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Significant Accomplishments

We proposed to continue syntheses and characterizations of monometallic and multimetallic
compounds on work in progress, extend our efforts to prepare and design molecules of interest for
intramolecular electron and energy transfer, determine the photophysics of ligand loss from ruthenium(II)
monometallic complexes and examine catalytic properties of our complexes. We have successfully made
contributions toward each of these goals.

The preparation and properties of both homonuclear (same metal center) and heteronuclear
(different metal centers) complexes containing from one to four metal centers were reported. The
complexes exhibited a large number of redox active sites and some of them were weakly luminescent.

New complexes of rhenium(I) and platinum(II) which emitted strongly in solution and underwent
excited state electron transfer were synthesized. A bimetallic complex containing rhenium(I) and
ruthenium(II) exhibited unusual properties. Luminescence was observed from each metal core.
Moreover, the data indicate that luminescence from the ruthenium(II) moiety is enhanced at the expense
of luminescence from the rhenium(l) site. This enhancement was attributed to energy transfer.

The photophysics of tris-chelated ruthenium(II) and bis-chelated, bispyridine ruthenium(II)
complexes was examined. Temperature dependent emission lifetimes were attributed to either energy
loss through a fourth charge transfer excited state, the third MLCT state, or the dd state, depending upon
the complex in question. The results of the study indicate that the "Ru(bpz)(bpy)**" core, where bpz is
2,2'-bipyrazine and bpy is 2,2’-bipyridine, would be least sensitive to photochemical ligand loss.

Catalytic properties were examined at surface modified electrodes. Significant photocurrents
were observed in carrageenan, a polysaccharide hydrogel. Two hydrogel systems were examined. These
were: (a) one containing Ru(bpy)32+, methyl viologen and triethanolamine, and (b) one containing
Ru(bpy);2*, oxygen and triethanolamine.

Catalytic CO, reduction was also examined at a bare platinum electrode, at a bare platinum
electrode in a solution containing Co(bpy);>* as a homogeneous catalyst, and at a platinum electrode
whose surface was modified with a cobalt bipyridine-like material. Oxalate ion was the only reduction

product found in these systems.
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NARRATIVE
Progress of Project During the Time Period 1/1/87 - 1/1/90
Preparations.
1. Ligands. Additional ligands for effecting attachment of metals, either singly or in clusters,
have been synthesized. The ligand HAT, py-pm, O-BPY and 6-R-bpy shown below were prepared in the

course of our investigations. The HAT ligand was prepared by a modification of Rogers

o I ew

PY—pm 8—R-bpy o—BPY

procedure. [Rogers, D. Z. J. Org. Chem. 1986, 51, 3904]. The py-pm ligand was prepared according to
the procedure of Lafferty and Case. [Lafferty, J. J.; Case, F. H. J. Org. Chem. 1967, 32, 1591].

The O-BPY and 6-R-bpy ligands were synthesized by new procedures under exploration in our
laboratories. The methods involve metallation, metal-halogen exchange and cuprate coupling reactions
with organic molecules. Examples of our successes to date follow. The basic molecule
6-methyl-2,2’-bipyridine was used to prepare O-BPY and 6-R-bpy. It was synthesized by the reaction of
methyllithium with 2,2’-bipyridine. O-BPY was then prepared by addition of lithium diisopropylamide
to a cold solution of 6-methyl-2,2’-bipyridine and two metallated fragments were then coupled by
addition of dibromoethane. Addition of 1,3-dibromopropane rather than dibromoethane resulted in
formation of 6-R-bpy. The mechanism accounting for coupling is electron exchange, the mechanism
accounting for addition of the alkyl chain is double halogen elimination. Other precursors which we have
recently prepared for designing macrocyclic ligands based on 2,2’-bipyridine are
6,6’-dibromo-2,2’-bipyridine and 6-bromo-2,2’-bipyridine.

2. Monometallic Complexes.

a. Ruthenium(II). The series [Ru(bpy),HAT](PFy),, [(Ru(bpy),),HAT](PF¢), and
[(Ru(bpy)2)sHATI(PF¢)g and [Ru(bpy),(py-pm)I(PFe),, [Ru(bpy)(py-pm),](PF¢),, and




[Ru(py-pm);](PFg), were prepared. The synthesis of the ruthenium(II) series illustrated below is

R@h REZ Ru / = Ru

X

[Ru(bpy), (o-BPY)]** [Ru(bpy)(o—BPY)]* cis—[Ru(o-BPY)X,]  trans—[Ru(o—~BPY)X,]

underway. Complexes containing all three of the formulations above have been prepared based on
vis/uv, redox and elemental analysis data. The stereochemistry of Ru(O-BPY)Cl, remains undetermined.
Crystals are currently being grown to answer that question by way of an X-ray structure analysis.

b. Rhenium(I). Three different types of rhenium(I) complexes were investigated. These were
tetracarbonyl derivatives, a tricarbonyl acetonitrile complex, and tricarbonyl pyridine derivatives.

The rhenium(l) tetracrabonyl heterocyclic ligand complexes [Re(CO)4(L-L)]PF¢, where L-L is
2,2’-bipyridmidine (bpm), 2,2’-bipyridine (bpy), 4,4’-dimethyl-2,2’-bipyridine (dmb) and
1,10-phenanthroline (phen) were prepared. These represent a new class of previously unreported
compounds with high emission energies, fairly long excited-state lifetimes and excited states that behave
asv powerful oxidants. A crystal structure of [(bpm)Re(CO),]BF, revealed that the Re-C(CO) bond
distance for CO ligands trans to each other was 2.03 A but 1.93 A for CO ligands trans to bpm.

The rhenium(I) tricarbonyl acetonitrile complex was isolated as the PF¢” salt. An X-ray structure
of [(bpm)Re(CO);(CH;CN)]JPF; indicated that the Re-C(CO) bond distance was 1.91 AforCO1i gands
trans to bpm and 1.94 A for the CO ligand trans to CH;CN. The Re-N bond distance to the nitrogen
atoms of the bpm ligand was 2.18 A but it was 2.09 A to the nitrogen atom of acetonitrile.

A number of rhenium(I) tricarbony! "pyridine” complexes were synthesized. These were
[(bpm)Re(CO);py](PFe), [(dmb)Re(CO)zpy](PF), [(Mebpy-Mebpy)Re(CO);py](PFy) and
[(bpm)Re(CO);MeQ](PFg),, where Mebpy-Mebpy is 1,2-bis(4"-methyl-2,2’-bipyridyl-4-yl)ethane and
MeQ* is N-methyl-4,4’-bipyridinium ion. A crystal structure of [(bpm)Re(CO);MeQ](PF,), revealed
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that the geometry of the cation is facial. It also indicated that there was a 9° twist of the pyrimidine rings
from planarity, a 38° twist between the py and Mepy component of the MeQ ligand, a Re-N(bpm) bond
distance of 2.17 A and Re-N(MeQ) bond distance of 2.21 A.

c. Platinum. Platinum(II) complexes with room temperature luminescing properties in solution
were isolated. The complexes were derived from [Pt(bph)(C,Hjs),S1,, where bph is the dianion of
biphenyl and (C,Hs),S is diethyl sulfide. The derivatives include [(en)Pt(bph)], [(CH;CN),Pt(bph)] and
[(py),Pt(bph)], where py is pyridine and en is ethylenediamine, and display fairly intense 3cT
luminescence in methylene chloride or acetonitrile. Dissolution of [(CH3CN),Pt(bph)] in methylene
chloride results in slow precipitation of a material that luminesces strongly in the solid state and is
insoluble in all solvents tested. The material most likely consists of bridging Pt-CH;CN-Pt units.

d. Cobalt. The possibility of preparing mixed ligand complexes of cobalt(III) was investigated.
[Co(bpy),C],]CI2H,O was prepared by literature methods [Hancock, M. P.; Josephson, J.; Schaffer, C.
E. Acta Chemica Scandinavica 1976, 30, 79]. Reaction of [Co(bpy),Cl,]C1 with other bidentate

heterocyclic ligands such as bpm and bpz to form mixed ligand complexes met with limited success.
[Co(bpy);]*+ was found to be a product along with other statistical possibilities such as
[Co(bpy),(bpm)]**, [Co(bpm),(bpy)I**, etc.

Na;3[Co(C,04);] was found to be a versatile starting material for the preparation of tris chelates.
[Co(bpy);]1(PF¢); and [Co(bpm);](PF¢); were readily prepared by the reaction of Nas[Co(C,0,)3] with an
excess of the appropriate heterocyclic ligand in the presence of activated charcoal. The preparation
proceeds more rapidly than the Cl, oxidation procedure which we reported earlier.

Anhydrous CoCl, proved to be a useful starting material for the preparation of [Co(bpy);1(PFg),.
However, reaction of CoCl, with excess Mebpy-Mebpy resulted in the formation of a nonstoichiometric
compound of composition [Co; ,(Mebpy-Mebpy),1(PF¢), 4 The compound adsorbs on electrode surfaces
upon reductive cycling and enhances the current associated with reduction of CO, to oxalate ion.

e. Copper. [Ch(O—BPY)](ClO4)2 was prepared and reduced to [Cu(O-BPY)](CIO,) with
ascorbic acid. A crystal structure of [Cu(O-BPY)](ClO,), revealed that the O-BPY ligand was distorted
from planarity as expected due to the presence of the ethyl bridge. Co-N bond distances were 2.02 A for
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the nitrogen atoms adjacent to the bridge and 1.99 A for the nitrogen atoms remote from the bridge.

3. Multimetallic Complexes.

a. Ruthenium(IT)/Rhenium(I) Complexes. The synthesis of the series

[(bpy),Ru(bpmRe(CO);Cl); ,]**, where n varied from zero to two, was completed.
[(bpy)zRuHAT(Re(CO)3C1)2]2+ was also prepared and its properties were compared to the bpm series.
The preparations were affected by the reaction of the appropriate precursor complex, [Ru(bpy),bpm]?*,
[Ru(bpy)(bpm),]2*, [Ru(bpm);]%* or [Ru(bpy),HAT]?* with Re(CO)sCl in methanol.

A series of Ru(II)/Re(I) complexes based on [(bpy)zRu(Mebpy-Mebpy)Re(CO)3L]3*, where L =
py, MeQ* and Py-PTZ, were also synthesized. The [(bpy),Ru(Mebpy-Mebpy)Re(CO);py]** complex
exhibits dual luminescence - a property that may lead to a better understanding of charge separation in
multimetallic complexes.

b. Ruthenium(Il)/Cobalt(II1) Complexes. The molecule

[(bpy),Ru(Mebpy-Mebpy)Co(bpy),]°* was prepared by the reaction of [(bpy),Ru(Mebpy-Mebpy)]**
with [Co(bpy),Cl,]*. Photophysical studies are underway in collaboration with John Endicott’s research
group. Preliminary studies reveal that the excited state lifetime of the bimetallic complex is an order of
magnitude lower than for [(bpy),Ru(Mebpy-Mebpy)]?**. Further, the rate of quenching indicated an
intramolecular process predominated rather than intermolecular electron transfer.

c. Ruthenium(ID/Platinum(IT) Complexes. Two different types of ruthenium(II)/platinum(II)

bimetallic complexes shown below were proposed for study. These were orthometallated and

oy
(=]
>
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chlorobridged species. The precursor for forming the orthometallated bimetallic complex,
[Ru(bpy)z(py-pm)]z", was prepared. The basic idea was to metallate the carbon atom a to the bridge
(metallation here means substitution of C-H bound hydrogen with lithium) and then effect complex
formation between the metallated carbon atom and the remote nitrogen atom of (py-pm). Metallation
studies of both py-pm and [(bpy),Ru(py-pm)]?* were carried out but metallation was not stereospecific.
Hence preparations of orthometallated bimetallic complexes was abandoned in favor of using the
[(bph)Pt(C,H5),S1, precursor.

The preparation and properties of the chlorobridged species has also been investigated. A
complex whose elemental analysis is consistent with the proposed structure in the figure above has been
isolated. The complex is paramagnetic and gives an anisotropic epr spectrum with g-values of 2.06, 2.02
and 1.98. The esr spectrum is consistent with the unpaired electron localized on a metal center
suggesting, perhaps, that one platinum is present in the +2 oxidation state and the other is in the +1
oxidation state.

Properties.
1. Synthetic Control of MLCT States in Ruthenium(II) Complexes. A number of our studies

have focused on the problem of photosubstitution in ruthenium(II) polypyridyl complexes. Our goal was
to minimize its occurrence by synthetic control. Photosubstitution quantum yields of the complexes
[Ru(bpz),bpm]?*, [Ru(bpm),bpz]?*, [Ru(bpz)(bpm)(bpy)]?*, [Ru(bpm),(CH;CN)CI]*,
[Ru(bpz),(CH;CN)CIJ*, and [Ru(L-L),py,]2*(L-L = dmb, bpy, bpm, bpz) and [Ru(bpy),(L'-L')3 112" (n =
0-3, L’-L’ = bpz, bpm) were studied in acetonitrile containing 1 mM CI- at room temperature (25 £ 0.1
°C). The substitution quantum yields ranged from 0.35 for [Ru(bpz)3]2+ to 1.7 x 10 for
[Ru(bpy),(bpz)]**. The logarithm of the observed photochemical substitution quantum yield was found
to correlate linearly with AE, ,, where AE; , is the difference in redox potential between the first
oxidation and first reduction of the rutheniun complexes. Under a set of limiting conditions, the
correlation of ¢,(obs) with AE, ;, was shown to relate to the energy gap law.

Temperature dependent excited state lifetime measurements of the bispyridine complexes

provided additional information of value. Both radiative (k;) and nonradiative (k) rate constants and
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kinetics parameters suggested the intervention of an additional excited state in order to account for the
photophysical parameters. The results also indicate that future complexes based on the "Ru(bpy)(bpz)?*"
core would be less likely to undergo photochemical degredation.

2. Dual Luminescence in [(bpy),Ru(Mebpy-Mebpy)Re(CO);py]>*. The complex emits at 538

and at 610 nm when excited at 355 nm in methylene chloride at room temperature. The emission at 538
nm was found to be rhenium based; the one centered at 610 nm was assigned to the ruthenium(II)
component. When photophysical properties of the bimetallic complex are compared to those of the
monometallic precursors, [Mebpy-MebpyRe(CO);pyl* and [Mebpy-MebpyRu(bpy),]2*, the emission
quantum yield was found to decrease from 0.11 to 0.009 on the rhenium(I) end but increase from 0.03 to
0.06 on the ruthenium side. The enhancement of the ruthenium-based emission at the expense of the
rhenium-based emission has been attribued to energy transfer.

Transient absorption spectra of the three species cited above were obtained at UNC-Chapel Hill.
As shown in Figure 1 on the next page, a large positive peak at “370 nm is obtained for all three
complexes and a negative peak related to bleaching of the MLCT (metal to li génd charge transfer)
absorption band of the "Ru(bpy);2*" component occurs when it is present. The 370 nm peak has been
attributed to "bpy 1", formed by photoelectron transfer from the metal to "bpy". The bleach is shallower
in the bimetallic complex which is in agreement with populating excited states on both the rhenium side
and the ruthenium side of the bimetallic complex. In addition, absorption decay rates were similar to
luminescence decay rates. These observations indicate that the species giving rise to the transient
absorbance is most likely the same transient that gives rise to luminescence.

3. Highly Luminescing Compounds of Rhenium(l) and Platinum(II). Table 1 contains data

related to the luminescence properties of [(L-L)Re(CO);py]*, where L-L = dmb and Mebpy-Mebpy,
[(L"-L")Re(CO),]*, where L’-L” = bpm, bpy and phen, and [(bph)PtL,], where L, = py,, ethylenediamine
or (CH;CN),. The radiative quantum yields are on the order of 0.1 except for [(bpm)Re(CO)4]* (¢, =
0.05), [(bph)Pt(CH;CN),] (¢, =0.03) and [(bph)Pt(py),] (¢, = 0.04). The excited state lifetimes are on
the order of microseconds with a low value of 0.39 us for [(bpm)Re(CO)4]+' to a high value of 14 us for
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Table L.

Luminescence Properties of Recently Synthesized Rhenium(I) and Platinum(Il) Complexes.a

Compounds Aobs(dm --> T*)€ dex,nm®  Aem, nm€  To,%ns 02594
[(dmb)Re(CO)3py]+ 351 (4.7x103) 355 548 893 0.10
[(Mebpy-Mebpy)Re(CO)3pyl+ 354 (4.7x 03) 355 550 945 0.1
[(bpm)Re(CO)4]+ 319 (3.2x103) 355 543 390 0.050
[(bpy)Re(CO)4]+ 315 (1.5x104) 355 512 1040 0.099

305 (1.4x104)
[(phen)Re(CO)4]+ 357 (2. 1x103) 355 532 4050 0.11
340 (2.4x103)
[(bph)Pt(CH3CN)2]b 325 (1.6x104) 355 493 14000 0.032
[(bph)Pt(en)]b 333 (6.02x 103) 355 493 4450 0.15
[(bph)Pt(py)2] 331 (3.95x 103) 355 493 3160 0.036

a. Room temperature in degassed methylene chloride, except as indicated
b. acetonitrile
c. *1nm,e+0.1x10n

d +10%

_.g'[._



~16-

[(bph)Pt(CH3CN)2]*. These high quantum yields and long lifetimes offer potential for their use in
multimetallic complexes where radiative processes are partially quenched due to the heavy atom effect.

4. 3CT vs. 3MLCT States. Emission from [(bph)PtL,], where L, = py,, (CH3CN), and ethylene-

diamine, can be assigned to the 3CT state. This emission contains well defined vibrational progressions
of 1260 cm™! corresponding to ring stretching modes of the bph ligand. Superimposed on the large
progressions are additional vibrational modes separated by approximately 400 cm™! which most likely are
due to metal-ligand vibrations.

Emission from [(bph)PtL,], where L, = bpy, dmb, and phen, differ markedly from the above
behavior. The emission is less intense and the emission manifold lacks vibrational components. In these
systems, the n* energy levels of the heterocyclic ligands are lower in energy than the n* levels in bph,
hence the excited state is assigned as the 3SMLCT state.

The photochemistry from the two states also differs. The quantum yield for oxidative addition

given in eq. 1 was examined. The quantum yield for addition of CH,Cl, to [(bph)Pt(dmb)] was 0.14

|

N
(D
CHyCl

[(bph)Pt(dmb)] [(bph)Pt(dmb)CI(CH,C1)]
when excited at 355 nm but 0.031 when excited at 436 nm. Photoxidation was clearly favored for the

higher energy excitation (population of the 3CT state).

5. Reductive vs. Oxidative Quenching. Examination of the redox properties of

[Pt(bph)(CH;CN),] and [(bpm)Re(CO),]" over the voltage range from +2.0 to -2.0 V vs. SSCE revealed
interesting differences. For [Pt(bph)(CH;CN),], an irreversible oxidation was found at 0.85 V, but no
reductions were observed. [(bpm)Re(CO),4]J*, on the other hand, displayed a reduction at -0.87 V, but no
oxidations were found. Calculation of potentials for their excited state redox couples, which were
estimated by the difference in emission energy in eV and the potential of the ground state redox couple,
indicated that [Pt(bpy)(CH;CN),]* would be a powerful reductant whereas [(bpm)Re(CO)4]+* would be a

powerful oxidant.
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Experimentally, oxidative quenching was varified for [Pt(bph)(CH;CN),]* by reaction with

methyl viologen (MV?*) in acetonitrile as illustrated in eq. 2. Stern-Volmer behavior was

[Pt(bph)(CH;CN),1* + MV?*_kq sy [Pt(bph)(CH;CN),J* + MV* @)

followed with Kgy = 1.3 x 10° M"1, Based on this, kq was calculated to be 9.6 x 109 M5,
Reductive quenching was varified for [(bpm)Re(CO),]*" by reaction with trimethoxybenzene

(TMB) and chloride ion. The Stern-Volmer constant for the reaction in eq. 3 was 1277 M'!

[(bpm)Re(CO),]* + TMB _ kg 3 [(bpm)Re(CO),] + TMB* 3

and the quenching rate constant was 3.2 x 10° M'!s"l, Similarly, quenching by CI- as measured by both
luminescence and lifetime changes followed Stern-Volmer behavior indicating that the Cl- quenching
process was dynamic as opposed to static.

6. The Diagonal Correlation in Multielectron Redox Processes in Ruthenium/Platinum

Complexes. Table II contains cyclic voltammetry data for the series [(bpy)nRu(bmetC12)3_n]2+, where
n =0, 1, 2. The data lists reductions of the coordinated bpm ligands which occur at more positive
potential than reductions associated with coordinated bpy ligands. Based on earlier work, each
heterocyclic ligand can be reduced twice but the spacing between the first and second reduction is
typically on the order of one volt. Thus, the first reduction of [(bpm),Ru(bpmPtCl,)]%* occurs at -0.34 V
and the second reduction occurs at -1.01 V. These successive processes are illustrated in eqs. 4 & 5. In

addition, each coordinated bpm ligand is reduced first prior to a second reduction. Thus, -0.17 V, -0.30 V

[(bpy)zRu(bmetCIZ)]2+ +e —> [(bpy)zRu(bpm‘lPtClz)]’r 4)

[(bpy);Ru(bpm 'PtCL)]* + - —> [(bpy),Ru(bpm2PtCl,)]° (5)



Table II.

Electrochemical Data for Heterooligonuclear and Related bpm Complexes of Ruthenium(II) and Platinum(II)2

Compound Reduction
E12(1) E12(2) E12(3) E1/2(4) E1/2(5) E1/2(6)
[Pt(bpm)CI2] -0.88
[Ru(bpy)2(bpm)]2+ -1.01
[(bpy)2Ru(bpmPtclp)]2+ -0.34 -1.01
[(bpy)Ru(bpmPtCl2)2]2+ -025 -040 -1.03 -1.16
[Ru(bpmPtCl2)3]2+ -0.17 -0.30 -043 -1.00 -1.13 -1.32

aSweep Rate: 200 mv/s

Propylene Carbonate or Acetonitrile
Electrolyte: 0.10 M TEAP

Pt Working Electrode

vs. SSCE

Potentials + 0.002V

._8'[_
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and -0.43 V correspond to the reduction of successive bpm ligands in [Ru(bmetC12)3]2+ prior to a
second series of reductions located at -1.00 V,-1.13 Vand -1.32 V.

The first reduction of the bimetallic complex (-0.34 V) is shifted to more positive potential (-1.10
V) compared to the monometallic species. This shift has been attributed to electrostatic lowering of the
n* energy levels of the heterocyclic bridging ligand by the incoming positive charge of the metal ion. It
is interesting to note the effect of successive reductions on the redox behavior with respect to this n*
energy level lowering. E,;(2) of the bimetallic complex is similar to E; (1) of the monometallic
complex; E,,(3) of the trimetallic complex is similar to E;(2) of the bimetallic complex and E;;,(4) of
the tetrametallic complex is similar to E, 5(3) of the trimetallic species. This sequence gives rise to the
diagonal relationships illustrated in Table II. The added electrons apparently offset the positive charge of
the added metal centers in a systemmatic way.

7. Electrostatic Effects of Coordinated Ligands. A series of Ruthenium(II) oligomers based on

the bridging ligands biimidazole and bibenzimidazole give a rather clear understanding of the role
electrostatic charges play in effecting ground state and excited state redox properties. Deprotonation of
[Ru(bpy)zBiBzImH2]2+ to give [Ru(bpy),(BiBzIm)]° shifted the potential from 0.91 V to -0.21 V. This
effect was present in the series [(bpy),Ru(BiBzImRu(bpy),)1%*, [(bpy)Ru(BiBzImRu(bpy),),]2* and
[Ru(BiBzImRu(bpy)z)3]2+ but to a lesser extent due to addition of positive charge from "Ru(bpy)22+"
units. The Ru*/2* potentials for the oligomer series are 0.76 V, 0.32 V, and -0.26 V, respectively. Since
excited state potentials can be related to the difference in potential of emission maximum in eV and the
ground state redox potentials, the electrostatic charge of the ligand represents another way to control
excited state properties.

8. The Effect of an Insulating vs. a Conducting Bridge. The effect that a coordinated metal

ion has on remote ligand sites was examined by NMR spectroscopy. The ligand systems chosen to
examine were bpm, bpp, and Mebpy-Mebpy, where bpp is 2,3-bis(2-pyridyl)pyrazine. The metal
complex chosen was "Re(CO);Cl1" due to the fact that it binds only one bidentate ligand at a time. Thus,
the systems examined were [(bpm)Re(CO);Cl], [(bpp)Re(CO);Cl], [(Mebpy-Mebpy)Re(CO);Cl],
[(bpm)(Re(CO);Cl),1, [(bpp)(Re(CO);Cl),], [(Mebpy-Mebpy)(Re(CO);Cl),] and the free ligands.
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The details of the study were presented in a paper recently submitted to Inorg. Chem, entitled
"Ground State and Excited State Properties of Monometallic and Bimetallic Complexes Based on
Rhenium(I) Tricarbonyl Chloride: The Effect of an Insulating vs. a Conducting Bridge." In summary,
NMR properties revealed that protons on carbon atoms « to the coordinating nitrogen atoms of the
coordinated heterocycles were deshielded and the resonance shifted downfield. For conducting bridges
such as bpm, proton resonances of protons located on carbon atom o to uncoordinated nitrogen atoms
also shifted downfield, but to a lesser extent. In contrast, little change in resonance position was noted
for the uncoordinated protons of the Mebpy-Mebpy ligand indicating that the ethyl bridge segregates one
side of the ligand from the other. The behavior of the bpp ligand was in between that of bpm and Mebpy-
Mebpy as expected due to its intermediary nature.

9. Rhodium, A-Frame Dimers. A series of compounds that we have examined are A-frame

dirhodium complexes. The complexes contain the pyrazolate anion in the apex position,
bis(diphenylphosphino)methane (dppm), (diphenylarsino)(diphenylphosphino)methane (dapm) or
bis(diphenylarsino)methane (dpam) as transoid bridging ligands, and t-BuCN as legs of the structure as

illustrated below. The Rh,* dimers were found to luminesce weakly in methylene chloride and displayed

.
P/\P
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oxidative electrochemistry.

The Rh,2* complexes were oxidized by controlled potential electrolysis yielding paramagnetic
Rh,>* dimers which were exmained by ESR spectroscopy. Solutions of the Rh,3* species in 4:1
CH,Cl,/toluene at room temperature were green and exhibited a single isotropic esr signal near g = 2.15.

Frozen solutions of the ha3+ species at 77 K were red, except for the complex having the
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3,4,5-tribromopyrazolate bridge which remained green. The change from the green form with the
unpaired electron density localized over two equivalent nuclei to the red form with electron density
localized on one of the ligands was suggested by a dominant g-value of 1.99. This color change was
attributed to structural rearrangements rather than electronic effects which would require a change in
the oxidation state of the metal centers.

10. "Piano-Stool" Complexes. An initial investigation into the photochemical extrusion of

ethylene from Cp*Ru(NO)(CH,Cl,), as illustrated in eq. 6 was carried out. The compound itself

hy
Ru < 330 nm
/‘L\Cﬂzcl
oN  CH,

- +  H,C=CH, (6)
Ru

e

0" ¢

was found to be thermally unstable in the solid state and decomposed to a material, which, when
dissolved in methylene chloride, was converted into the dichloro complex upon addition of HCI.
Spectral changes for steady state photolysis at 366 nm of the complex in methylene chloride revealed
that the reaction most likely occurs stepwise rather than concerted as originally thought. Smooth
aBsorption changes from the spectrum of Cp*Ru(NO)(CH,Cl), to the one for Cp*Ru(NO)Cl, did not
occur. Rather the absorbance at 371 nm actually increased rather than decreased as would be

expected for the direct conversion of Cp*Ru(NO)(CH,Cl), into Cp*Ru(NO)Cl,.

Applications

1. Surface Modified Electyrodes-Hydrogels. Platinum and gold working electrodes were

modified with the hydrogel kappa-carrageenan shown below. This hydrogel is an anionic
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D—galactose—4-—sulfate 3,6—anhydro—D-—galactose

polysaccharide extracted from seaweed. The hydrogel was cured on the electrode surface with
ruthenium(II) trisbipyridine and methyl viologen. In the presence of triethanolamine (TEOA), the
following sequence of reactions were postulated to occur upon illumination of the modified electrode

with light. Photolysis at 436 nm gave rise to a significant photocurrent which depended on the

[Ru(bpy)s]** R [Ru(bpy); >+ )

[Ru(bpy)3]2** + MV2* == [Ru(bpy);]** + MV* (8)

[Ru(bpy);]3* + TEOA > [Ru(bpy);]?* Oxidation Prod. 9)

Myt e > MV +e (10)
electrode

concentrations of [Ru(bpy)3]2+, MVZ* and triethanolamine. The maximum photocurrent obtained
was 12 pa/cm?.

The behavior of the modified electrode was also examined in water with MV2* replaced by
O,. The type of photocurrent (oxidative or reductive) depended on the pH of the solution and the
offset potential of the working electrode. The maximum photocurrent of 12 pa/cm? was obtained
with a 4% carrageenan hydrogel cured with 5 mM [Ru(bpy)3]2+ in 50 mM KNO;, Po, = 1 atm, an
electrolyte solution containing 1 M TEOA in 0.1 M KNO; and an excitation wavelength of 436 nm.

The mechanism that accounts for the observations is outlined as follows.
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[Ru(bpy);]*+ - > [Ru(bpy);]*** (11)
[Ru(bpy);12** + O, =~ {Ru(bpy);]** + Oy (12)
H+
O, +H* ~—> HO, (13)
H+
[Ru(bpy);]1*** + HO, > H,0, + [Ru(bpy);1** (14)
HO, + HO, > H,0, + 0, (15)
H,0, H* + HO, (16)
HO, + OH' ————> O, + H,0 +2¢" (17)
electrode
[Ru(bpy);]3* + TEOA ----> [Ru(bpy);]** + Oxid. Prod. (18)

The E° values for the redox couple in eq. 17 is 0.076 V in 1 M OH" and the pKa of H,0; is
11.6. Superimposed on the photocurrent is a background current due to the process represented in
eq. 17 (reduction of O,) which becomes less important as the offset potential of the working
electrode becomes more positive.

The relationship between the observed photocurrent and offset potential is consistent with the
proposed mechanism. As the offset potential of the working electrode becomes more positive, the
oxidative photocurrent produced by the system increases due to the fact that the background current
produced at the electrode becomes less significant. The opposite is true as the offset potential
becomes more negative. More O, is produced at the electrode surface as indicated by the increase
in background current. The O, oxidatively quenches the excited state of [Ru(bpy);]*** according to
eq. 14 resulting in the observed reductive photocurrent.

The fact that the photocurrent increases as the partial pressure of O, increases in the system is
also consistent with the proposed mechanism. The rate of O, excited state quenching of
[Ru(bpy);]%** or its rate of reaction at the electrode surface to give O,” would be enhanced by an

increase in the concentration of O,.
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Perhaps the most revealing evidence supporting the proposed mechanism is the dependence
of the photocurrent on pH. A plot of the photocurrent vs. pH is sigmoidal much like an acid-base
titration curve. The change in slope of its derivative occurs at pH = 11.5 which is approximately
equal to the pK, of H,O,. Thus, the oxidative photocurrent depends on the concentration of HO,™ in
solution. At low HO," concentrations, reductive photocurrent is observed due to preferential
reduction of O, at the electrode surface to form O, which then quenches the excited [Ru(bpy);2*"
according to eq. 14 resulting in the observed reductive photocurrent.

2. Carbon Dioxide Reduction. The discovery that the nonstoichiometric compound of

composition [Co, ,(Mebpy-Mebpy),](PF), 4, deposited on the electrode surface upon reductive
cycling in acetonitrile as shown in Figure 2 prompted an investigation into catalyzed CO, reduction
in acetonitrile at a bare platinum electrode, at a bare platinum electrode in a solution containing
[Co(bpy);]%* as a homogeneous catalyst and at a surface modified electrode of composition

[Co, ,(Mebpy-Mebpy),](PFg), 4 as described above. The predominate product obtained in the
electrolysis was oxalate ion.

Table III lists the results of those experiments. While the study is only in its initial stages,
the most unusual observation is the data related to a freshly polished platinum surface where
catalysis clearly is indicated as noted by the data in Table III. The presence of [Co(bpy)3]3+ in
solution speeds up electrochemical processes, but not the production of oxalate ion. This data is
ambiguous, however, since the experiments were effected prior to our discovery about the precarious
nature of the electrode surface. This line of research is encouraging given that the modified
electrode did indicate catalysis. Whether this is related to the presence of the cobalt complex or is

only due to the platinum surface remains to be determined.
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Table ITI. Oxalate Production Under Varying Conditions

Bare Pt Electrode?
Current (Coul) Analyzed, ppm Theo (from current), ppm
0.02714 2.1 1.24
0.04731 2.0 2.16
0.05960 14 2.72
0.03668° 10.1 1.67
0.03166° 15.2 1.44

Bare Pt Electrode-[Co(bpy);]?* Solution

0.3914 14 17.8

1.277¢ 23 58.3
Surface Modified Electrode

0.274 20.4 12.3

a. Electrolysis effected at E = -1.700 V vs SSCE, time = 15 min, unless otherwise noted,
electrode was a Pt billet (diameter of 6 mm, area of 28 mm?2).

b. Freshly polished surface (0.25 p polishing compound).

C. time - 17 min., 50 pL - methods added.

d. time - not documented.



Figure 2.

[rone

Growth of material deposited on a Pt electrode
from an acetonitrile solution containing

[Co, 5 (Mebpy—Mebpy), ](PFg),,. The potential is
in V. vs. SSCE; the sweep rate is 200 mV/s;
the electrolyte is 0.1M TBAH.
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