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As starting materials for heterobimetallic complexes, [RuCpgfFB(PPhH)]PFs and [RuCp(PPHCO@ -dppm)]-

PR were prepared from RuCp(PR{CO)CI. In the course of preparing [RuGg{dppm)gi-dppm)]Cl from
RuCp(PRBP)@1-dppm)Cl, the new monomer RuCp@ldppm) was isolated. The uncommon coordination mode
of the two monodentate bis(phosphines) was confirmed by X-ray crystallography[L.490(1) Ab = 14.869-

(2) A, c = 15.447(2) A, = 84.63(1), B = 70.55(1), y = 72.92(1), V = 2378.7(5) &, dcarc = 1.355 g cm3

(298 K), triclinic, P1, Z = 2]. The dppm-bridged bimetallic complexes RuCp(pRKu-dppm)PtC}, RuCpClf:-
dppm}PtCh, and [RuCp(PP)COu-dppm)PtC]PFs each exhibit electrochemistry consistent with varying degrees
of metal-metal interaction. The cationic heterobimetallic complexes [MogG)ppmYPt(H)]PFK and [MoCp-
(CO)(u-PPh)(u-H)Pt(PPR)(MeCN)]PF were prepared by chloride abstraction from the corresponding neutral
bimetallic species and show electrochemical behavior similar to the analogous Ru/Pt complexes.

Introduction R PhoR” PPh,
o _ PR pPh, /LB | |
Interest in bimetallic compounds as models for surface and (CO)AFJ N [2p{_—(cOonFe B M
catalytic reactions has led to extensive research in this'drea. = B co Br

Heterobinuclear complexes are of particular interest since the

differing reactivities of the metals may be exploited in chemical added as an unsaturated fragment generatsitu by loss of
transformation$:* However, it is often difficult to determine  the labile COD ligand. Another common approach to heter-
whether observed reactivity is due to the bimetallic complex obinuclear Compounds uses “bridge-assisted syntﬁésig”

itself or to monometallic complexes formed upon fragmentation preparing:-phosphido ligands (eq 292 In this strategy, a metal
of the starting complexes under the reaction conditforis.

order to address this problem, various synthetic strategies have Ph, " PFg
been employed to ensure the integrity of the bimetallic structure. [MoCp(CO)s(PPhH)IPFs ﬁ\ /A PPha
One of the most successful of these utilizes bridging ligands, oc;M°\H/P‘\
commonly bidentate phosphines such as dpSnor x-phos- oc PPhy
phidc®1° moieties. A representative example of this approach ) o

is shown in eq $2 The monomeric iron complex is constructed with a coordinated secondary phosphine is deprotonated, and

with the pendant dppm attached. The second metal is thenthe resulting terminal phosphido ligand displaces a labile ligand
from the second metal affording tirephosphido-bridged dimer.

Our interest in methanol oxidation at platinum electrodes
bearing either molybdenum or ruthenium atéhiwas led us to
investigate the properties of Mo/Pt and Ru/Pt bimetallic
complexes. Although heterobinuclear complexes are common
in the literature, the number of Ru/Pt complexes is rather small

(2
+  PUCzH,)(PPhg),
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(Mo/Pt complexes are more common). The electrochemical (CH.Cl,): Epa= 1.95 V. Anal. Calcd for GsHzi1FsOP;sRU-0.5CH-
properties of these compounds, for the most part, remain Clz: C, 52.80; H, 3.86. Found: C, 53.24; H, 3.59.
uninvestigated. We report here the synthesis, structure, and Preparation of [RuCp(PPhs)CO(n'-dppm)]PFs (2). RuCp-
electrochemical characterization of some new Mo/Pt and Ru/ (PPR)(CO)CI (0.5 g, 1 mmol), dppm (1.17 g, 3.05 mmol), and NH
Pt heterobinuclear complexes with bis(phosphine) and phosphidop'_:at(o'50 g'h&lt rg’?o'é@‘é"?re Sd'hSSO'getg In '}feo':j t(loo Tt'-)' The
bridges. The focus of the work is characterization of the dimeric mixture was heated to ore h and then aflowed to coo’ to room

. . : . temperature. The solvent was removed to give a bright yellow residue,
species using cyclic voltammetry and correlation of the observed

- . "~ CH,Cl, (25 mL) was added, and the supernatant was filtered through
redox potentials with those of the analogous monomers to gain cejite. The volatile components were removed to give a yellow solid

InS|ght into the oxidation behavior of the binuclear Complexes. that was washed with hexane 63 10 m|_) and recrysta"ized twice

Experimental Section

General Methods. Standard Schlenk/vacuum techniques were used
Hexane, petroleum ether, chloroform, and methylene
chloride were distilled from Cafl Diethyl ether, THF, toluene, and

throughout.

dimethoxyethane were distilled from Na#2&t©. All NMR solvents
were degassed by three freezgimp—thaw cycles. Benzends was
vacuum transferred from Na/gO. CDCh was stored over 3 A

molecular sieves. All other starting materials were purchased in reagent

grade and used without further purificatiofH, 3P, and'3C NMR

spectra were recorded on Varian VXR-300 or Gemini-300 NMR

from 2:5 CHCl,/ether to give 0.14 g o2 as an off-white solid (14%
yield). Note: The product contained 0.25 equiv of 4 as indicated
by IH NMR. H NMR (CDCl): ¢ 7.8-6.9 (m, 35H, Ph; andPh,P—
CH,—PPh,), 4.96 (s, 5H,Cp), 2.70 (br d, 1HJ4y = 16 Hz, PhP—
CH,—PPh), 1.79 (dd, 1H,Juu = 16 Hz, Jpy = 10 Hz, PhP—CH,—
PPh). 3P NMR (CDCh): 6 44.9 (d,Jep = 27 Hz, PPhy), 34.5 (dd,
Jpp= 47, 27 Hz, Ru-PPh,—CH,—PPh), —28.6 (d,Jpp = 47 Hz, Ru~
PPD—CHZ—PPQ). IR (CHzclz): veco = 1976 (S) cmi CV (CHz-
Cly): Epa=1.91V. Anal. Calcd for GsHFsOPsRuU-0.25CHCl,: C,
58.73; H, 4.22. Found: C, 58.85; H, 4.28.

Preparation of RuCp(n*-dppm).Cl (3). In the course of preparing

spectrometers. IR spectra were recorded on a Perkin-Elmer 1600IRUCP&*-dppm)é*-dppm)]Cl from RUCP(P4P)(7*-dppm)Cl (2.41 g,

spectrometer. Elemental analyses were performed at the University

of Florida.

Electrochemical experiments were performed under nitrogen using
a PAR Model 273 potentiostat/galvanostat or an IBM EC225 voltam-
Cyclic voltammograms were recorded at room
temperature in a standard three-electrode cell with a glassy carbon
working electrode. All potentials are reported vs NHE and were
determined in CELCI, or dimethoxyethane (DME) using 0.5 or 0.1 M
TBAH, respectively. Ferrocen&(,, = 0.55 V), decamethylferrocene

metric analyzer.

(E12 = 0.04 V), or cobaltocenium hexafluorophosphdg = —0.78

V) was usedn situ as a calibration standard. Bulk electrolyses were
performed using 2.0« 3.5 cm stainless steel plates for the working
and auxiliary electrodes in a standard three-electrode cell. The stirred
solutions were electrolyzed at the appropriate potential until a color

change was observed. RuCp¢PHCO)CI}? RuCp(PhP)@*-dppm)-
CI,12 Pt(COD)Ch, 14 Pt(PhCN)Cl,,® Mo(CO)(-dppmyPt(H)Cl ¢ and

MoCp(CO}(u-PPh)(u-H)Pt(PPR)CI*” were prepared by literature

methods. R(CO),, KoPtCl, PtCh, and RuCi-xH,O were obtained
from Johnson Matthey and used as received.
Preparation of [RuCp(PPhg)CO(PPhH)]PFs (1). RuCp(PPH)-

(CO)CI (0.5 g, 1 mmol) was added to a flask containing MeOH (20

mL) and PPkH (0.95 g, 5.1 mmol, 0.88 mL). A solution of NRFs

(0.50 g, 3.1 mmol) in MeOH (15 mL) was added via cannula and the
mixture heated to 60C for 12 h. After cooling to room temperature,

the volatile components were removiedvacuoand CHCI; (20 mL)

was added to the residue giving a bright yellow solution and a white
precipitate. The supernatant was filtered through Celite and concen-
trated toca. 10 mL, and ether (15 mL) was added, resulting in the
formation of a white microcrystalline solid over 1 h. After the mother
liquor was removed via cannula, the solid was washed with ether,

redissolved in a minimal amount of GEl,, and reprecipitated with

ether to givel as 0.49 g of a white solid (61% vyield). Note: The

product contained 0.5 equiv of GBI, as indicated byH NMR. H
NMR (CDCl): 6 7.5-7.0 (m, 25H, PPhs and APh;H), 6.8 and 5.5
(1H, dd, Jpn = 384, 8 Hz, PP{H), 5.11 (s, 5H,Cp). *C NMR
(CDCly): 6 200.2 (t,Jop = 17 Hz,CO), 133.0 (d,Jcp = 11 Hz), 132.6
(d, Jep = 11 Hz), 131.9 (s), 131.6 (dicp = 2 Hz), 130.6 (dJcp = 19
Hz), 129.5 (dJecp = 19 Hz), 129.4 (dJcp = 20 Hz), 129.1 (dJcp =
11 Hz), 89.5 (sCp). 3P NMR (CDCL): 6 48.1 (d,Jpp= 32 Hz,PPhy),
30.0 (d,Jpp= 32 Hz,PPhH). IR (CHCly): vco= 1989 (s) cm. CV

(12) Davies, S. G.; Simpson, S.J1.Chem. Soc., Dalton Trant984 993~
994.

(13) Bruce, M. I.; Humphrey, M. G.; Patrick, J. M.; White, A. Hust. J.
Chem 1983 36, 2065-2072.

(14) Clark, H. C.; Manzer, L. EJ. Organomet. Chenl973 59, 411—
428.

(15) Hartley, F. ROrganomet. Chem. Re Sect. A197Q 6, 119-137.

(16) Blagg, A.; Shaw, B. LJ. Chem. Soc., Dalton Tran$987, 221—226.
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2.84 mmol) and dppm (1.64 g, 4.26 mm&ithe orange mother liquor
obtained after precipitation of this complex was evaporated to dryness
to give an orange solid. The solid was redissolved in a minimal amount
of CH,Cl, (5 mL) and filtered through Celite. Hexane (15 mL) was
added and the solution allowed to stand undisturbed over several hours,
resulting in the formation of a red/orange crystalline solid. A second
recrystallization of the resulting solid from GEl./hexane gav& as
0.92 g of red/orange crystals (33% vyield). The remainder of the
ruthenium from the reaction was identified &sRuCpg?-dppm)CIL8
and starting materiab{de infra). Attempts to separate these complexes
via further chromatography failed3. *H NMR (CDCl): ¢ 7.3-6.8
(m, 40H, Ph,P—CH,—PPhy), 4.39 (s, 5HCp), 3.70 (br d, 2HJun =
15 Hz, PAP—CH,—PPh), 1.91 (br d, 2H, P¥P—CH,—PPh). C
NMR (CDCl): 6 133.2 (d,Jcp = 56 Hz), 132.9 (d,Jcp = 55 Hz),
129.0 (d,Jcr = 9 Hz), 128.3 (d,Jcp = 22 Hz), 128.1 (d,Jcp = 30
Hz), 128.0 (dJcp = 2 Hz), 127.6 (m), 126.9 (m), 84.3 (§p), 25.8
(m). 3P NMR (CDCE): 6 39.3 (overlapping d of virtual tJpp = 41,
34 Hz, Ru-PPh—CH,—PPh), —25.2 (overlapping d of virtual Jpp
= 41, 32 Hz, Ra-PPh—CH,—PPhy). CV (CH,Cl,): E;, = 0.50 V.
Anal. Calcd for GsH4sCIPsRu: C, 68.08; H, 5.09. Found: C, 68.19;
H, 5.08.

Preparation of RuCp(PPhg)Cl(u-dppm)PtCl, (4). A Schlenk flask
was charged with RuCp(PBty*-dppm)ClI (1.5 g, 1.8 mmol) and GH
Cl, (50 mL). A solution of Pt(COD)GI(0.66 g, 1.8 mmol) in CkCl»
(25 mL) was then added via cannula to give a red/orange solution.
The solution was stirred overnight at room temperature and filtered
through Celite. Removal of solvent afforded a red/orange solid which
was washed with 1:1 hexane/ether to give an orange/brown residue.
The residue was dissolved in @, with gentle heating and repre-
cipitated with 1:1 hexane/ether, gividgas 1.51 g of an orange powder
(77% yield). *H NMR (CDCl): 6 8.0-6.0 (m, 35H,Ph,P—CH,—
PPh, and FPhg), 4.59 (s, 5H,Cp), 2.71 (overlapping m, 2H, BR—
CH,;—PPh). 13C NMR (CD.Cly): ¢ 137.9-127.2 (aromatic), 82.0 (s,
Cp), 59.4 (M, PPh-CH,—PPh). 3P NMR (CDCk): ¢ 49.1 (dd,Jpp
=21, 36 Hz, Ru-PPh,—CH,—PPh), 37.8 (d,Jrp = 36 Hz, Ru-PPhy),
—2.9 (d,Jpp = 20 Hz, Jpp: = 3826 Hz, Ru-PPh—CH,—PPhy). CV
(CH2C|2): E1/2 =1.13 V, Epaz 1.78 V. Anal. Calcd for G3H42C|3P3-
PtRu: C, 51.74; H, 3.80. Found: C, 51.32; H, 3.80.

Preparation of RuCpCl(z-dppm).PtCl, (5). RuCpg*-dppm)Cl
(3,0.15 g, 0.16 mmol) was dissolved in 10 mL of @b, and a solution
of Pt(PhCN)CI, (0.07 g, 0.16 mmol) in CkCl, (5 mL) was added.
After the mixture was stirred overnight, the solvent was removed,

(18) See ref 13 for original report of the complex. Our spectral data for
RuCpg2-dppm)Cl differ from those reported. The identity of the
compound was confirmed with an X-ray crystal structure (Terry, M.
R.; Abboud, K.; McElwee-White, L. Unpublished result$) NMR
(CDCly): 6 7.7—7.2 (m, 20H,Ph,P—CH,-PPhy), 5.06 (dt, 1H Jun =
14.7 Hz,Jpn = 10.2 Hz, PBP—CH>—PPh), 4.69 (s, 5H,.Cp), 4.34
(dt, 1H,Jun = 14.7 Hz,Jpyy = 11.1 Hz, PBP—CH,—PPh). 3P NMR
(CDCl): 6 13.6 (s,PPh—CHy—PPhy).
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affording an orange solid. The solid was reprecipitated from@
hexane to givés as 0.18 g of an orange powder (91% yield). Note:
The product contained 1 equiv of GEl as indicated byH NMR. 'H
NMR (CDCl): ¢ 8.12 (m, 8H), 7.46-:6.77 (aromatic, 32H), 5.03 (s,
5H, Cp), 3.21 (m, 4H, PEP—CH,—PPh). 3C NMR (CDCk): o
133.9-127.5 (aromatic), 91.3 (€p), 61.8 (m, PBP—CH,—PPh). 3P
NMR (CDCl): ¢ 43.2 (d,Jep = 24 Hz, Ru-PPh—CH,—PPh), —2.6
(d, Ipp = 19 Hz, Jppt = 2372 Hz, PPi-CH,—PhP—Pt). CV (CH-
Clg): Epal =1.13 V, Epaz =1.45V. Anal. Calcd for €5H49C|3P4Pt-
Ru-CH,Cl,: C, 50.90; H, 3.86. Found: C, 50.70; H, 3.78.

Preparation of [RuCp(PPhs)CO(u-dppm)Pt(Cl),]PFs (6). RuCp-
(PPR)Cl(u-dppm)PtCl (4, 0.143 g, 0.129 mmol) was partially dissolved
in DME, and then CO was bubbled through the mixture for 15 min. A
CO-saturated solution of TIRF0.055 g, 0.16 mmol) in DME was added
and the mixture stirred under ambient CO pressure for 10 h. The
mixture was filtered and the filtrate evaporated to dryness. Reprecipi-
tation from DME and EO gave6 as 0.11 g of a yellow solid (73%
yield). *H NMR (CDCk): 6 7.98 (m, 4H), 7.66-7.22 (aromatic, 31H),
5.59 (s, 5H,Cp), 2.17 (m, 2H, P¥P—CH,—PPh). 3C NMR
(CDCly): ¢ 218.4 (sCO), 133.0-132.2, 129.8-128.1 (aromatic), 90.7
(s, Cp), 71.8 (m, PBP—CH,—PPh). IR (CH,Cly): vco = 1979 (s)
cm L. CV (CH.LCly): Epai=1.43 V,Ep= 1.68 V. Anal. Calcd for
CaoHaClFsPsPtRu: C, 50.13; H, 3.58. Found: C, 49.81; H, 3.40.

Preparation of [Mo(CO) s(u-dppm)2Pt(H)]PFs (7). Mo(CO)s(u-
dppm}Pt(H)CI (0.75 g, 0.64 mmol) was dissolved in @k, (20 mL)
and MeCN (10 mL). A slurry of TIP§(0.22 g, 0.64 mmol) in Cht
Cl, (10 mL) was added, resulting in an orange/brown solution over an
off-white precipitate. The mixture was stirred for 30 min and then
filtered through Celite. Ether (15 mL) was added to the filtrate, giving
a microcrystalline solid over 30 min. The product was recrystallized
from CH,Cl,/ether and dried under vacuum to giveas 0.74 g of an
orange microcrystalline solid (90% yield). Note: The product contained
1 equiv of CHCI, as indicated byH NMR. H NMR (CD.Cly): ¢
7.5-7.1 (m, 40H,Ph,P—CH,—PPh), 3.12 (br m, 4H, P#P—CH,—
PPh), —2.86 (it, Jupt = 1453 Hz,Jup = 11 Hz, Pt-H). 3C NMR
(CDCl): 6 232.1, 191.6, 190.8Q0), 149.3, 135.£128.3 PhP—
CH,—PPhy), 66.2 (PhP—CH,—PPh). 3P NMR (CD,Cly): 6 42.9 (t,
Jrp = 46 Hz, Mo—PhP—CH,—PPh), 22.1 (d,Jrp = 46 Hz, Jppi =
2452 Hz, P£PhP—CH,—PPh). IR (CH.Cl): vco= 1998 (s), 1844
(s), 1806 (s) cmt. CV (CH.Cl,): E1,=0.79 V,Epa=1.83 V. Anal.
Calcd for GsHasFeMoOsPsPtCH,Cl,: C, 47.17; H, 3.42. Found: C,
47.80; H, 3.32.

Preparation of [MoCp(CO) »(u-PPhy)(u-H)Pt(PPhs)(MeCN)]PFs
(8). A Schlenk flask was charged with MoCp(CGQ)-PPh)(u-H)Pt-
(PPR)CI (0.50 g, 0.56 mmol, 5:1 mixture of isomers, see eq 8) and
MeCN (15 mL). A solution of TIPE (0.19 g, 0.56 mmol) in MeCN
(5 mL) was added, giving a yellow/orange solution and an off-white
precipitate. The mixture was stirred for 30 min, concentratedato
10 mL, and filtered through Celite. Evaporating the filtrate to dryness

Orth et al.

applied on the basis of measured crystal faces USHELXTL plus-®
absorption coefficienty = 0.56 mm! (minimum and maximum
transmission factors are 0.883 and 0.946, respectively).

The structure was solved by the heavy-atom metho8HELXTL
plus from which the location of the Ru atom was obtained. The rest
of the non-hydrogen atoms were obtained from a subsequent difference
Fourier map. The structure was refinedSHELXTL plususing the
full-matrix least-squares method. The non-H atoms were treated
anisotropically, whereas the positions of the hydrogen atoms were
calculated in ideal positions and their isotropic thermal parameters were
fixed. A total of 550 parameters were refined, and(|F,| — |F¢|)?
was minimized: w = 1/(o]Fo|)? o(Fo) = 0.5kl YH[o()]? +
(0.02)2 32,1 (intensity)= (I peak— lbackground(scan rate)g(l) = (Ipeax
+ Ihackgraund¥A(sCan rate)k is the correction due to decay and Lp effects,
and 0.02 is a factor used to down-weight intense reflections and to
account for instrument instability. The linear absorption coefficient
was calculated from values from thiternational Tables for X-ray
Crystallography?® Scattering factors for non-hydrogen atoms were
taken from Cromer and Mafhwith anomalous-dispersion corrections
from Cromer and Libermaf?, while those of hydrogen atoms were
from Stewart, Davidson, and Simps#n.

Results and Discussion

Synthesis of Mononuclear Complexes 13. Reaction of
RuCp(PPB)(CO)CI with NH,PF; in MeOH in the presence of
a phosphine results in substitution of phosphine for chloride to
yield RuCp(PPE)(CO)L*T [L = PPhH (1) or dppm @)] (eq 3),

@ I PFe
o Ru
P s Gl
< SFve PPhH
Ru 1 3
PhsP” | el %
00 " My o <> Tt PFe
6
'y |
GOH

Ru,
PhsP’ I ~co
PhaR__PPh,
2

similar to reactions of this starting material reported by Davies
and Simpsori? The resulting cations, and2, are produced in
good yield when L= PPhH (61%), but much lower yield with

L = dppm (14%). Alternatively,1 could be prepared by
reacting RuCp(PR)(CO)CI and PP$H with TIPFs in CH,Cly,
although the yield is slightly lower (58%). Attempts to prepare
2 under the TIPFCH,CI, conditions proved unsuccessful.

under reduced pressure afforded an orange solid. The solid wasAnalysis of these reaction mixtures, after stirring overnight at

recrystallized from CHCl,/hexane to give 0.55 g & as a mixture of
isomers (94% vyield). Isomek. H NMR (CD,Cl): 6 7.6-7.1 (m,
25H, FPhs andu-PPhy), 5.13 (s, 5SHCp), 2.09 (s, 3H, NCEi3), —9.5
(dd, Jpp = 27, 77 Hz,Jppe = 477 Hz,u-H). 3C NMR (CD.Cly): ¢
243.6, 193.4 €O), 134-129 (aromatic carbons), 91.9 (Cp), 23.0
(virtual t, Jcps= 658 Hz, NGCH3). 3P NMR (CD.Cl,): 6 97.6 (S,Jppt
= 3051 Hz,u-PPhy), —35.5 (d,Jpp = 70 Hz, Jppr = 4099 Hz, Pt
PPhy). IsomerB. H NMR (CD.Cl,): 6 4.76 (s,Cp), 1.89 (s, NCEl3),
—16.6 (dd,Jpp = 9, 18 Hz,Jppr = 680 Hz,u-H). 3C and®P NMR
peaks for this isomer were not sufficiently resolved for a confident
assignment. Mixtur8A,B. CV (CH,Cly): Epm= 0.94 V,Epp2=1.13
V, Epazs=1.65 V,Epaa= 1.82 V. IR (CHCL,): vco= 1971 (s), 1905
(s) cnt®. Anal. Calcd for GoH3,NFsMoO,PsPt: C, 44.82; H, 3.26;
N, 1.34. Found: C, 44.71; H, 3.34; N, 1.14.

Crystal Structure Determination of RuCp(#n-dppm).Cl (3). Data

room temperature or refluxing 4 h, indicated only unreacted
starting material.

The 'H NMR spectra of bothl and 2 show numerous
aromatic resonances overlapping between 7.8 and 6.9 ppm. Each
spectrum also displays a characteristic singlet for the Cp
resonance at 5.111) or 4.96 ppm 2). The phosphine proton
of 1is seen as a doublet of doublets with PH coupling constants
of 384 Hz for the attached phosphorus and 8 Hz for the ligated
PPh. The methylene protons & are seen at 2.70 and 1.79
ppm, also as doublets of doublets, with PH coupling constants
of 16 and 10 Hz. In the IR spectrum &f the CO stretch is
observed at 1976 cm, while that of 1 is at 1989 cm?,
consistent with their formulation as Ru(ll) complexes (e.g., for

were collected at room temperature on a Siemens P3m/V diffractometer(19) Sheldrick, G. MSHELXTL plusNicolet XRD Corporation: Madison,

equipped with a graphite monochromator utilizing Met Kadiation

(A = 0.710 73 A). Thirty-two reflections with 20°0< 20 < 22.0°

were used to refine the cell parameters, and 8848 reflections were
collected using thev-scan method. Four reflections were measured
every 96 reflections to monitor instrument and crystal stability
(maximum correction ot was <1%). Absorption corrections were

WI, 1990.
(20) International Tables for X-ray CrystallographiKynoch Press: Bir-
mingham, 1974, Vol. IV, p 55.
(21) Cromer, D. T.; Mann, J. BActa Crystallogr.1968 A24, 321—324.
(22) Cromer, D. T.; Liberman, DJ. Chem. Phys197Q 53, 1891-1898.
(23) Stewart, R. F.; Davidson, E. R.; Simpson, WJTChem. Physl965
42, 3175-3187.
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Table 1. Crystallographic Data foB

formula GsHagP4CIRU fw, g mol? 970.34

a A 11.490(1) space group  P1(No.2)
b, A 14.869(2) T,°C 25

c A 15.447(2) A 0.71073
a, deg 84.63(1) Peale, g CNT 3 1.355

p, deg 70.55(2)

v, deg 72.92(1) uemt 0.56

Vv, A3 2378.7(5) R 0.0368

Z 2 Rw 0.041%

AR = Y (|IFol — IFdl[)/ZIFol, Ry = [ZW(IFo| — |Fel)¥X|Fol3Y2
Table 2. Selected Bond Lengths (A) of CompouBd

Cl—Ru 2.452(1) C2Ru 2.229(5)
P1-Ru 2.319(1) C3Ru 2.226(5)
P3-Ru 2.314(1) C4Ru 2.221(4)
Figure 1. Molecular structure o8, with 50% probability ellipsoids, Cl-Ru 2.191(4) C5Ru 2.194(3)

showing the atom numbering scheme. The phenyl groups are symbol-
ized by “Ph” with a number that refers to the C atom bonded to P.  Table 3. Selected Bond Angles (deg) of Compougd

Cl-Ru—P1 89.91(3) P+Ru—P3 97.20(4)

RuCp(PPB)(CO)Cl vco = 1959 cnT1).12 The lower energy Cl-Ru-P3 87.97(3)
stretch of thep'-dppm complex reflects the slightly greater _ § )
donating ability (or lesset-acidity) of the dppm ligand relative ~ Structures with a monodentate dpfn all display octahedral
to that of PPBH. This electronic difference is also observed geometry. Tables 13 detail crystallographic data, bond
in the oxidation potentials of the compoundsde infra). lengths, and bond angles f8r respectively.

Isolation of RuCpg-dppm}Cl (3) from the literature prepa- Syntheslls of Heterobimetallic Complexes 48. RuCp-
ration of [RUCpP§2-dppm)¢2-dppm)]CF2 arose from an attempt ~ (PPR)CI(»*-dppm) reacts readily with Pt(COD)&Io give the
to determine the fate of the remaining starting material after Neterobinuclear complex RuCp(Pff@I(u-dppm)PICi (4) (eq
the reaction. After precipitation of [RuCg-dppm)g-dppm)]- 4) in which the diene has been displaced from platinum. This
Cl in low yield (ca. 20%), 3 was obtained from the filtrate in

moderate yield (33%) by crystallization. Attempts to improve |@ =4 /CICHZCI2 ﬁ,@l ¢

the yield of 3 by reaction of either RuCp(PBhCI or RuCp- F’haF"""Tu o @P‘\CI — phprfutC @
(PPh)(3*-dppm)CI with dppm under a variety of conditions PhoP_PPh, PhoPPPhe

gave mixtures of the products noted above in varying ratios; 4

however, the yield o8 was not improved beyond 33%.

In addition to the aromatic signals for the dppm phenyl yellow compound is air stable as a solid, although solutions

groups, thelH NMR spectrum of3 exhibits methylene decompose slowly over the course of a day when exposed to

resonances for the dppm ligand at 3.70 and 1.91 ppm. Both ig'lThzzs é\lMR spe(_:trun; of %omeleg haz (rjesonanhces ﬁt
are doublets broadened B coupling. Thé!P NMR spectrum -1 and 37.8 ppm assigned to the Ru-bound dppm phosphorus
shows two widely separated resonances reflecting the differing aJnd the ;gg;Gre:pectrl]vely.tA.p?ak ?le.gt.ppm showsl'satellltgs'
environments of the phosphorus atoms. The peak at 39.3 ppm(ZPPt = Hz) characteristic of platinum coupling and is

is assigned to the Ru-bound phosphorus atoms, while theihereforf assigned to the dppm pho_sphorus bound to '_Dt' The
resonance at25.2 ppm is assigned to the pendant phosphorus. 1 anld S?ZN;V'lR s;()jegtzra are less d'ignolsma ye'i d?hdlsglay
These assignments correspond with those reported for the Closelfrllge?r?ylser?e s dggsn ppm, respeclively, due to the dppm
related compound, RuCp(PR@-dppm)CI3 X - . .

Structure %f RuCp( 1_%%3::; Clp(F:)B) ) Shown in Figure 1 In a reaction similar to the preparation4fthe bisy-dppm
is the thermal elli so% drawin2 of compleX The phenyl  uthenium compounds, reacts with PYPhCNEI, in CH,Cl,

psolc 9 P . phenyl o give the neutral bimetallic complex, RuCp@idppm}PtCh
groups hth‘hehdpP")" igands h("z‘j"e peen .‘m‘;‘}e‘; for . (g) (eq 5). However, whe is combined with Pt(COD)G)
although the phenypsocarbons (denoted wit #) are shown ; - '

L : » - no bimetallic complex is formed. Rather, transfer of dppm from
to |nd|qate their position. The pnusuﬁl binding mode of both RuCpCIéyl—dppm)?(S) to platinum occurs, leading to F?SCpCI-
d?%n:jI|gandsk;:argI be sefe(rjw in Figure 1. k‘)l’herﬁ are many elxafmple?nz_dppm) and P-dppm)Ch Confirmaltion of the identity
of bidentate binding of dppm to Ru, but there are only four | .
reported complexes of ruthenium where dppm is in a mono- of these products was made by comparison of the spectral data

i i i ,29
dentate binding mod#. Although monodentate binding of two with that reported in the literaturé:

dppm Ilgands_ has been observed preVI_OUSIy _|n complexes 0T(25) (a) Cano, M.; Campo, J. A.; Perez-Garcia, V.; Gutierrez-Puebla, E.;
other metals (i.e., M& or Re), complex3 is the first structure Alvarez-lbarra, CJ. Organomet. Chen199Q 382 (3), 397-406. (b)
reported to have two monodentate dppm ligands coordinated Riera, V.; Ruiz, M. A, Villafdra, F.; Bois, C.; Jeannin, YJ.

to Ru. The coordination geometry around the metal center is ~ ©Organomet. Chen99Q 382(3), 407-417. (c) Hor, T. S. A.; Chee,

imilar to that of [RUCpE2-dppm)gi-dppm)]- 242 and is the S.-M. J. Organomet. Chenl.987 332 (1), 23-28. (d) Klendworth,
similar to | _ pp pp _ D. D.; Welters, W. W.; Walton, R. AOrganometallics1982, 1, 336—
piano-stool configuration common to four-coordinate-Rip 343.
complexe$” The Ru atoms in the three other ruthenium (26) Hartl, F.; Viek, A., Jr.inorg. Chem.1992 31, 2869-2876.

(27) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D.
G.; Taylor, R.J. Chem. Soc., Dalton Tran$989 S1—-S83.

(24) (a) Bruce, M. I.; Cifuen, M. P.; Grundy, K. R.; Liddell, M. H.; Snow,  (28) A reviewer has suggested an alternative structurd farwhich the

M. R.; Tiekink, E. R. T.Aust. J. Cheml988 41, 597-603. (b) Lugan, ruthenium-chloride is bridging. This structure cannot be excluded
N.; Bonnet, J.-J.; Ibers, J. AOrganometallics1988 7, 1538-1545. on the basis of the spectroscopic data. However, subsequent manipula-
(c) Ball, R. G.; Domazetis, G.; Dolphin, D.; James, B. R.; Trotter, J. tion of the complex suggests the Ru-bound chloride is the most reactive
Inorg. Chem.1981, 20, 1556-1562. (d) Singleton, E.; van Rooyen, of the three chloridesv{de infra). In the absence of crystallographic

P. H.; de V. Steyn, M. MS. Afr. J. Chem1989 42, 57—-63. data, we conclude that the structure pictured in eq 4 is more likely.
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* PF,
<> '.’Pé\ﬁ’th PhoP” > PPh, PP~ ppr, | PP
«Cl "
Ru P(PhCN),Cl, —= " JRu Rt oc_,Jd:‘E?Pf»C' TIPFs  OCpfo--_pt—
iR+ a’| o] S e o ]
| ~PPh, PPh, . _PPh oc’| H CH,Cl @)
thﬁ\ LPPh N ® PhoP<_-PPh; PhpP_-PPh;
2
3 “PPhy 5 7

The aromatic region of théH NMR spectrum of5 is yield (90%). No incorporation of C4CN was indicated byH
predictably crowded. However, the Cp resonance is well NMR analysis of the complex when this solvent was used.
resolved at 5.03 ppm, as is the multiplet for the methylene  On the basis of spectroscopic data, assignment of structure
protons of the dppm bridges at 3.21 ppm. THE NMR is as shown ineq 7. TH8P NMR spectrum shows the multiplet
spectrum exhibits a similar pattern in that the aromatic carbon characteristic of P& at 350.2 ppm which confirms the cationic
resonances are overlapping while the Cp and methylene nature of the compound. The IR spectrum shows two CO bands
resonances are more distinct at 91.3 and 61.8 ppm, respectivelytypical for terminal carbonyl ligand® (1998 and 1844 cm)

The platinum satellites bracketing the doublet-2t6 ppm (pp: and one band of lower energy at 1806 ¢m In addition, the

= 2372 Hz) in the¥!P spectrum identify the resonance as that “*C NMR spectrum shows a peak at 190.8 ppm, which is at
for the Pt-bound phosphorus. The resonance at 43.2 ppm islower field than the typical carbonyl carbon resonance. The
similar to those of other Ru-bound phosphines. presence of an open coordination site on Pt, as well as these

As one goal of this work is to ligate putative intermediates data, suggests that one carbonyl may be bridging or semibridg-
from the oxidation of methanol, methoxide (or other alkoxides) ing. However, spectral data for terminal carbonyls oveéflap
and CO were chosen as target ligands. Attempts to substituteWith those observed here, making a conclusive assignment of
an alkoxide for a chloride on complekwith TIOEt, TIOMe, the bonding of one CO impossible in the absence of structural
TIOBU, or NFyPFs in CH,Cl,, MeOH, or combinations of these ~ data.
solvents produced no identifiable substitution products. In In a related reaction, MoCp(Ce&lk-PPh)(u-H)Pt(PPR)CI
addition, mixtures of4 in MeOH with either a catalytic or ~ (mixture of isomers) was combined with TIPFA CH;CN. In
equimolar amount of a hindered amine (proton spongegNEt this case, chloride abstraction occurred with incorporation of
failed to produce any substitution product. The extremely low acetonitrile to give [MoCp(CQJu-PPh)(u-H)Pt(PPR)(CHs-
solubility of 4 in MeOH, however, may preclude reactions in CN)IPFs (8) (eq 8). The product is a mixture of isome#s, (
this solvent.

Reaction of4 with TIPFs in the presence of CO results in T PRe”
- . . . PPh, & PPh,
substitution of a single chloride ahat the ruthenium center to @\Mo/ \Fz,t/PPh3 ug \; Pes
form [RuCp(CO)(PP¥(u«-dppm)PtCi]PFs (6) (eq 6). Assign- oc; é N N ch c{ Ny \NCCH3
TIPFs 8A ®)
ﬁ cl ﬁ c tPFe ’ GHsCN
£ Cl £ .CO | +pE -
Pnap":l*“"“Fl’“C' TIPFe/ O g U =C (6) @\ PR i @\ Pa /NCCH3_| Pre
DME Mo Pt
PhP__PPh, PhP___PPh, ocr TN/ N\ Mo Pt
4 6 Oé H PPhy OCOCI \H/ \PPh3

ment of the site of CO binding is based on spectroscopic and

electrochemical data for the complex. The carbonyl peak in PPh andu-PPh arecis; B, MeCN andu-PPh arecis) in aca.
the13C NMR Spectrum shows no p|atinum Sate"ites; however, 5:1 ratio (A\B) and reflects the ratio observed in the Starting
we cannot rule out the possibility that such satellites may be material.

lost in the baseline due to the low signal to noise ratio of the  The 3P NMR spectrum of the mixture &A and8B shows
peak. The IR spectrum & shows a CO bandvgo = 1979 the bridging phosphido resonanceg#t at 97.6 ppm, markedly
cm™Y) remarkably similar to that of the similarly ligated shifted from the analogous resonance in the starting material
compound [RuCp(PRICO@-dppm)IPE (2) (veco = 1976 (167 ppm). The bridging hydride resonances observed in the
cm1). In addition, there is a significant shift in the oxidation ~*H NMR spectrum of the mixture were assigned by comparison
potential of the ruthenium center (see Electrochemistry section). of the chemical shifts ané#*Pt—'H coupling constantsy, —9.5
These data suggest the structure as drawn in eq 6 rather tha®Pm,Jew = 477 Hz;B, —16.6 ppm Jpiy = 680 Hz) with those

one with the carbonyl bound to platinum. of the analogous isomers of the starting matefal<8.40 ppm,
With 1 equiv of TIPR, 6 is the only CO-substituted product ~ Jrw = 445 Hz;B, —15.6 ppm,Jpys = 684 Hz):2

isolated. When 2 equiv of TIRFare used in the reaction, a Electrochemistry. Cyclic voltammetric results for the

mixture of products containing and a number of other  ruthenium monomerd—3 are summarized in Table 4. The

compounds results. Three equivalents of HRJve only compounds with a coordinated CO4nd?2) exhibit irreversible

unidentified decomposition products. If the reaction is carried ©xidation potentials at 1.95 and 1.91 V, respectively. The
out in CHCl, instead of DME, TIPE reacts with4 to give a potentials reflect the electronic trend of the RRHigand and
product in which chloride has been abstracted, as evidenced by7'-coordinated dppm ligand observed in the, values.
the TICI filtered from the reaction. The product could not be

; indi (30) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
fully characterized, but an IR spectrum of the product indicates dination Compoundsith ed.: Wiley & Sons: New York, 1986: p

no incorporation of CO. 202
The known heterobinuclear complex, Mo(G@)}dppm)Pt- (31) Mann, B. E.; Taylor, B. FCarbon-13 NMR Data for Organometallic
(H)CI, reacts with TIPE in CH3CN or CH,CI; to yield TICI @2) %Zr::i[?]oun'gségalc_ign;lgig’;e's:s.: gz\:ghwteto,&léﬁégsel.er rometallics
and the cation [Mo(CQJu-dppm}Pt(H)]PFs (7) (eq 7) in high 1089 & 1485 1468 - 019
(33) Anker, M. W.; Colton, R.; Tomkins, |. BAust. J. Chem1968 21,
(29) Brown, M. P.; Puddephatt, R. J.; Rashidi, M.; Seddon, Kl.RZhem. 1143-1147.

Soc., Dalton Trans1977, 951—955. (34) Isaacs, E. E.; Graham, W. A. Gorg. Chem1975 14, 2560-2561.
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Table 4. Summary of Redox Potentials for Monomeric

Compound3d
redox Ei

compound change (VvsNHE) ref IS HA
[RuUCp(PRP)(CO)(PPEH)IPFs (1) Ru(lI/IlT) 1956 ¢
[RuCp(PhP)(CO)¢*-dppm)IPK (2)  Ru(ll/Il) 1.91° c
RuCpClgi-dppm) (3) =) 0.50 c
RuCpCI(PPH)(n*-dppm) Ru(li/1m) 0.56 13 . .
MoCp(NO)L(PMePh) Mo(V/Ill)  —122 32 Initial Scan Rovensiiy o R o
MoCp(NO)Ch Mo(IV/Il)  —0.34 32
Mo(CO)Clx(5*-dppm)g>-dppm) Mo(II/111) 1.20° 33 ey
Mo(CO)(nt-dppm)>-dppm) Mo(II/1) 0.42 34 18 14 10 06 02 -02V
cis-PtCh(PMePh), P(II/1V) 2194 35
trans-PtChL(PMePh), Pt(I/1V) 1594 35
Cis-PtCh(PPh), PL(I1/1V) 22404 35
trans-PtCh(PPh), Pt(I1/1V) 1.7%4 35
trans-Pt(PPh), (H)CI PL(I1/1V) 1.68° 36
Pt(7>-dppm)Ch PL(IINIV) 201> 29

Figure 2. Cyclic voltammograms of in CH,CI,/TBAH (V vs NHE,

aAll values obtained in CECI,/TBAH unless otherwise noted. Glassy carbon electrode, 100 mV/s, ambignt

b Irreversible wave,Epa reported This work.¢ CH;CN/TBAP, Pt
working electrode. in the solvent window of CbLCl, (>2.0 V). Interestingly,
compounds which should contain a more electron rich platinum

Table 5. Summary of Redox Potentials for Bimetallic Compounds coordination environment tha# due to the presence of two

(CHCITBAR) phosphines [e.g., Pt@PMePh), P(PPR)(H)CI] display
Evz oxidation potentials similar to that observeddiffisee Table 4).
compound crﬁgr?;e ,(\1\{4\,/53) ref ;his also suggests that electron density is donated from Ru to
1.
RuCp(PPB)Cl(x-dppm)PtCi (4) Ru(l/mny 113 b Replacement of a chloride on the bimetallic Ru/Pt compound
RUCPClg-dppm}PICh (5) Etu(l(llllll\lﬁ)) %Ig: b 4 yvith_ CO Iead; to6 and produces a significant shift in th_e
PLIIV) 145 oxidation potentials of the compound. The Ru(ll/lll) potential
[RUCpP(PPBCO(u-dppm)PtCiIPFs (6)  Ru(li/llly  1.43* b of 6 shifts 300 mV positive of that o#, while the Pt(ll/IV)
Pt(Il/IvV)  1.68 oxidation shifts 100 mV negative of that of the starting material.
[Mo(CO)s(u-dppm}Pt(H)IPFs (7) Mo(Or) 079 b Both shifts are consistent with the notion of the CO being ligated
Mo(CO)(u-dppmyPH(H)CI Fl\)/lthGX)) ld%%a 16 to ruthenium_and support the structure postulat_ed_earlier. The
PUINY) 144 m-back-bonding nature of CO, as well as the cationic Ru center,
[MoCp(CO(u-PPh)(u-H)Pt(PPR)- Mo(Il/lll)  0.942 b contributes to the more positive oxidation potential of the metal.
(CH:CN)IPFs (8) Mo(ll/l)  1.132 The negative shift in the irreversible Pt wave may be rationalized
E:E”%g i-ggz by solvent coordination in the absence of a suitable metal
Pyl metal interaction. Conversely, if the carbonyl were bound to
MoCp(COX(u-PPR)(u-H)PUPPRICI mgg::;:”g (1)'223 17 platinum, the potentials would both be expected to shift positive
PH(II/IV) 1.362 of that of the starting material, with the Pt shift being greater
Pt(Il/IV)  1.53* than that of Ru.
[MoCp(CO)(u-PPh)(u-H)Pt(PPR),]PFs  Mo(ll/lll)  1.162 17 The cyclic voltammogram of [Mo(CQ{u-dppm)pPt(H)]PFs
Pt(inv) - 2.03 (7) exhibits a reversible couple at 0.79 V and an electrochemi-
a|rreversible waveF,, reported. This work. cally irreversible wave at 1.83 V. The reversible couple is

assigned to the molybdenum center while the irreversible wave
o is assigned to the platinum center. The oxidation potential of
of that of 1 and2 at 0.50 V. Such a shift is expected for a 4 cationic Pt center is nearly 400 mV positive of that of the

compound with greater electron density at the metal center. o \i-o1 bimetallic starting material, Mo(Cg)-dppmYPt(H)-

Cyglic voltammetric re§ult§_for tgle heterr(])bimetlfallic lcom- Cl, though similar to the neutral monoméans-PtChL(PPh),,
pounds 4—8) are summarized in Table 5. The cyclic voltam- 5,4 79 y35 The Mo(0/I) potential of7 is in marked contrast

metric scan of RuCp(PBJCI(u-dppm)PtC} (4) (Figure 2) 4 o the irreversible oxidation potential of the similar

shows a couple at 1.13 V vs NHE and an electrochemically - 0mar Mo(COY- 2

: - L . , ni-dppm)%-dppm) (see Table 4), at 0.42
|rrevers_|ble OX|dat|on_ wave at 1'7.8 vin Gal.. '_I'he 113V V and the reversible Mo(0/1) couple of the starting material,
couple is fully reversible if the switching potential of the scan Mo(CO)s(u-dppm)Pt(H)Cl, at 0.38 V. Loss of a chloride from

IS <.l'6 v, a_nd IS aSS|gned to the ruthenium(ii/ill cquplg, while 7 creates both a cationic complex and an open coordination site
the irreversible wave is assgned to the Pt(1l/IV) oxidation. The on Pt. The shift in the Mo(0/1) potential could be explained by
il Wavelof the monomeric ruthenlur% comp(_)un(_j, RUCP- 3 hew metatmetal interaction or a bridging or semibridging
(P.Ph‘)crl](" -dp_pmg, II'S observed at 0.56 .C?}nS{dennE the , Carbonyl. A bridging carbonyl alone would satisfy the Pt
minor change in the 'ga'f‘d geometry _about ruthenium, the nearly ¢, gination sphere, but would not account for the positive shift
600 mV shift positive in its oxidation potential indicates a Mo potential, since a bridging CO is pooreraback-bonding
significant loss in electron density at the metal. Donation of .\ 2 terminal CO. These data. taken along with the
this density to a RuPt interaction accommodates the coordi- g croscopic evidence, suggest that a structure with a bridging

natively unsaturated platinum center and suggests the StruCt“recarbonyl, as well as a Mo/Pt interaction, is most consistent with
of the compound as drawn in eq 4. Further evidence of such

an interaction comes from the oxidation wave from the platinum
center. The Pt oxidation at 1.78 V contrasts with that of the (35) Mazzocchin, G.; Bontempelli, G.; Nicolini, M.; Crociani, Biorg.
starting material, Pt(COD)glwhich shows no oxidation wave Chim. Actal976 18, 159-163.

The oxidation potential of RuCpGit-dppmy) (3) is negative
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Unlike the Mo(0)/Pt(ll) complex¥), the CV of [MoCp(CO)- metal interaction is precluded. For example, compare the Pt
(u-PPh)(u-H)Pt(PPR)(CHsCN)]PFs (8) shows two irreversible  oxidation potential of5 (1.45 V) with that of Mo(CO)(u-
waves at 0.94 and 1.13 V for the Mo(ll/lll) oxidations of the dppm}Pt(H)CI (1.44 V). Although the metal bridged to
trans and cis isomers, respectively. The Pt(ll/IV) oxidations platinum in the two complexes is different, as is the oxidation
are observed at 1.65 and 1.82 V for th@ns andcis isomers, state of each, the redox potentials of the similarly ligated Pt
respectively. These assignments correspond with reported trendgenters are nearly identical. When an opportunity for a metal
for trans andcis forms of four-coordinate Pt oxidation poten- metal interaction exists, the Pt oxidation potential displays a
tials 3537 Substitution of CHCN for CI~ at the platinum center  large dependence on the second metal’s redox state, illustrating
has little effect on the oxidation potentials of the molybdenum the influence each center has on the other. The shift in the
center, as can be seen when the Mo(ll/lll) potentials of MoCp- oxidation potentials oft and6 exemplify this influence. One
(CO)(u-PPh)(u-H)Pt(PPR)CI and 8 are compared (Table 5).  should be able, in such complexes, to exploit this dependence
However, a positive shift in the Pt potentials is observed, by doing chemistry at one metal center with the intent of tuning
generally consistent with the notion of a cationic compound the redox potential of the second metal. Such an approach may
being more difficult to oxidize. Also noteworthy is the provide further insight into the redox properties of heterobi-
difference in the Mo oxidation potentials 8A,B and [MoCp- metallic systems in which one metal is a reactive site but
(CO)(u-PPh)(u-H)Pt(PPh),]JPFs. The complexes are each chemically inaccessible through common methods.
cationic and the molybdenum coordination spheres identical,
yet there is a difference of 220 mV in the oxidation potential
of one isomer&B) and the platinum bis(phosphine) compound,
while the potential of the second isom&#) is nearly identical
to that of the reference compound. These differences in
oxidation potential emphasize the propensity of the metal centers  gpporting Information Available: Complete thermal ellipsoids
to “communicate” through the bridging ligands, since the only drawing, tables of bond lengths and angles, and crystallographic data
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Conclusions
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In the compounds investigated here, the platinum oxidation

potentials appear to be relatively insensitive to the redox (3s) Bailar, J. C.; Itatani, Hinorg. Chem 1965 4, 1618-1620.
potential of the second metal when the possibility for a metal  (37) Davies, J. A.; Uma, VInorg. Chim. Actal983 76, L305-L307.






