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A. STATEMENT OF PROBLEM 

Our work on the electrocatnlyzed oxidation of methanol was initially motivated by 
the inmest in methanol as an anodic reactant in fuel cclls. The literature, on electrochemical 
oxidation of alcohols can be roughly pouped into two sew fuel cell smdies and inorganic 
chemistry studicq. Work on fuel cells primarily focuses on surfacecatalyzed oxidation at 
bulk metal anodes, usually Pt or PtYRu alloys. In the surface saience/dectrochemistry 
approach to these studies, single molecule catalysts are genenlly not considered. In contrast, 
ihc inorganic community iiivestigaces the electrooxidarion of alcohols in homogeneous 
systoms, Rurlrcnium complexes have bcm the most common catalysts in these studies, The 
alcohol subsrrates are typioally either secondary alcohols (e.g., isopropanol) such that tbe 
reaction stops dwr 2 e' oxidstion to thc ketone or primary alcohols (e+, benzyl alcohol) so 
hat  competition between 2 e' oxidation to the aldehyde and 4 e' oxidation to the carboxylic 
acid can be observed. Methanol, which can also undergo 6 e' oxidarion to CO,, rarely 
appcars in  the homogeneoufi catalysis studies. Surface studios have shown that two types of 
m e l d  ceniers with diffcrent f i i n c h s  result in more effective catalysts than a single mcral; 
howcvcr. upplicotion of this concept to hornogcnous systems has not been demonstrated. 
TIic mqjor lhrusr of our work is Lo apply this insight from the surface studies to homogenous 
catalysis. Even though homogeneous systems would no1 be appropriate models €or active 
sires on Pi/Ru anodes, it is possible that hctcrobimeiallic cctalysts could also utilize two 
metal centers for different roles. Starring from chat perspective, this work involves the 
preparation and investigation of heterobjnuclear catalysts for the eIectrochemictrl oxidstion of 
merhanal, 

B. SUMMARY OF: MOSTTMPORTANT RESULTS 

Preparb tion aiid Chzlrlrctcrizvrtlob of Complexes 1-3. CpRu(CI)(PPh,)($-dppm) 
(4) was reacrod with Pt(COD)CI, to clFford 77% yield of the Ru/Pt cornpI6x CpRu(PPh,)(p 
Cl)( p-dpprn)YtCl, (I) (Scheme 1). Thc R o d  complex CpRu(PPhJ(p-CI)(pdppxn)PdC1, (2) 
was prepared analogously in 71 96 yield from the reaction of 4 with (COD)PdCI, at room 
temperature. Treatment of 4 with AuPPh,CI affords the heterobimetallic complex 
CpRu(PPh,)(CI)(p-dppm)AuCI (3) in 66% yield. 
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Confirmation of the structure of 1 was obtained via X-ray crystitllognphy (Figure 
I).'? The bond lengths and bond angles of 1 are standard, with the expected square planar 
geometry ar Pt and three-legged piano stool configuration at Ru. The crystal structure of 2 
was predictably similar to rhal of 1. Confirmation of the structwe of 3 was obtained via X- 
my crystallog-aphy. As shown in Figure 2, thc complex exhibits no interaccion between the 
Ru and Au centers beyond what could be transmimd vin through bond inceracdons involving 
rhc dppm lignnd. This situation differs From that in I and 2, in which the CI bridge Iinks the 
metal atoms more closely. The bond Len'&$ and bond angles of the structure are standard, 
wiih the expected square planar geoincffy at Pr and linear configuration at AK. 

Figure 1. Thermal ellipsoids diagram of 1 
showing the crystallogaphic numbtring scheme. 
Thermal ellipsoidr are drawn at the 40% 
probabiliry level, Phenyl rings and most 
hydrogerls are omitted for clarity. Selected 

I 

disbncet (A) and angles (deg) are as foIfows: 
P t m C I 3  2,3179(7), Pt-CI 1 2.2882(7), Pt-C12 
2.3717(7), RuaCI3 2,4438(7), Pt-c13-R~ 
105.21(3), P2-Ro-CI3 89#84(2), Pl-Pr-CI3 
87.02(2). 
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n Figure 2. Thermal e -,soids diagram of 3 
showing thc crystallographic 'numbering scheme. 
Thermal cllipsoids are drawn at the 40% 
probability level. Phenyl rings and most 
hydrogens are omitted €or clarity. Selected 
distances (A) and angles (deg) are as follows: 
R L I - P ~  2.2946( 1 1). RU-Cll 2.4598(1 I), Au-P~ 

R 2.2288(12), Au-CI2 2.2860( 13), P ~ - R u - P ~  
. 98,36(4), P2-Ru-Cll 88.95(4), Pl-Ru-Cll 

92.65(4), P3-Au-CJ2 179.36(5). 

Cyclic Voltammetry of Cornplcxes 13, Cyclic voltammetry of the Ru@t complex 1 
ill CN,CIJTBAH exhibirs r\. couple at 1.13 V vs. NHE and an irreversible oxidation wave at 
1.78 V. The wave at 1.13 V is fully reversible if the switching potential of the scan is e 1.6 
V, and is assigned to the Ru(W1IX) oouple. In comparison, the Ru(II/IlI) wave of the 
mononuclear compound 4 is observcd at 0.56 V. The positive shift of nearly 600 mV in the 
redox porential of 1 indicares a significant loss in clectron denshy at the metal via the 
chloride bridge to the coordinativsly unsaturated Pt ccnrer. hrthsr  elemochemical evidence 
of suc1.r a11 intcracrion comes from the oxidetion wave horn the platinum center. The 
irreversible wave at 1.78 V is ussigned to the Pr(II/IV) oxidation. The Pt oxidation at 1,78 V 
convasts with that of the starting material, Pt(COD)CI,, which shows no oxidadon wave 
within the solvcnt window of CtizCll (< 2.0 V). When the voltammetry i6 performed in 
DCE/TRAT (DCE = 1,2-dichloroechane, TBAT = tctrabufylammoniurn 
trifliioromethanesulfonate), anocher incvcrsfblc wave a1 1,87 V can be detected. This 
addiiional wilvc is assigned to the Ru(lll/lV) couple. 

Cyclic volcammeiry of the Ru/Pd system 2 in DCE/TBAT exhibits a quasireversible 
couplc at 1.29 V vs. W E  and an irreversible oxidation wave at 1.45 V. The wave tu 1.29 V 
is assigned 10 the Ku(II/III) couple. This wave is shifted about 160 mV positive compared to 
that of  Lhe R u e t  complcx 1. The shift i s  consistent wirh electron donation through the C1 
bridge to the more electron-deficient Pd center of 2 (the first oxidation wave of the model 
compound PdClz(q'-dppm) is approximately 200 mV positive of its Pt analogue). The 
irrcvorsible wavc a1 1.45 V is assigncd 10 the Pd(UAV) oxidation based on comparisons with 
rhe cyclic volcarnmogmm of PdCl,($-dppm). 

The KuIAu complex 3 exhibits R pair of quasireversible couples at 0.86 V and 1.40 V 
vs. NHE in DCE/TBAT, The wnve ai  0.86 V is assigned to the Ru(UVm) couple, while the 
wave at l140 V i s  attributed io the Au(!/Iu) oxidation. The latter wave is similar to thatof the 
starring material, Au(PPh,)CI, which has been reported to oxidize at 1.68 V VS. "E in 
CH,CI,. As discussed uhove, ihc Ru(lI/JII) wave of the mononuclear compound 4, is 
observed at 036 V, We haw also examined the cyclic voltammotric behavior of the 
mononuclew Ru model complex, CpRuCl(q'-dppm) (9, The Ru(1MI.I) couple of 5 occurs a 
0.61 V, vhilc the Ru(JWIV) couple is  obsetwd RI 1.38 V, Overall, the first two redox 
porcntinls of 3 mom closely resemble dicir mononuclar model compounds than do the first 
two redOx potentials OF 1 or 2. This is consistent with the crystal structure, which suggests 
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that interactions between che metal c 
the merrtls via the p-CI bridges of 1 and 2 is more substanrial. 

Catalytic Eloctrooxidation of Methanol By Complexes 1-3. Electrochemical 
oxidation of C p R ~ i ( P P h ~ ) ( ~ ~ l ) ( ~ - d p p m ) P t C l ~  (I) in !ha presence of MeOH leads to 
considcrable cnhancemonc of rhe oxidarive currents, consistent with the catalytic oxidarion of 
mctlienol. Upon addiiion of methanol to a soluiion of I,  rhe current at h e  irreversible 
oxidativc wave at 1.78 V vs. NHE is increased over that of a degassed, anhydrous solution of 
1 in tho absence of methanol (Figure 3). This tesult is consistent with the catalytic 
elcctrooxidation of mcthanol in conjunction with the Pc(IIAV) oxidacive wave. 

The organic products of bulk electrolysis have been analyzed by OC and GCMS. 
Men bulk electrolysis of I with dry methanol (1.7 V vs. NHE, 30 min, 0.7 M DCEABAT) 

ikely to be minimal, while coupIing of - 

- - - IQniM Ilul'l m p l m  Figure 3. Cyclic voltammograms of 
I under nitrogen in 2.5 mL of DW0.7 M 
TBAT: glassy carbon working electrock; 
A ~ J A ~ '  reference elerrode 

- 
- , I ,  -, - ' J ~ r . w l m  

I $11 ~ r l  muiluilcd 

- 

Table 1. Product Distributions and Cumnt Efficiencies for the Electrochemical Oxidation of 
Dry Methanol by 1,2 and 3' 

product ratio (pmoles o f  CH~(OCHJ)~ / HCOOCH$b 
- 

Charge / C RuPt (1) Ru/Pd (2) RdAu (3) Ru (5)O 
d 25 2.45 3.115 1.44 no. 

50 2.35 2.41 1.23 

75 1.51 1.54 0.98 n.o.d 
100 1.23 0.94 0.59 n.o.d 
130 1.20 0,87 0.46 eoc 

Efficiency 18,6 2 4 6  25.4q 3.2 
"Electrolyses were perfornrcd di 1.7 V vsI NHE. A catalyst concentration of 10 mM was 
used. Methanol concenuaion was 0.35 M. "Dererrnined by GC with respeci fo hepme as an 
internal standard. Each ratio is reported as an average of 2-5 experiments. Xu =: CpRuCl(q' 
Odppm). 'No products observed. 'Only CH2(0CH3)2 observed. 
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is carried out under nitrogen, GC analysis indicates chat the major product is CE&(0CH,)27 
the dimethyl acetal of formaldehyde, while the minor product i s  me&yl formare (Table 1). 
Bulk electrolysis of 1 and wet methanol (5 p& I&O added to the cell) under the same 
conditions results in  the same organic products by GC analysis, However, the ratio of 
CH,(OCH,), co methyl forrnara is  significantly lower (Table 2). No oxidation p d u c r s  were 
round when the decttolysis was performed at 1.7 V in the absence of B caralysc. 

Fonniltion of CH,(OCH?), by condensation of formaldehyde with excess methanol 
yields wilier. Therehe. prolonged elec~mlysia wilh the caulysrs was carried our to 
dcrtrmine how the incmsing concentration of water affect6 the distribution of the oxidstion 
products. As shown by thc darn in Tablcs 1 and 2, tho presence of water (either directly 
added or form4 in sir& by condcnsation) shifts tho distribution toward the more highly 
oxidized methyl formate. This shifi in product ralios is consistent with participation of Ru 
oxo spacia formed by oxidntion of' 1 wirh water as che oxygen source. Interestingly, despite 
the extensive literature precedenr for alcohol oxidation by Ru oxo complexes, the onset of 
catalysis by 1 appears to coincide with oxidation at Pt 

Table 2. Produci Distributions for the Eleccrochemicsl Oxidation of Wet Msrhanol by I, 2 
and 3"" 

product ratio ( p o l e s  of C&(OC&)2 / HCOOCHI)~ 

Charge / C RuPi (3) R d P d  (1) RulAu (2) Ru (S)d 
25 1.68 1.38 1.26 nlolD 
SO 1.34 0.98 I .OS n.o.0 
75 1.17 0.84 0,97 n.0.D 
IO0 0.67 0.70 0.4 1 n.0." 

I30 0.4 I 0.54 0.34 0.33 
E Wicjency 19.5 20,6 26,l 7.2 

"Elcctrolysos were performed at 1.7 V vs. "E, A caralysr concentration of 10 was 
used. Methanol concontration was 0.35 M. bWater ( 5  pL) was added to the cell. 
'Deteniiined by GC with respect to heptane BS an internal standard. Each ratio is reported as 
an average of 2-5 expcrimcnrs. "RR~ = CpRuCJ(T2-dppm). "No produats observed. 

Analysis of the metal-containin ompounds by NMR spectroscopy after sh0l.r 
periods of bulk electrolysis reveals the presence of several bimetallic species with Ru(p 
dppm)PL moieties, consistent with ligand exchange during she reaction. After exhaustive 
bulk eloctdysis, CI,Pt(n'-dppm) is thc only identifiable metal species. Since C1,Pr(qz-dppm) 
is inactive for methanol elccmooxidation at potentials used in the electrocatslytic oxidation of 
msihanol with l7 i ts  formation is undoubtedly related to deactivation of the catdysr. 
Interestingly, phosphine oxides derivcd from the dppm ligdnds could not be detecred in the 
*''P NMR spcwu, suggesting that pliospliine oxidation is not a rnajor degradation pathway. 

The cyclic voltnmrnogrirm of the Ru/Pd complex CpRu(PYh~)(~C1)(~dppm)PdC1, 
(2) aRer addition of methanol (Figure 4a) shows a minims1 ourcent increase at the Ru(IUIIZ) 
couple followcd by a significant iacrcasc at the Pd(IT/lV) wave. In Contrast, methanol 
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oxidation with the Ru/Ao complex CpRu(PPh3)Cl(p-dppm)AuC1(3) occurs at the Ru(IlI/lVj 
wave, which is similar to the behavior of simple mononuclear Ru complexes that catalyze 
alcohol oxidation. Addition of 5 pL of water to the samples mules in further current 
incruses for bolh 2 and 3. Cyclic volrummograrns of the model Ru complex CpRuCl($- 
dppm) (5)  under the fame conditions as 1-3 exhibit considerable increases in the 
voltammetric current in the presence af methanol. However, the onmt of oxidation occurs at 
potentials far more positive reIative to the R u O  wave of the bimedlic complexes, 

L 1 1 1 I 
0.J 1, IS 3.n 2.3 

Puinntlal I V  *u, N l f t  

1 I 

QJ 10 1.a 20 &a 
Polcdal I v vs. "Is 

Figure 4, Cyclic voliammogrums of 2 and 3 under N, in 2.5 mL of DCW0.7 M TBAT: glassy 
carbon working electrode: A@Ag+ reference eleauode; 50 rnV/s, (a) 2. (b) 3. 

Differences among the behavior of  1,2 and 3 can be seen in die evolution of product 
disuihurions drown in Tables 1 und 2, which present the avcrage: product ratios of 
formaldehyde dimethyl acetal to methyl formate formsd during bulk electrolysis of dry and 
wet methanol. The presence of water consistently shifts rhe product ratios toward the four- 
clcctron oxidation produch HCOOCH3. This trend is reflscied by all the complexes and can 
be seen both in the initial product ratios for wet vS. dry samph and in the tendency toward 
production of mom methyl formate in the dry samples as tho reaction progresses, The time 
evolution of  product ratios in the dry samples presumably arises €tom water that is generared 
in .rim during the condensnth of formaldehyde and formic acid with excess methanol. 

The potential for hulk eleairdyses (1.7 V vs, "E) was chosen dunw the initial 
studies on RuPt complex I,  which exhibits its rise in catalytic current coincident with the 
Pr(I1flV) wave at that potenriaI. For camparison purposes, bulk clectro1yse.s with complexes 
2. 3,  i\nd 5 were performed at thc same poiential. Thus, for bimorallic complexes 1-3, 
oxidation was positive of both thc Ku(U/IU) couplt and the first oxidative wave for the 
second meld. Only in modo1 compound 5 had Ru reachcd the Ru(IV) oxidation state during 
the bulk electrolyses. The diffcrencc in the idsntity and oxidstion stare of che second metal 
appears to hc reflected in the pmduct ratios. At early stages of the mactioll, all mrcc 
bimetallic complexes afford higher proportions of dimethyl acetal. However, in oxidation of 
dry samples with R d P t  complcx 1 the aahl continues to predominate even at Jater stages of 
rhc reuclion (Tables 1 ond 2). The RuPd complex 2 begins to yield HCOOCH, as the major 
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produci as the reiction progresses and similar (but more rapid) changes in behavior are 
observed for Ro/Au complex 3. In contrast, Ru complex 5 aff’ords only trace amounts of 
dfmerhyl acetal under dry condltions. Under wet conditions, S favors methyl formate 
formuiion but the reaction is vcry slow. 

Current efficiencies are also summarized in Tables 1 and 2. Thsse valus are che ratio 
of the charge necessary to produce the observed yields of CH,(OCH& and HCOOCH, IO the 
total charge passed during bulk clecrrolysis. Although the current efficiencies for 
hetcrobinuclear complexes 1 3  wcrc moderate (19 to 26%), they ate significantly higher than 
the 3.2 and 7.2% current cficioncies obtained from the mo~ionudear model compound 
CpRuCl(rl’-dppm) (5) tinder dry und wi condirions, respectively. Although the nature of rhe 
metal-metal interaction varies in complexes 1-3. in each case the preaence of the second 
metal center apparently rosults in enhanced catalytic activity. 
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