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NOTE

Characterization of Ru(bpy)>(CO){(COO)
prepared by CO, addition to Ru(bpy)>(CO) in
acetonitrile’

Etsuko Fujita,”* Mei Chou’ and Koji Tanaka?
'Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973-5000, USA
“Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan

A carboxylate complex, [Ru(bpy,(CO)(COO)], (bpyy>"™ and a thermal cycle for [Ru(bpy)
was prepared by the addition of CQ, to the  (CO)X]™". As shown in Eqns [1]-[5], the proposed
doubly reduced species, [Ribpy)(bpy )(CO)], mechanism involves reductive quenching of the
in CHsCN. The IR and UV-vis spectra of Ru(bpy)®" excited state by TEOA to form
[Ru(bpy)»(CO)(CO0)] show a marked cation Ru(bpy}”, and reduction of [Ru(bpyJCO)X]""
and solvent dependence. Copyright) 2000 John by two Ru(bpy}" molecules to produce Ru(bpy)
Wiley & Sons, Ltd. (CO). The latter was assumed to react with Q@
form Ru(bpy}(CO)(COO) as a common inter-

Key_vvords: carbox_yl_ates; carbon dioxide.red_uc—_ mediate for formate (Eqns [6] and [7] and CO (Eqns
tion; photocatalysis; small molecule activation; [4]. 8], and [9])

ruthenium

Ru(bpy}?* + hv — *Ru(bpy}?" (1]

*Ru(bpy)}?" + TEOA — Ru(bpy)™ + TEOA' [2]

INTRODUCTION TEOA" + TEOA — TEOAH' +

Artificial photochemical CQ fixation has been (HOCH,CH,),NC HCH,OH [3]
extensively studied in the past two decades using

various metal complexés’ Photochemical reduc- Ru(bpy)(CO),*" + 2e —

tion of CO, has been achieved by using TEOA in 2

DMF or the NADH model compound, 1-benzyl- Ru(bpy)(CO) + CO [4]
1,4-dihydronicotinamide (BNAH), in lO—DMF as - Ru(bovh"

quenchers in_the presence of Ru(bfy) and e = Ru(bpy)

Ru(g)py)z(CO)z2+ under illumination at\ > 400 or (HOCH,CH,)NCHCH,OH

nm>" The system containing TEOA produces

formate with a quantum yield of 0.14, whereas theRu(bpy)(CO)X* + 2~ —

system containing BNAH gives formate and CO -

with quantum yields of 0.03 and 0.15 respectil/ely. Ru(bpyb(CO) + X g
Similar experiments with Ru(bpy)CO)(X)" Ru(b CO) L C

(X=Cl. H. n=1 or X=CO,n=2) in TEOA- U(EPY )b+ =

DMF are also reported to form formate from €O Ru(bpy)(CO)(COOQ) (6]
with a maximum quantum yield of 15% with _
Ru(bpyh(CO)(H)".® The CQ reduction systems RU(BPYX(CO)(COO)+H" +2e" —

seem to involve a photochemical cycle for Ru- Ru(bpy)(CO) + HCOO [7]

* Correspondence to: Etsuko Fujita, Chemistry Department, Ru(bpy)(CO)(COO) and [Ru(bpyglCO)-
Brookhaven National Laboratory, Upton, NY 11973-5000, USA. (COOH)T have been previously prepared by the
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T This note is based on work presented at the Fifth Internationaf’:lcIdltlon of two and one egquivalent of OH

: 2+
Conference on Carbon Dioxide Utilization (ICCDU V), held on resp_ectlvely to [Ru(b_p CO)]“" (Eqgns. [8] a_nd
5-10 September 1999 at Karlsruhe, Germany. [9]) in aqueous solutions.For the photochemical
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CO production, it is proposedthat the reverse
reactionsare taking place to produce Ru(bpy)-

(COXL?*" from Ru(bpy)(CO)(COO), followed by
the reduction of Ru(bpyx(CO)*" to form Ru-
(bpy)(CO) and CO (Eqgns.[6], [8], [9] and [4]).

However, the electrochemicalreduction of [Ru-
(bpy)(COYCIL,] or [Ru(bpyk(CO)]?" in CHLCN

results in the formation of a polymeric film,

[Ru(bpy)(CO}],, on the electrodesurfaceinstead
of yielding the doubly reducedspecies Ru(bpy)-

(CO)8°

Ru(bpy)(CO),*" + OH™ —
Ru(bpy)(CO)(COOHY 8]

Ru(bpy)(CO)(COOHY + OH~ —
Ru(bpy),(CO)(COO)+ H,O  [9]

These air-stable species, [Ru(bpyk(CO),]-
(PFs)2, [Ru(bpyk(CO)(COO)]3H,O and [Ru-
(bpy),(CO)(COOH)|(CRSO;)(H-,0) have been
characterizedby X-ray diffraction and various
types of spectroscopy’ 2 In order to elucidate
the mechanismof photochemicalCO, reduction
in thesesystems,we have investigatedthe CO,
binding to Ru(bpy)(CO). Here we presentan
alternative preparation of Ru(bpyx(CO)(COO)
from Ru(bpyh(CO), a doubly reduced species
generatedrom [Ru(bpy)(CO)CI]" in acetonitrile,
and mechanisticaspectsof CO, reductionin the
photochemicakystem.

EXPERIMENTAL SECTION

The complexes[Ru(bpy)(CO}](PFs),, [Ru(bpy)-
(CO)CIIPFR; werepreparedaspreviouslydescribed
and characterizedby UV-vis and IR spectro-
scopies.'*** Acetonitrile and triethylamine
(TEA) werepurifiedusingthepublishedorocedures
andstoredundervacuumover activatedmolecular
sieves (3A) and sodium—potassiurmalloy (NaK)
respectively*> Research-grade CO, (CO, >
99.998%) was used without further purification.
UV-vis and FTIR spectrawere measuredon a
Hewlett-Packard3452A diode array spectrophot-
ometerand a MattsonPolarisFT-IR spectrometer
respectively. Cyclic voltammograms in CH3CN
were obtained on a BAS100 electrochemical
analyzer with scan rates ranging from 2 to
100mV s * usinga conventionalH-type cell with
solutionscontainingl mm rutheniumcomplexand
0.1 m tetrapropylammoniumperchloratein dry

Copyright© 2000JohnWiley & Sons,Ltd.

CHsCN. Graphite platinumanda standardtalomel
electrodg(SCE)wereusedasworking, counterand
referenceelectrodesrespectively. Ferrocenewas
usedasan internalstandard.

RESULTS AND DISCUSSION

Although the two-electronreductionwave in the
cyclic voltammogram(CV) of [Ru(bpy),(CO)]*"

in CH:CN at —1.0V (vs SCE)is not affectedby
CO,, the secondreduction wave of [Ru(bpy)-

(CO)CI]* at —1.55 V indicates an increasein

current under CO,. A very intense blue color
developswith reductionof [Ru(bpy,(CO)]?" by
Na—Hg, which is indicative of a metal center
reduction. The resulting solution does not react
with CO,. With or without CO,, a black speciesds
precipitated and the solution becomes almost
colorless. The speciesis [Ru(bpy)(CO}],, pro-
ducedby loss of a bpy ligand, asinvestigatedby
Ziesselandco-workersin the electrochemicaCO,

reductionusing the ruthenium mono-andbis-bpy
carbonylspecieson an electrodesurface®® Inter-
estingly,bothTanaka’sandLehn’sgroupsreported
a decreas®f catalyticactivity with formationof a
black precipitateduring photoreductiorof CO,.>®
Therefore the proposednechanisnof CO produc-
tion from [Ru(bpy)(CO)]*" with two molecules
of Ru(bpy)" servingas the electronsourcemay
not be involvedin photochemicalCO, reduction.

Current
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Figure 1 CV of [Ru(bpyk(CO)CI]" in CHsCN. Solid line:

underAr; dottedline: underCO,; top: with Pu;NCIO,; bottom:
with LiClOg,.
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Figure 2 Spectralchangeof [Ru(bpy)(CO)CI]" in CHsCN
during two electronreductionof [Ru(bpy)(CO)CIJ*, ----- the
mono-reducedpecies;- - — - — the di-reducedspecies.

The CV of [Ru(bpy)(CO)CI]" indicatesthree
reduction waves between —1.3 and —1.9V, as
shownin Fig. 1 by the solid line. The catalytic
currentobservedunderCQO,, shownby the dotted
line, dependson the electrolytes present (top:
PiNCIOy; bottom: LiCIO,4). The spectralchange
during two-electronreductionis shownin Fig. 2.
The first reductionseemsto be the bpy-centered
reduction.Within a few minutes,two tiny peaksat
395 and 510nm disappear,ndicating that intra-
molecularelectrontransferis taking placeto form
[Ru'(bpy)(CO)] with loss of a CI~ ligand. The
mono-reducegdpeciesloesnotreactwith CO,. The
secondeductionis theformationof aruthenium(l)
bpy radical. Upon addition of CO,, the color of
the solution changes from reddish purple to
brown with formation of the COO adduct ex-
hibiting IR stretching bands at 1966, 1935,
1252cm*. These stretching frequenciesdo not
agree with published KBr data on [Ru(bpy)-
(CO)(COO0O)}3H.0. Although the carboxylate,
[Ru(bpy)(CO)(COO0O)]3H,0, is not soluble in
CH;CN, the additionof saltscausests dissolution.
In the presenceof Li™ or Na* the carboxylateis
slowly convertedo the carboxylicacidin CHzCN,
probablyfrom a traceamountof water.SinceNa—
Hg was usedto reduce[Ru(bpy)(CO)CI]" in our
experiments the resulting solution containsNa*
and the IR bands should correspondto those
obtainedwith Na*. In fact, two bandsat 1935and
1252cm™* aredueto the carboxylateanda bandat
1966cm s dueto the carboxylicacid adduct.

IR and UV-vis spectraof Ru(bpy)(CO)(COO)

show a marked cation and solvent dependence.

Copyright© 2000JohnWiley & Sons,Ltd.

Upon the removal of water from the orangesolid

[Ru(bpy)(CO)(COO)}3H,0, the dark brown Ru-

(bpy)(CO)(COO) forms and the C=0 stretching
frequencyshifts from 1911 to 1957cm™* (KBr).

However, this species seems fairly unstable.
Interactionbetweenthe cation (or solvent)andthe
bound CO, must enhancecharge transfer from

rutheniumand bpy to CO,, and stabilizethe CO,

adduct as a stable ruthenium (lI) carboxylate
complex at room temperatureand ambient pres-
sureslnvestigationf kineticsandmechanismef

photochemicalreduction of CO, continue with

[Ru(bpy)(CO)(COO)]and [Ru(bpy)(CO)H]".

Acknowledgements The researchat Brookhaven National
Laboratory was carried out under contract DE-AC02-
98CH10886with the US Departmenbf Energyandsupported
by its Division of ChemicalSciencesQffice of Basic Energy
Sciences.

REFERENCES

1. Inui T, Anpo M, lzui K, YanagidaS, YamaguchiT. In
Studiesn SurfaceScienceand Catalysis DelmonB, Yates
JT (eds.).Elsevier:Amsterdam,1998.

2. Halmann MM, Steinberg M. GreenhouseGas Carbon
Dioxide Mitigation, Scienceand Technology Lewis Pub-
lishers:BocaRaton,FL, 1999.

3. IshidaH, TanakaK, TanakaT. Chem.Lett. 1988;339-342.

4. IshidaH, TeradaT, TanakaK, TanakaT. Inorg. Chem.
1990;29: 905-911.

5. IshidaH, TanakaK, TanakaT. Organometallics1987; 6:
181-186.

6. LehnJ-M, ZiesselR. J. OrganometChem.1990;382 157—
173.

7. IshidaH, TanakaK, Morimoto M, TanakaT. Organomet-
allics 1986;5: 724-730.

8. Chardon-NoblatS, Collomb-Dunand-SauthieM-N, De-
ronzier A, ZiesselR, ZsoldosD. Inorg. Chem.1994; 33:
4410-4412.

9. Collomb-Dunand-SauthieM-N, DeronzierA, ZiesselR. J.
Chem.Soc.Chem.Commun1994;189-191.

10. TanakaH, TzengB-C, NagaoH, PengS-M, TanakakK.
Inorg. Chem.1993;32: 1508-1512.

11. TanakaH, NagaoH, PengS-M, TanakaK. Organometallics
1992;11: 1450-1451.

12. ToyoharaK, NagaoH, Adachi T, YoshidaT, TanakakK.
Chem.Lett. 1996;27-28.

13. Kelly JM, O’ConnelCM, Vos JG.Inorg. Chim.Acta1982;
64: L75-L76.

14. ClearJM, Kelly JM, O’Connel CM. J. Chem.Soc.Chem.
Commun1980;750-751.

15. Riddick JA, Bunger WB, SakanoTK. Organic Solvents,
Physical Propertiesand Methodsof Purification Wiley:
New York, 1986.

Appl. Organometal Chem.14, 844-846(2000)



