, F. M.; Grachova, E. V.; Heaton, B. T.; Iggo, J. A;;
Koshevoy, I. O.; Podkorytov, I. S.; Smawfield, D. J.; Tunik, S. P,;
Whyman, R.; Yanovskii, A. I.J. Chem. Soc., Dalton Tran4999
1609.

compoundLl compoundl2
atoms distance (A) atoms distance (A)

Pt(1)-Rh(1) 2.8138(7) Pt(HyRh(1) 2.7008(11)

Pt(1)-Rh(2) 2.8820(7) Pt(1yRh(2) 2.8877(10)

Pt(1)-Pt(3) 3.0622(5) Pt(£)yPt(3) 3.436(1)

Pt(1)-P(1) 2.365(2) Pt(HyP(1) 2.358(3)

Pt(2)-Rh(1) 2.9521(7) Pt(2)Rh(1) 2.7821(10)

Pt(2)-Rh(2) 2.8003(7) Pt(2)Rh(2) 2.8490(11)

Pt(2)-Pt(3) 2.8384(5) Pt(2)Pt(3) 3.0953(8)

Pt(2)-P(2) 2.280(2) Pt(2yP(2) 2.289(4)

Pt(3)-Rh(1) 2.7146(8) Pt(3)Rh(1) 2.7476(11)

Pt(3-Rh(2) 2.6860(7) Pt(3YRh(2) 2.7190(12)

Rh(1)-Rh(2) 2.6842(9) Rh(£yRh(2) 2.7208(13)

Pt(3)-P(3) 2.336(4)
(d) Angles
compoundll compoundl2
atoms angle (deg) atoms angle (deg)

Rh(1)-Pt(2-Rh(2)  55.56(2) Rh(%yPt(2-Rh(2) 57.77(3)
Pt(3y-Pt(2)-Rh(1) 55.873(16) Pt(3)Pt(2-Rh(1) 55.43(2)
Pt(1-Rh(1)-Pt(2) 115.32(2) Pt(HyRh(1)-Pt(2) 125.95(4)
Rh(2)-Pt(3-Rh(1)  59.60(2) Rh(2)Pt(3-Rh(1) 59.69(3)

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

platinum-containing trigonal bipyramidal clusters containing
70 electrons have been observed previofisBomparison
of the structures of1 and14 support the notion of electron
deficiency. For example, compourd has one unusually
short PPt bond distance, Pt2Pt3= 2.8384(5) A and one
normal PPt bond, Pt+Pt3 = 3.0622(5) A. The PtPt
bonds in14 are both normal, 2.992(1) and 3.011(1}%The
short distance ii1 involves the metal atom Pt2, which has
one less terminal CO ligand than thatlid. The reason that
11 has fewer ligands that4 may be due to the great steric
bulk of the PB4 ligands in11 compared to the smaller PPh
ligands in14. The Pt-Rh distances idi1l are comparable to
those inl4.

The 3P{H} NMR spectrum of11 shows a single
resonance at 96.3 ppm, indicating that the two PRyands
are equivalent. This is not consistent with the solid-state
structure, but could be explained by an averaging process
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-15°C
*
- 40 °C
*
-50°C
*
Figure 3. ORTEP diagram of the molecular structure of,REO)[Pt- -70°C
(PBUs)]s, 12, showing 40% probability thermal ellipsoids. The methyl
groups have been omitted for clarity.
involving shifting of the CO ligands about the metal atoms, -80°C N
eq 2, such that the atoms Ptl and Pt2 are interchanged.
Attempts to resolve the separate resonances for the two
phosphine ligands by NMR spectroscopy-&80 °C were
unsuccessful. Rapid shifts of CO ligands on the NMR time
scale for related P{Rh clusters have been observed previ- - 90 °C
ously. The average#P NMR resonance also exhibits fine *
structure due to couplings to the magnetically active metal
atoms in the clustetJpp = 5432 Hz,2Jpp = 133 Hz, and ~ \ -
2Jrn—p = 12 Hz, which is consistent with the structure as PPM 120 108 96 84 72 60
found in the solid state. Figure 4. 3IP{1H} NMR spectra at 202.5 MHz of compoun@ at various
temperatures in toluengy solvent. Signal labeled with * is an impurity
Q 0 from [Pt(PBug)]3(u-CO)s.
C
\ _pBul (/lé increased steric interactions between the ligands. The metal
N A \ / g / \ ptz PBut, cluster core is best described as anfRhtetrahedron with
BuL,P” Py Bu, pPli—L1 a Pt(PBUs) group bridging the RRRh edge. The “unsat-

)’ \ @ uration” present in compountil may have been shifted to

, ) the Pt2-Rh1 bond, which is considerably shorterlidthan
An ORTEP diagram of the molecular structure 16t is in 11, 2.7821(10) vs 2.9521(7) A.

shown in Figure 3. Selected bond distances and angles are
listed in Table 3. Compount is very similar to compound

11, except that the CO ligand on Pt31d has been replaced D h
by a PB( ligand. Because of the increase in steric bulk at eXh'b.'tS three rgsonancigé,— 112.'2’ 855 "’F”d 78.5, all
Pt3 caused by the PBuigand, the Pt+-Pt3 distance has showing appropriat&P—1%Pt coupling, indicating that each

become much longer than that1n, 3.436(1) vs 3.0622(5) of the phosphorus atoms are bonded directly to a platinum

The 3'P{!H} NMR spectra of compound?2 at various
temperatures are shown in Figure 4.-A490 °C the spectrum

R atom. This spectrum is completely consistent with that of
in 11 . .
the structure found in the solid state. However, as the
But;P temperature is raised, all three resonances begin to broaden
\ _ and coalesce reversibly. Interestingly, it can be seen that two
Pts of the resonances at= 112.2 and 85.5 broaden faster than
\ PBU the third resonance at= 78.5 In fact, the resonancesdat
Rh- ty 3 =112.2 and 85.5 are exactly twice as broad as the resonance
Butsp—’Ph 0 = 78.5 at —80 °C. This broadening is indicative of
/ \ 12 dynamical exchange and the differences in broadening

indicates that there are actually two different exchange
There is little or no bonding between these two atoms at processes occurring and the low-temperature process pro-
this distance. The Pt2Pt3 distance is also longer than that ceeds at a rate that is exactly twice the rate of the higher
in 11, 3.0953(1) vs 2.8384(5) A, but is still short enough to temperature process. Ultimately, all three resonances reform
imply the presence of significant direct-F®t bonding. The  as a single averaged resonance &6 °C. The!®Pt satellites,
Pt2—Pt3 distance inl4 is 2.992(1) A. The increase in the 1Jup 195, = 5477 Hz, observed at15 °C is the average of
Pt2—Pt3 distance irfl2 may also be a consequence of the the 3P—1%Pt coupling of the three different phosphorus
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2 _ Scheme 1
M e, =7 Hz Mechanism 1
40 °C //Pti L Ptr\‘;'ﬁah/\Ph E:;:gg
% Ptf\Rr};PPtg — / Pt3—>Pt;
Mechanism 2
( /Pt3 //Ptg\ ZP%
— —_— —_— \
Jpp =60 Hz Pt1/\R'\;/h>Pt2 Ptf\Rhé?Ptz Pt1\Rh\Rh/ P
Figure 5. 31P{'H} NMR spectrum at 121.5 MHz of compouri@ at 40 Pty —> Pt;
°C in toluenesdsg solvent, for the resonance @t= 94.7 at—15°C in Figure Pty — Pty
4. Signal labeled with * is an impurity from [Pt(PB}j3(x-CO)s. Pt; — Pt3
resonances at90 °C. When the temperature was raised o~ ~°™?ned Med::tmsms +2
40 °C, fine structure was observed on the averaged reso- // N Pt1’\’REF$h/\Pt3
nance; see Figure 5. The fine structure consists of a triplet Pt/Rr\"/\Pt —_
with a splitting of 7 Hz due to coupling to rhodium and broad T—Rh— 2 1 Pt,
Pt satellites due to multiborfdP—19Pt coupling, 60 Hz. The A B
signal labeled with * in Figure 5 is an impurity identified as 2 ﬂ
the compound [Pt(PBs)]s(u-CO) based on IR and NMR
data in the literaturé? The impurity is not involved in the Pt1<',;,;$h/\l°ts 2 Pt1’\’}e’ﬁw/\Pts
exchange processes that are occurring for compdiznd \I — \\ /
The observation of one-borigP—1%Pt and two-bond'P— Ptz Pty
10Rh coupling in the average spectrum at 4D confirms D Pt, —> Pt C
that the rearrangement is an intramolecular proée$he Pt, — Pt3
exchange broadened spectra were simulated by line shape Pt; — Pt
calculations by assuming a one-on-one exchange between By combining the two mechanisms, all Pt atoms and
the resonances at 112.2 and 85.5 ppm that proceeds at exactly their attached phosphine ligands are interchanged in
twice the rate of their exchange with the resonance at 78.5 the transformation of structure A to D.

ppm. These rates have provided activation parameters in the . . — .
usual way: AH* = 8.2(2) kcal mot?, AS" = —2(1) cal mof? Pt and Pt to pr_oduce a trigonal bipyramidal intermediate
K=, andAGyss' = 8.7(5) kcal mot? for the lower energy and thgn bregklng a bond between a>_md Pg. We cannot .
process and\H¥ = 8.2(3) kcal mot?, AS* = —3(1) cal determine which of these two_me_chamsms is the more_facne
mol! K%, andAGyss# = 8.9(6) kcal mot* for the higher of the two. However, by combination of the two mechanisms,
all the platinum atoms are averaged; see the representation
“Combined Mechanisms 4+ 2" in Scheme 1. The structure
of 12 is represented a&. By mechanisni, Pt and Pj are
interchanged by transformation B2 By mechanisn®, Pt
and Pt are interchanged by transformation b via the
trigonal bipyramid intermediat€. The selective broadening
visible in the low-temperature spectra is clearly indicative
of two dynamic processes that are readily and rationally
explained by the two mechanisms shown in Scheme 1.

energy process. Although the absolute values of the activation
parameters for the two processes are technically equal within
experimental error, it is also a fact that the differences
between the activation parameters are true and more ac
curately known than the absolute values.

Proposed mechanisms for the interchange of the platinum
atoms including the phosphine ligands attached to them in
12 are shown in Scheme 1. There are two possible ways to
permute the Pt atoms without simultaneously averaging all )
three of them. These are represented by mechartisans! When Rh(CO), was treated with a large excess of Pt-
2. By mechanismil, atoms Pt and Pi are averaged. Pt (PBUs); and heated to 68C, the hexarhodlu_mtetraplatlnurr_1
remains unique. The process requires some accompanying'uster RR(COxdPt(PBUs)]s, 13, was obtained, but only in
shifts of some of the CO ligands and is not quite as simple & Very low 3% yield and the products)—12 were not
as depicted in the schematic, but CO ligand migrations are Obtained. Compounti3was characterized by a combination
generally facile in clusters such as thé&8y mechanism  Of IR, *Hand*P NMR, and single-crystal X-ray diffraction
2, atoms Ptand P are interchanged. Ptemains unique. ~ analyses. An ORTEP diagram of the molecular structure of
This mechanism requires two steps and involves a trigonal 13iS shown in Figure 6. Selected bond distances and angles
bipyramidal intermediate, such as found in the structure of are listed in Table 2. The compound consists of an octahedral

11. The first step involves forming a bond between atoms cluster of six rhodium atoms. There are four Pt(BBgroups
that have formed edge bridges on four-RRh bonds. In

(19) Goel, R. G.; Ogini, W. O.: Srivastava, R. €. Organomet. Chem.  the solid state the molecule has a crystallograp@ic
1981, 214, 405. symmetry, but the symmetry of the FM, cluster is

20) Jesson, J. P.; Muetterties, E. L. namic Nuclear Magnetic - : :
0 Resonance Spectroscogackman, L.,mgotton F. A., Eds.; Acgdemic apprommatelyI)Zd, as can be seen in Figure 7. The molecule

Press: New York, 1975; Chapter 8. can be viewed as a tetra Pt(PBadduct of RB(CO);6. There
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Figure 6. ORTEP diagram of the molecular structure ofgf@0O)6Pt-
(PBUs)]4, 13, showing 30% probability thermal ellipsoids. The methyl
groups have been omitted for clarity.

Figure 7. Diagram of the structure df3 minus the carbonyl ligands and
the tert-butyl groups of the phosphine ligands.

are four triply bridging CO ligands distributed about thesRh
core as found in the compound BO);6.%* By comparison,
only two Pt(PBt) groups could be added to RGO),AC)

to yield the compoun@.® Each of the P+Ru bonds in13
has one bridging carbonyl ligand and there are only four

terminal carbonyl ligands: one on each of the rhodium atoms

Rh2, Rh2, Rh3, and Rh3 Atoms Rh(1) and Rh(4) have no

Adams et al.

The3P{H} NMR spectrum ofL3 shows large one-bond
coupling to platinumJp—p = 5977 Hz) and a uniform 1:6:
15:20:15:6:1 septet, indicative of equivalent coupling to all
six rhodium atoms to the phosphorus atal¥,r, = 3 Hz.
However, as observed in the solid state, the rhodium atoms
are not all magnetically equivalent in the structurelsf
Thus, it seems that some dynamical averaging process may
be operative inl3 that equilibrates the six rhodium atoms.
The simplest process that could account for this is one that
allows the Pt(PBY) groups to migrate uniformly about the
surface of the Rhoctahedron, similar to that observed in
the compound$ and7.1! Unfortunately, efforts to detect a
slowing of the dynamical activity ofl3 by 3P NMR
measurements at80 °C were not successful.

In summary, the reaction of RICO)., with Pt(PBUs), has
yielded the tetrarhodiumplatinum compoundl10Q, two
dirhodium—platinum compoundsll and 12 from Rh
fragmented species, and a hexarhodittatraplatinum com-
poundl13from Rhs condensed species. Fragmentation of the
Rhy(CO)y; is evident from the formation of the dirhodium
compoundsl1 and 12. Condensation of rhodium atoms is
evident by formation of the higher nuclearity specl®
These reorganizations are not unprecedented. For example,
the reaction of R{CO), with cyclohexa-1,3-diene yields
the hexarhodium compound REO)4(*CsHg).?? Most
interestingly, all of these compounds appear to exhibit
dynamical activity involving ligand rearrangements and/or
rearrangements of the metal atoms in the cluster itself. This
work further demonstrates the ability of Pt(PB@roups to
bind as bridging units across metahetal bonds in poly-
nuclear metal complexes. It seems that scope and variability
of the Pt(PBt) and Pd(PBl) groupings in metal cluster
chemistry appear to be large and should have major implica-
tions for future studies of the reactivity of these complexes
toward small organic molecules in ligand substitution reac-
tions and as substrates in catalytic processes.
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terminal carbonyl ligands as both these atoms are bonded to Supporting Information Available: X-ray crystallographic data

two of the platinum atoms. The RiRh bond distances lie
in the range 2.7573(9)2.8071(9) A and are similar to those
found in RR(CO)e.?* The Rh-Pt bond distances lie in the
range 2.7113(4)2.7364(7) A.
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