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a b s t r a c t

Rhenium(I) and ruthenium(II) complexes have been successfully used for photochemical CO2 reduction
to CO or formate. However, a typical turnover frequency for such reactions is <20 h−1 and the formation of
reduced species beyond CO or formate is very limited. In the case of the rhenium(I) bipyridyl tricarbonyl
system, the key intermediate has been shown to decay with a first-order dependence on [CO2] to produce
CO, which is the rate-determining step. The limited concentration of dissolved CO2 in organic solvents
results in extremely slow CO2 reduction. To improve the reaction rate, we prepared new CO2-soluble
mall molecule activation
hotocatalysis
enewable hydride donors
upercritical CO2

ADH-model ligands

rhenium(I) bipyridine complexes bearing fluorinated alkyl ligands and investigated their photophysi-
cal properties in CH3CN and supercritical CO2. We also investigated the properties of a metal complex
with an NAD+ model ligand, [Ru(bpy)2(pbn)]2+ (bpy = 2,2′-bipyridine, pbn = 2-(2-pyridyl)-benzo[b]-1,5-
naphthyridine), and prepared the corresponding NADH-like complex [Ru(bpy)2(pbnHH)]2+ upon MLCT
excitation followed by reductive quenching. This species can be used as a renewable hydride donor. The

oche
electrochemical and phot
were investigated.

. Introduction

There is currently a considerable research effort into the devel-
pment of efficient methods for Carbon Capture and Storage (CCS),
n which CO2 from industrial and energy-related sources would be
aptured and stored indefinitely. This has been prompted by rapidly
ising atmospheric CO2 levels (currently at ∼386 ppm [1]), which
hreaten to cause catastrophic environmental damage through
lobal warming [2–4]. However, an attractive alternative to stor-
ng the captured CO2 would be to make use of it as a feedstock

or the production of clean fuels, such as methanol and methane,
nd/or fine chemicals. Being the final product of combustion, CO2
s a thermodynamically stable and inert molecule. Thus, its conver-
ion into higher-energy reduced forms requires the input of large

∗ Corresponding author at: Chemistry Department, Brookhaven National Labora-
ory, Bldg 555, Upton, NY 11973-5000, USA. Tel.: +1 631 344 4356.

E-mail address: fujita@bnl.gov (E. Fujita).

010-8545/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2009.12.013
mical properties, and the reactivity of these species toward CO2 reduction

© 2010 Elsevier B.V. All rights reserved.

amounts of energy and catalysts to mediate the reactions. There-
fore, if such a process is to become economically viable, a renewable
source of energy is essential. One of the most promising strategies
would be to make use of solar energy in so-called ‘artificial pho-
tosynthetic’ processes, in which simple chemical transformations,
inspired by the more complex natural photosystems, convert CO2
into reduced forms. This type of photochemical CO2 reduction has
been the subject of intense research for a number of years now. As
can be seen in Table 1, the electrochemical potential for the direct
one-electron reduction of CO2 to CO2

•− is −1.90 V vs. NHE, making
this a highly unfavorable process [5]. Large kinetic overpotentials
are also observed for this electrochemical reduction due to the bar-
rier arising from the conversion of linear CO2 into bent CO2

•−. In
contrast, proton-assisted multielectron processes, although often

kinetically challenging, are much more thermodynamically favor-
able (see Table 1) [6]. Though stoichiometric conversions of CO2
have been reported, many of which are currently used in industry,
this paper will focus on photocatalytic reactions using transition-
metal complexes as catalysts.

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:fujita@bnl.gov
dx.doi.org/10.1016/j.ccr.2009.12.013
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Table 1
Reduction potentials for various CO2 reduction reactions in aqueous solution at pH
7 vs. NHE. All other solutes at 1 M.

Reaction E0′ (V)

CO2 + e− → CO2
•− −1.90

CO2 + H+ + 2e− → HCO2
− −0.49

CO2 + 2H+ + 2e− → HCO2H −0.61
CO2 + 2H+ + 2e− → CO + H2O −0.53
CO2 + 4H+ + 4e− → C + 2H2O −0.20
CO + 4H+ + 4e− → HCHO + H O −0.48
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CO2 + 6H+ + 6e− → CH3OH + H2O −0.38
CO2 + 8H+ + 8e− → CH4 + 2H2O −0.24

The use of metal-based catalysts has several advantages. For
xample, through careful ligand and metal modifications, the
bsorption spectrum of the catalyst can be tuned to capture vis-
ble light within the solar spectrum. Furthermore, upon absorption
f light these complexes often exhibit long-lived charge-separated
xcited states that can be efficiently coupled with multielectron-
edox processes to activate and reduce CO2. Thus, the use of such
atalysts avoids high-energy intermediates and facilitates the cou-
ling of electron transfer to bond-forming reactions, generally
hrough an initial coordination of a CO2 molecule to a vacant coordi-
ation site of the reduced form of the catalyst. The metal complexes
ay act as photosensitizers, working in combination with sec-

ndary electron relay catalysts to couple the photon energy to the
hemical reduction, or they may be catalysts that are sensitized by
rganic or inorganic photosensitizers, or they can combine both
unctions into a single species.

Researchers in this field have achieved the efficient coupling of
ight absorption and charge separation with dark catalytic reac-
ions to produce CO and formate under a variety of conditions
Table 2) [4,6]. The photocatalytic CO2 reduction systems listed in
able 2 can be grouped into four general categories: (1) Ru(bpy)3

2+

ype complexes as a photosensitizer with a metal colloid or metal
omplex (including Ru(bpy)3

2+) as a catalyst; (2) organic photo-
ensitizers with a metal complex as a catalyst; (3) metal porphyrin
omplexes as both a photosensitizer and a catalyst; and (4) fac-
eX(bpy)(CO)3 type complexes as both a photosensitizer and a
atalyst. We are especially interested in catalyst systems belonging
o group (4) which have recently been reported to be capa-
le of achieving quantum yields for CO formation of 59% using
dual Re(bipyridyl)(CO)3X-type photosensitizer-catalyst system

7]. However, typical turnover frequencies and turnover numbers
or CO formation are less than 20 h−1 and ∼250, respectively,
wing to the nature of the extremely stable CO2 molecule and
ow stability of catalysts and/or photosensitizers. There exist
ven more formidable challenges for CO2 utilization. For exam-
le, in order to use the current infrastructure, a liquid fuel, e.g.,
ethanol, has to be photochemically produced from CO2. Fur-

hermore, we need to couple reductive (i.e., CO2 reduction) and

xidative (i.e., water oxidation) half-reactions to eliminate the
se of a sacrificial electron donor. In this review, we will discuss
olecular approaches toward: (1) more efficient photochemical

eduction of CO2 using CO2-soluble tricarbonyl rhenium com-

Chart 1. Structures of ligands L1–L4 .
ry Reviews 254 (2010) 2472–2482 2473

plexes with bpy-type ligands in supercritical CO2 and (2) CO2
reduction beyond CO using photogenerated renewable hydride
donors.

2. Photochemical CO2 reduction using tricarbonyl
rhenium(I) complexes with 2,2′-bipyridine (bpy) or similar
ligands

Complexes of the general formula fac-ReX(�-diimine)(CO)3
n

(�-diimine = bpy or substituted bpy and n = 0, X = Cl−, Br−;
n = +1, X = PR3, solvent, etc.) have been shown to effectively
catalyze the reduction of CO2 to CO in the presence of sac-
rificial electron donors, under the appropriate photochemical
conditions. These complexes typically possess intense metal-to-
ligand charge transfer (MLCT) absorption bands between 340 and
500 nm depending on the ligand set and solvent [43,44]. Ini-
tial light absorption produces a 3MLCT excited state, which is
emissive in solution with excited state lifetimes ranging from
27 ns (X = Cl−, �-diimine = bpy) [45] to 1034 ns (X = P(OEt)3, �-
diimine = bpy) [46] in CH3CN. Quantum yields for CO formation
using these complexes have been reported, ranging from ˚CO = 0.14
(X = Cl−, �-diimine = bpy) [27,28,43] to ˚CO = 0.38 (X = P(OEt)3, �-
diimine = bpy) [33], with the highest value of ˚CO = 0.59 reported
for a dual component photosensitizer-catalyst system consisting of
a 25:1 ratio of [fac-(4,4′-(MeO)2-bpy)(CO)3Re{P(OEt)3}][PF6]:[fac-
(bpy)(CO)3Re(CH3CN)][PF6] [7].

Mechanistic studies of electrocatalytic CO2 reduction with these
rhenium complexes have led to the proposal of simultaneous
one- and two-electron pathways leading to CO formation with a
current efficiency of 98% [47,48]. Using fac-ReCl(bpy)(CO)3 as an
example, the first step involves the generation of a one-electron
reduced (OER) species [fac-ReCl(bpy)(CO)3]− (see Fig. 1) at −1.5 V
vs. SCE in CO2-saturated CH3CN [48]. Loss of Cl− from this OER
species is slow, producing a 17e− metal-centered radical [i.e., fac-
Re•(bpy)(CO)3], which in polar solvents (CH3CN, THF, DMF, etc.) is
rapidly trapped by a solvent molecule to form the ligand-centered
radical, [fac-ReI(bpy•−)(CO)3(solv)]. In the one-electron pathway
[47,48], it is proposed that solvent is replaced by CO2 and sub-
sequent reductive disproportionation with another CO2 molecule
forms CO and CO3

2−. For the two-electron pathway [47] reduc-
tion of the solvent-coordinated radical at −1.8 V vs. SCE in CH3CN
results in the formation of a five coordinate 18e− metal-based
anion, [fac-Re(bpy)(CO)3]−. Subsequent coordination of CO2 fol-
lowed by reaction with additional CO2 as an oxide acceptor (Fig. 1)
produces CO and CO3

2−. After CO formation, both one- and two-
electron pathways form a cationic solvent-coordinated species,
[fac-Re(bpy)(CO)3(solv)]+ which upon reduction regenerates the
solvent-coordinated ligand-centered radical species, closing the
catalytic cycle. While the OER and [fac-Re(bpy)(CO)3]− have been
observed using infrared spectroelectrochemical techniques [47],
neither of the proposed CO2 adducts, [fac-Re(bpy)(CO)3(CO2)]•

or [fac-Re(bpy)(CO)3(CO2)]− have been observed during catal-
ysis. Very little is known about the C O bond cleavage steps
involved in CO formation by the one- or two-electron pathways,
however several species including metallocarboxylate and metal-
locarboxylic acid complexes have been postulated as intermediates
[47–49].

Similar one- and two-electron mechanistic pathways have
been proposed for the photochemical reduction of CO2 using
these rhenium catalysts based on a number of reactions which

have been observed spectroscopically. Initial photoexcitation
of fac-ReCl(dmb)(CO)3 (dmb = 4,4′-dimethyl-2,2′-bipyridine) fol-
lowed by reductive quenching by a tertiary amine (NEt3
(TEA) or N(CH2CH2OH)3 (TEOA)) produces an analogous OER
species (vide supra) [50]. Rapid solvation following chloride
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Table 2
Some examples of photochemical CO2 reduction systems, products, catalytic activities and quantum yields.a.

Sensitizer Catalyst or relay Donor Product (s) ˚b (mol einstein−1) TON/TOFc Ref.

Ru(bpy)3
2+ TEOA HCOO− 0.049d 19/9.5 [8]

Ru(bpy)3
2+ TEOA HCOO− 0.096e 43/21.5 [8]

Ru(bpy)3
2+ MV2+ TEOA HCOO− 0.01 75/18.8 [9]

Ru(bpy)3
2+ Co2+/bpy TPA CO, H2 9/0.4 [10]

Ru(bpy)3
2+ Co2+/Me2phen TEA CO, H2 0.012 (CO), 0.065 (H2) [11]

Ru(bpy)3
2+ Ru(bpy)2(CO)2

2+ TEOA HCOO− 0.14 [12–14]
Ru(bpy)3

2+ Ru(bpy)2(CO)2
2+ BNAH HCOO− , CO 0.03 (HCOO−), 0.15 (CO) [12–14]

Ru(bpy)3
2+ Ru(bpy)2(CO)H+ TEOA HCOO− 0.15 161/80.5 [8]

Ru(bpy)3
2+ Ru(bpy)2(CO)(X)n+ X = Cl,

CO
TEOA HCOO− 163/81.5 (X = Cl) [8]

54/27 (X = CO)
Ru(bpy)3

2+ Co(HMD)2+ H2A CO, H2 [15]
Ru(bpy)3

2+ Ni(cyclam)2+ H2A CO, H2 0.001 (CO) [16,17]
Ru(phen)3

2+ Ni(cyclam)2+ H2A CO, H2 <0.1 [18]
[(phen)2Ru(L1)Ni]2+ H2A CO, H2 <0.1 [18]
Ru(bpy)3

2+ Ni(Pr-cyclam)2+ H2A CO, H2 ca. 0.005 (CO) [19]
Ru(bpz)3

2+ Ru colloid TEOA CH4 10−4 (CH4)f [20,21]
Ru(bpy)3

2+ bipyridinium+, Ru or Os
colloid

TEOA CH4, H2 10−4 (CH4)f, 10−3 (H2)f [21]

p-Terphenyl Co(cyclam)3+ TEOA CO, HCOO− , H2 0.25 (CO + HCOO−)f [22]
p-Terphenyl Co(HMD)2+ TEOA CO, HCOO− , H2 [22,23]
Phenazine Co(cyclam)3+ TEOA HCOO− 0.07f [24]
FeIII(TPP) TEA CO 70/23 [25]
CoIII(TPP) TEA HCOO− , CO >300/100 (HCOO− + CO) [26]
ReCl(bpy)(CO)3 TEOA CO 0.14g 23/11.5 [27,28]
ReCl(bpy)(CO)3 TEA CO 42/1.7h [29]
ReBr(bpy)(CO)3 TEOA CO 0.15i 21/10.5 [27,30,31]
Re(OCHO)(bpy)(CO)3 TEOA CO 0.05 12/3 [28,32]
[Re(bpy)(CO)3(PR3)]+ TEOA CO 0.38 (R = OEt), 0.013

(R = nBu), 0.024 (R = Et), 0.2
(R = OiPr), 0.17 (R = OMe)

7.5/0.5 (R = OEt), <1/<0.1
(R = nBu, Et), 6.2/0.5
(R = OiPr), 5.5/0.4 (R = OMe)

[33,34]

[Re(4,4′-(MeO)2-
bpy)(CO)3{P(OEt)3}]+

[Re(bpy)(CO)3(CH3CN)]+ TEOA CO 0.59 [7]

[Re(bpy)(CO)3{P(Ohex)3}]+ TEA CO 2.2/1.1j [35]
[Re(bpy)(CO)3{P(OiPr)3}]+ TEOA CO 15.6/0.7h [36]
[Re(dmb)(CO)3{P(OEt)3}]+ TEOA CO 0.18 4.1/0.2 [34]
[Re(4,4′-(CF3)2-

bpy)(CO)3{P(OEt)3}]+
TEOA CO 0.005 <1, <0.1 [34]

[Re(bpy)(CO)3(4-X-py)]+ TEOA CO 0.03 (X = tBu, Me, H), 0.04
(X = C(O)Me), 0.13 (X = CN)

1/0.1 (X = tBu, H, Me,
C(O)Me), 3.5/0.4 (X = CN)

[37]

Ru(dmb)3
2+ ReCl(dmb)(CO)3 BNAH CO 0.062 101/6.3 [38]

[(dmb)2Ru(L2)Re(CO)3Cl]2+ BNAH CO 0.12 170/10.7 [38]
[(dmb)2Ru(L2)Re(CO)3{P(OEt)3}]3+ BNAH CO 0.21 232/19.3 [39]
[Ru{(L2)Re(CO)3Cl}3]2+ BNAH CO 0.093 240/15 [38]
[(dmb)2Ru(L3)Re(CO)3Cl]2+ BNAH CO 0.13 (n = 2), 0.11 (n = 4, 6) 180/15 (n = 2), 120/10

(n = 4, 6)
[40]

[(dmb)2Ru(L4){Re(CO)3Cl}2]2+ BNAH CO 190/11.8 [41,42]
[{(dmb)2Ru}2(L4)Re(CO)3Cl]4+ BNAH CO 110/6.9 [41,42]

a Abbreviations used: TEOA, triethanolamine; MV2+, methylviologen; TPA, tripropylamine; TEA, triethylamine; bpy, 2,2′-bipyridine; dmb, 4,4′-dimethyl-2,2′-
bipyridine; bpz, 2,2′-bipyrazine; phen, 1,10-phenanthroline; Me2phen, 2,9-dimethyl-1,10-phenanthroline; BNAH, 1-benzyl-1,4-dihydronicotinamide; H2A, ascorbic acid;
HMD, 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene; cyclam, 1,4,8,11-tetraazacyclotetradecane; Pr-cyclam, 6-((N-R)pyridin-4-yl)methyl-1,4,8,11-
tetraazacyclotetradecane where R, p-methoxybenzyl and benzyl; TPP, 5,10,15,20-tetraphenyl-21H,23H-porphine. For L1–L4 see Chart 1.

b Unless otherwise noted, the quantum yield of product formation is defined as the formation rate divided by the light intensity.
c Unless otherwise noted, TON is defined as the mole of product(s) divided by the mole of catalyst used and TOF is defined as the TON divided by the irradiation time in

hours.
d With 15% water in DMF.
e With 15% water and 10 equiv. bpy in DMF.
f Assuming two (or eight) photons produce one molecule of the product.

l
f
t
r
p
b
d
w
a
n

g With 23 equiv. NEt4Cl added.
h In high-pressure CO2 gas (T = 26 ◦C, P = 1–2 MPa)/liquid DMF solution.
i With 13 equiv. NEt4Br added.
j In liquid CO2 solution (T = 28 ◦C, P = 7.0 MPa).

oss results in the stable 18e− ligand-centered radical species,
ac-Re(dmb•−)(CO)3(solv), which can also be produced by pho-
ocleavage of the Re–Re bond in [Re(dmb)(CO)3]2. This species
eacts with CO2 to form a �2–�2–CO2 bridged binuclear com-
lex, fac, fac-(CO)3(dmb)Re–13C(O)O–Re(dmb)(CO)3 as observed

y 1H and 13C NMR upon photolysis of a 13CO2-saturated DMF-
7 solution (Fig. 2) [51]. This intermediate was shown to decay
ith a first-order dependence on [CO2] to produce CO and CO3

2−

nd to be accelerated by visible light irradiation [51]. Coordi-
ation of the CO2 reduction by-product CO3

2− to the rhenium
center is likely to be the primary source of catalyst deactivation
as the Re–OC(O)O–Re species is highly insoluble in the organic
solvents typically employed for photocatalysis. In the case of fac-
Re(NCS)(bpy)(CO)3, Ishitani has proposed that the corresponding
OER complex serves as both an electron donor and CO2 reduction

catalyst [7]. Loss of NCS− from the OER species is followed by coor-
dination of CO2, and subsequent electron transfer from another
OER complex generates CO and, after re-coordination of NCS−, two
equivalents of fac-Re(NCS)(bpy)(CO)3 with no indication as to the
fate of the oxide (Fig. 3) [7]. However, there is no clear evidence
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Fig. 1. Proposed one- and two-electron pathways for electrochemical CO2 reduction [47,48].

mical

f
s

t
i
t
p
v
n
i

Fig. 2. Mechanism proposed for photoche

or formation of the CO2 adducts or reduction of CO2 by an outer-
phere electron-transfer mechanism.

Despite the successful coupling of light absorption to the mul-
ielectron catalytic reduction of CO2, significant challenges remain
f these systems are to be used on a global scale for the produc-
ion of clean fuels and/or fine chemicals by artificial photosynthetic

rocesses. A major hindrance for these catalysts is their poor
isible light absorption, with the majority of reported bipyridyl rhe-
ium(I) tricarbonyl complexes possessing MLCT absorption bands

n the near-UV (300 nm < �max < 400 nm) [43]. As is the case for

Fig. 3. Mechanism proposed for photochemical CO
CO2 reduction with [Re(dmb)(CO)3]2 [51].

electrocatalysis, chloride loss from the photochemically generated
OER species is slow (kobs < 100 s−1 for [fac-ReCl(dmb)(CO)3]− in
CH3CN) [51]. Experimental and theoretical studies indicate that
in polar organic solvents (CH3CN, DMF, THF, etc.) the solvent-
coordinated ligand-centered radical is stable, and substitution of
bound solvent by CO2 is extremely slow with an observed rate of

∼3 × 10−3 s−1 under 0.8 atm CO2 (0.22 M) [51,52]. The turnover-
limiting step in the photochemical reduction cycle depicted in Fig. 2
is actually the reaction of the �2–�2–CO2 bridged binuclear species
with CO2 with a bimolecular rate constant of k = 9.7 × 10−4 M−1 s−1

2 reduction with fac-Re(NCS)(bpy)(CO)3 [7].
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Table 3
Photophysical, electrochemical and photochemical properties of some fac-ReX(�-diimine)(CO)3

0/+ complexes.

�-Diimine X Solvent �CO (cm−1) �MLCT, nm (ε/103,
M−1 cm−1)

�em, nm (�0, ns) E1/2, V Reductive quenching Ref.

kq (M−1 s−1) KSV (M−1)

bpy Cl CH3CN 2023, 1917, 1899 370 (3.42) 622 (25) 1.36a,b, −1.32a 2.6 × 107c 0.71 [45,58]

bpy Br THF 2019, 1919, 1895 375d 610d (55)d −1.91e, −2.33e 6.0 × 107f,g 3.3 [30,59]

dmb Cl CH3CN 2023, 1906, 1893 360 (3.40) 602 (27) 1.35h, −1.43h, −1.98h [50,58,60]

dnb-F26 Cl CH3CN 2022, 1916, 1897 368 (4.10) 625 (30) 1.35a,b, −1.40a 2.5 × 107c 0.76 [45]

dnb-F26 Cl scCO2
i 2028, 1933, 1909 394 610 j (34) 4.4 × 106c 0.15 [45]

dub-F34 Cl CH3CN 2022, 1916, 1898 368 (3.79) 625 (30) 1.35a,b, −1.39a 2.5 × 107c 0.76 [45]

dub-F34 Cl scCO2
i 2028, 1933, 1909 394 610 j (33) 4.2 × 106c 0.14 [45]

bpy P(OEt)3 CH3CN 2047, 1962, 1927 317 (13.5), 351 sh (3.06) 522 (1034) 1.7b,k, −1.43k, −1.87k,l 1.1 × 109d,g 1140 [34,46]

bpy P(OiPr)3 CH3CN 2045, 1958, 1924 315 (14.3), 346 sh (3.37) 521 (952) 1.7b,k, −1.44k, −1.89k,l 8.6 × 108d,g 820 [34,46]

bpy P(Ohex)3 CH2Cl2 316 (13.5), 347 (4.6) [35]
bpy P(Ohex)3 CO2, liqm 314 (13.9), 340 sh (6.7) 520 (395) [35]

bpy NCS CH3CN 2027, 1919 br 396 (2.9)n 635d (30)d −1.61k 3.7 × 108d, g 11 [7]

bpy CH3CN CH2Cl2 2032, 1942 br 343 (4.25) 536 (1200) −1.58e,o, −1.80e,o [47,57]

a vs. SCE.
b Epa.
c TEA.
d recorded in DMF.
e vs. Fc/Fc+.
f recorded in CH3CN.
g TEOA.
h vs. SSCE.
i 35 ◦C, 13.8 MPa.
j uncorrected.
k vs. Ag/AgNO3.
l Epc.

m 26 ◦C, 7.9 MPa.
n recorded in CH2Cl2.
o

f
b
u
s
0

o
l
h
h
(
h
o
o
p
(
o
0
C
a
2
i
n
o

recorded in THF:CH3CN = 3:2 (v/v).

or [fac-Re(dmb)(CO)3]2(CO2) in DMF, although the reaction can
e accelerated more than 50 times under irradiation [51]. These
nfavorable kinetic barriers are further exacerbated by the low
olubility of CO2 in conventional organic solvents with [CO2] of
.2–0.3 M/atm under ambient conditions [53].

In an effort to increase [CO2] while simultaneously decreasing
r eliminating the ability of coordinating organic solvents to stabi-
ize the 17e− metal-centered radical, fac-Re•(�-diimine)(CO)3, Hori
as explored supplementing or replacing organic solvents with
igh-pressure compressed CO2 [29,35,36]. Employing liquid CO2
liqCO2) or supercritical CO2 (scCO2) as both reactant and solvent
as several benefits. In addition to the elimination of coordinating
rganic solvents, the physical properties (density, viscosity, etc.)
f the CO2 solvent are tunable as a function of temperature and
ressure, while the [CO2] can be increased to ca. 22 M at 35 MPa
cf., 0.2 M in DMF under ambient conditions) [53,54]. Irradiation
f a 2.6 × 10−4 M fac-ReCl(bpy)(CO)3 solution in DMF containing
.8 M TEA with 365 nm monochromatic light under 2.45 MPa of
O2 resulted in significantly more CO (TON = 41.8 after 25 h) rel-

tive to similar photolysis under 0.10 MPa of CO2 (TON = 8.2 after
5 h) [29]. Increasing the CO2 pressure further to 7.30 MPa results

n a reaction mixture which is one phase, consisting of a homoge-
eous solution of TEA and DMF in liquid CO2. However, photolysis
f [fac-Re(bpy)(CO)3{P(OiPr)3}]+ in this liqCO2/DMF solution with
365 nm light resulted in very low catalytic activity (TON = 0.4
after 16 h) [36]. Elimination of coordinating organic solvents was
achieved by preparation of liquid CO2-soluble cationic rhenium(I)
catalysts employing a fluorinated tetra-aryl borate counteranion
such as [fac-Re(bpy)(CO)3{P(Ohex)3}][B(3,5-(CF3)2-C6H3)4] [35].
This catalyst is marginally more active in liqCO2 as compared
to conventional solvent, yielding 2.2 turnovers after 2 h under
365 nm irradiation in liquid CO2 containing 4.4 × 10−5 M catalyst
and 0.42 M TEA (T = 28 ◦C, p = 7.0 MPa, � = 0.70 g cm−3) [35]. While
incorporating a fluorinated counteranion resulted in increased cat-
alyst solubility in liquid CO2 solution and increased CO2 reduction
activity (vide supra), this approach is not suitable for extension to
the neutral fac-ReCl(�-diimine)(CO)3 complexes. Furthermore, the
low catalytic activity observed in liquid CO2 (relative to organic sol-
vents) may be due to precipitation of the neutral photogenerated
reduced species, fac-Re(bpy)(CO)3{P(Ohex)3}.

In order to address some of these concerns we have synthe-
sized and characterized neutral CO2-soluble rhenium bipyridine
complexes bearing fluorinated alkyl substituents, which are

well-known to impart enhanced solubility to otherwise insol-
uble metal complexes in scCO2 [54]. Fluorinated bipyridine
ligands 4,4′-(C6F13CH2CH2CH2)2-2,2′-bipyridine (dnb-F26) and
4,4′-(C8F17CH2CH2CH2)2-2,2′-bipyridine (dub-F34) were prepared
as reported [55,56] and metalated with ReCl(CO)5 in refluxing



M.D. Doherty et al. / Coordination Chemistry Reviews 254 (2010) 2472–2482 2477

Fig. 4. Transient UV–vis spectra obtained between 8 and 140 ns after 410 nm pulsed
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Fig. 5. (a) Fourier transform IR (FTIR) spectrum of fac-ReCl(dnb-F26)(CO)3 in CH3CN
(vs. CH3CN background at 25 ◦C). (b) Time-resolved step-scan FTIR spectra recorded

2
agent. The light energy is converted to chemical energy in the form
of adenosine triphosphate (ATP) and reduced nicotinamide ade-
nine dinucleotide (phosphate), NAD(P)H, in complicated processes
in which a reduced hydrogen equivalent (i.e., hydride) is stored by
aser excitation of a CH3CN solution of fac-ReCl(dnb-F26)(CO)3 at 25 ◦C This figure
as reproduced from Ref. [45] with permission of the copyright holders.

oluene to give the corresponding fac-ReCl(dnb-F26)(CO)3 and
ac-ReCl(dub-F34)(CO)3 complexes in good yield [45]. The photo-
hysical and electrochemical properties of these complexes are
irtually identical to the corresponding fac-ReCl(bpy)(CO)3 as a
esult of the incorporation of three methylene units separating
he fluorinated alkyl chains from the bipyridine � system which
ffectively insulate the metal center from the electron withdrawing
roperties of the F atoms. This effect is most obvious when com-
aring the �CO IR stretching frequencies and reduction potentials of

ac-ReCl(dnb-F26)(CO)3 and fac-ReCl(dub-F34)(CO)3 with the anal-
gous unsubstituted complex, fac-ReCl(bpy)(CO)3 in CH3CN (see
able 3). In addition, the excited state properties of these fluori-
ated bipyridyl complexes are analogous to those reported for the
nsubstituted bpy complex with �em = 625 nm and �em = 30 ns in
H3CN (cf., �em = 625 nm and �em = 27 ns for fac-ReCl(bpy)(CO)3)
45]. A hypsochromic shift of the emission band to �em = 610 nm
nd an increase in excited state lifetime (�em = 33–34 ns) is
bserved in scCO2 solutions (T = 35 ◦C, p = 13.8 MPa) of these com-
lexes as a result of the lower solvent polarity (relative to CH3CN)
hich serves to raise the energy of the excited state, consistent
ith the energy gap law [45,57].

UV–vis transient absorption and time-resolved infrared
TRIR) spectroscopies of fac-ReCl(dnb-F26)(CO)3 or fac-ReCl(dub-
34)(CO)3 in CH3CN and scCO2 solution are consistent with
he formation of a 3MLCT excited state (see Figs. 4 and 5 for
ransient UV–vis and TRIR spectra of fac-ReCl(dnb-F26)(CO)3 in
H3CN) [45,58]. Stern-Volmer reductive quenching of the 3MLCT
xcited state emission of these complexes by TEA occurs rapidly
n CH3CN with quenching rate constants, kq ≈ 2.5 × 107 M−1 s−1

cf., kq = 2.6 × 107 M−1 s−1 for fac-ReCl(bpy)(CO)3; see Table 3
nd Fig. 6). In scCO2 solution, reductive quenching is slower
han in CH3CN as a result of the lower polarity of scCO2
kq ≈ 4.3 × 106 M−1 s−1), although only by a factor of approx-
mately six [45]. Preliminary photocatalysis experiments in
O2-saturated DMF and in scCO2 solution using conditions similar
o those employed previously in DMF/TEOA mixtures [27,28]
how catalytic formation of CO in both solvents while control
xperiments in the absence of CO show no CO formation. We
2
re currently investigating the photocatalytic activity of these
atalysts in scCO2 in order to obtain the optimized TON and TOF
or CO2 reduction.
between 0 and 115 ns after 410 nm pulsed laser excitation of this solution. Posi-
tive bands represent the excited state species, while negative bands represent the
ground-state bleach. This figure was reproduced from Ref. [45] with permission of
the copyright holders.

3. Photogeneration of bio-inspired renewable hydride
donors

Natural photosystems in plants convert CO2 to carbohydrates
and O using absorbed photons as energy and water as a reducing
Fig. 6. Stern-Volmer quenching of the emission from the MLCT excited state of fac-
ReCl(dub-F34)(CO)3 by TEA in CH3CN (T = 25 ◦C) and scCO2 (T = 35 ◦C, p = 13.8 MPa).
�ex = 410 nm. This figure was reproduced from Ref. [45] with permission of the
copyright holders.
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Fig. 7. Structure of NADPH.

he reduction of NADP+. The ATP and NADPH are used to reduce CO2
n light-independent processes through net hydride-ion transfer
eactions. The ability to transfer multiple redox equivalents in the
orm of H− (i.e., two electrons and a proton) allows the operation
f proton-coupled electron-transfer reactions to avoid high-energy
athways associated with single electron-transfer steps.

Despite the complex structure of NADPH, only a relatively sim-
le fragment, 1,4-dihydronicotinamide acts as the hydride-ion
onor (Fig. 7). The chemistry of NADH-model compounds such as 1-
enzyl-1,4-dihydronicotinamide (BNAH) or 10-methylacridan, in
he reduction of alkyl halides, olefins, ketones, and photoinduced
lectron transfer, has been extensively studied [61]. However, most
f the reactions known to date involving NADH-model complexes
re stoichiometric, since the donor regeneration is often highly
ndoergic and also limited by dimerization via C–C bond formation
f the radical species NAD•, which is an intermediate in hydride
ormation or transfer reactions. The use of hydride donors in mul-
ielectron proton-coupled processes, such as CO2 reduction, would
e extremely attractive if the hydride donors could be efficiently
egenerated.

One of the very promising photochemical approaches to homo-
eneous carbon dioxide reduction is a succession of hydride-ion
nd proton-transfer reactions as illustrated in Scheme 1 for CO2 that
s C-bonded to transition-metal catalytic centers. Specific imple-

entations of these reaction schemes are a good foundation for
inetically efficient CO2 reduction using transition-metal com-
lexes as catalysts and photocatalysts. In order to implement this
ath, hydride donors should be cleanly generated photochemically,

voiding the coupling of carbon centered radical intermediates,
hich can lead to catalyst deactivation. The use of NADH-like
oities as ligands of transition metals enables the utilization of
LCT transitions and provides a convenient strategy for light

nduced hydride generation. However, this approach presents some

Scheme 1. Reduction of CO2 by h
Fig. 8. Catalytic cycle for electrochemical reduction of acetone with
[Ru(bpy)2(pbnHH)]2+.

challenges, in particular those related to the fact that each photon
absorbed results in the formation of only the OER species, while
hydride donors are two-electron reduced compounds. Therefore,
formation of hydride donors will involve complicated multiple-
redox reactions to produce the final product.

One of the transition-metal complexes containing a NADH-
like ligand, [Ru(bpy)2(pbn)]2+ (pbn = 2-(2-pyridyl)-benzo[b]-1,5-
naphthyridine), was reported to catalytically reduce acetone to
isopropanol under electrochemical conditions (−1.14 V vs. Fc/Fc+)
in an acidic medium. This was the first example of electrochem-
ical catalytic reduction of organic molecules by NAD(P)H model
complexes [62]. [Ru(bpy)2(pbnHH)]2+ (pbnHH = 5,10-dihydro-2-
(2-pyridyl)-benzo[b]-1,5-naphthyridine) was proposed as the
key intermediate as shown in Fig. 8. The reduced species
[Ru(bpy)2(pbnHH)]2+ was synthesized chemically using Na2S2O4
and characterized by spectroscopy and its single-crystal X-ray
diffraction structure [63].

These results have prompted more extensive studies of mech-
anistic details for the formation of [Ru(bpy)2(pbnHH)]2+ [63,64].
It was demonstrated that the presence of the pbn ligand gives
rise to a new absorption band arising from a MLCT transition
(dRu–�pbn*), and excitation into this band leads to a charge transfer
from the metal center mainly to the pbn ligand. The quenching of
the excited state of [Ru(bpy)2(pbn)]2+ is readily achieved with sac-
rificial electron donors with high rates, e.g., 1.1 × 109 M−1 s−1 for
DABCO (1,4-diazabicyclo[2.2.2]octane), yielding the OER species,
[Ru(bpy)2(pbn•−)]+. The bulk photolysis of an acetonitrile solu-
tion of [Ru(bpy)2(pbn)]2+ under 355 nm irradiation in the presence
of triethylamine as a sacrificial electron donor exclusively yields
[Ru(bpy)2(pbnHH)]2+ with a quantum yield of 21%. This experi-
ment demonstrated that renewable [Ru(bpy)2(pbnHH)]2+ can be
cleanly generated photochemically in high quantum yield avoiding
formation of side products related to the ruthenium complex.

The mechanism of the formation of [Ru(bpy)2(pbnHH)]2+ was
studied using radiation chemistry techniques, since these pro-
vide a convenient and clean way to generate OER species. The
one-electron reduction of [Ru(bpy)2(pbn)]2+ in buffered aqueous
solutions was readily achieved in reactions with the solvated elec-
tron (eaq

−, −2.90 V vs. NHE) or the formate radical (CO2
•−, −1.90 V

vs. NHE), both strong reducing agents. Both eaq
− and CO2

•− were
produced using an electron accelerator for transient measure-

ments or a 60Co �-ray source for bulk radiolysis experiments. The
reduction of [Ru(bpy)2(pbn)]2+ with eaq

− or CO2
•− results in the

formation of the OER species [Ru(bpy)2(pbn•−)]+ with bimolecu-
lar rates k1 = 3.0 × 1010 and k2 = 4.6 × 109 M−1 s−1, respectively (Eqs.

ydride transfer reactions.
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Fig. 9. Spectra of [Ru(bpy)2(pbn•−)]+ (open circles) and [Ru(bpy)2(pbnH•)]2+ (solid
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kobs = (
1 + Ka/[H+]

)2
(9)

This proposed model agrees well with the experimental kinetic
data (Fig. 11) indicating that both disproportionation (Eq. (6))
ircles) measured in pulse radiolysis (PR) experiments at pH 12.5 and 8.9, respec-
ively. Insert: pKa of [Ru(bpy)2(pbnH•)]2+ determined by spectroscopic titration of
he OER species produced in PR experiments [64].

1) and (2)), analogous to the photochemical experiments in which
he reaction between the excited state [*Ru(bpy)2(pbn)]2+ and a
acrificial electron donor D also yields the OER species (Eq. (3)):

Ru(bpy)2(pbn)]2+ + eaq
− → [Ru(bpy)2(pbn•−)]+ (1)

Ru(bpy)2(pbn)]2+ + CO2
•− → [Ru(bpy)2(pbn•−)]+ + CO2 (2)

∗Ru(bpy)2(pbn)]2+ + D → [Ru(bpy)2(pbn•−)]+ + D•+ (3)

The OER species [Ru(bpy)2(pbn•−)]+ can also be produced
y reduction of the parent compound with sodium amalgam,
nd its UV–vis spectrum matches well the spectra of the OER
pecies produced in pulse radiolysis and photochemical exper-
ments. This indicates that the first step in the production of
Ru(bpy)2(pbnHH)]2+ is the formation of the OER species and
s the same for both photo- or radiation-initiated reactions. In
upport of the above conclusion, the continuous radiolysis of
Ru(bpy)2(pbn)]2+ in buffered aqueous solutions cleanly produces
Ru(bpy)2(pbnHH)]2+. In aqueous solution, the OER species exists in
quilibrium with its conjugate acid with pKa = 11 (Eq. (4)), as deter-
ined by measuring pH-dependent spectra after one-electron

eduction of [Ru(bpy)2(pbn)]2+ in pulse radiolysis experiments
Fig. 9):

Ru(bpy)2(pbn•−)]+ + H+ ↔ [Ru(bpy)2(pbnH•)]2+ (4)

These results agree well with the pH-dependent electrochemi-
al reduction of [Ru(bpy)2(pbn)]2+, which clearly demonstrates the
Ka of the OER species at ca. 11 (Fig. 10). The OER protonated and
on-protonated species are transient in nature, and decay through

ultiple pathways to yield the final product [Ru(bpy)2(pbnHH)]2+.

he observed kinetics for disappearance of the OER species follows
bimolecular rate law as determined in pulse radiolysis exper-

ments, and depends on the pH of the solution. These types of
H-dependent redox reactions are typically analyzed with, e.g., Eq.
9) [65]. The following reactions describe the disappearance of the
ER species:

Ru(bpy)2(pbnH
•
)]

2+ Ka� [Ru(bpy)2(pbn
•−)]

+ + H+ (5)
Fig. 10. Pourbaix diagram representing pH-dependent electrochemical reduction
of [Ru(bpy)2(pbn)]2+ in aqueous buffer solutions (10% acetonitrile). The two lines
below −1.4 V indicate the reduction of bpy. This figure was reproduced from Ref.
[63], copyright Wiley-VCH Verlag GmbH & Co. KGaA with permission.

2[Ru(bpy)2(pbnH•)]2+→[Ru(bpy)2(pbn)]2++[Ru(bpy)2(pbnHH)]2+

(6)

[Ru(bpy)2(pbnH•)]2+ + [Ru(bpy)2(pbn•−)]+ + HA

→ [Ru(bpy)2(pbn)]2+ + [Ru(bpy)2(pbnHH)]2+ + A− (7)

2[Ru(bpy)2(pbn•−)]+ + 2HA

→ [Ru(bpy)2(pbn)]2+ + [Ru(bpy)2(pbnHH)]2+ + 2A− (8)

The observed rate of disappearance of the OER species can be
described as follows:

2
[

k6 + k7Ka/[H+] + k8(Ka/[H+])2
]

Fig. 11. The dependence of the observed second-order rate constant for disappear-
ance of the OER species on pH (in H2O triangles; in D2O dots) and the fit with Eq. (9)
[64].
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nd the cross-reaction (Eq. (7)) are efficient, while the reac-
ion between two non-protonated reduced species is slow (Eq.
8)). This last observation is not surprising since the formation
f the two-electron-reduced species is thermodynamically highly
nfavorable. The lack of an observable kinetic isotope effect for dis-
roportionation of the OER species indicates that a proton-coupled
lectron transfer or hydrogen atom transfer is not involved in the
ate-determining step.

A detailed analysis of the spectroscopic data measured in
ulse radiolysis experiments revealed that while the cross-reaction
etween the OER protonated and non-protonated species (Eq. (7))
ields the final product and starting material directly, the dis-
roportionation reaction (Eq. (6)) proceeds through the formation
f an intermediate. This intermediate was isolated as a prod-
ct of bulk radiolysis of [Ru(bpy)2(pbn)]2+ at low temperature
0.2 ◦C), and its UV–vis spectrum matched well the spectrum of
he transient species measured after disappearance of OER species
roduced in pulse radiolysis experiments (Fig. 12). Warming the
olution containing the intermediate species to room tempera-
ure resulted in a UV–vis spectrum consistent with a 1:1 mixture
f [Ru(bpy)2(pbn)]2+ and [Ru(bpy)2(pbnHH)]2+. Based on these
esults, it was concluded that the intermediate species is dinuclear
n nature and can possibly be described as the �-stacked dimer
f two [Ru(bpy)2(pbnH•)]2+ species. This assumption is supported
y the results of the analysis of spin densities in the SOMOs of
Ru(bpy)2(pbnH•)]2+ and its conjugate base, [Ru(bpy)2(pbn•−)]+, as
etermined by DFT calculations, which show a substantial localiza-
ion of the electron density of the unpaired electron on the carbon
tom of the naphthyridine ligand (para position from the nitrogen
n the central ring of naphthyridine) in the protonated, but not in
he non-protonated OER species. The increase of electron density
n the naphthyridine moiety may facilitate interaction between the

•− +
-systems of two [Ru(bpy)2(pbn )] species. DFT calculations on
he �-stacking dimer in a polarizable continuum model for ace-
onitrile as solvent revealed a structure supporting the proposed
isproportionation intermediate. They also helped to identify the

ntermediate in the cross-reaction between [Ru(bpy)2(pbnH•)]2+

Fig. 13. The proposed mechanism of formation of
Fig. 12. The spectrum of the [Ru(bpy)2(pbnH )]2
4+ species observed in room-

temperature pulse radiolysis (dots) and low-temperature (0.2 ◦C) bulk radiolysis
(line) experiments. This figure was reproduced from Ref. [64] with permission of
the copyright holders.

and [Ru(bpy)2(pbn•−)]+ as being a hydrogen-bonded dimer. As
a result of all experimental observations mentioned above, the
proposed mechanism for the formation of [Ru(bpy)2(pbnHH)]2+ is
shown in Fig. 13.

Preliminary DFT calculations on the hydricities of
[Ru(bpy)2(pbnHH)]2+ and other potential hydride donors and
acceptors relevant to CO2 reduction have been carried out. Signif-
icant among the findings from this work was the prediction of a
stronger hydride donor, [Ru(bpy)2(pbnHH)]+, possibly produced
upon further visible excitation of [Ru(bpy)2(pbnHH)]2+ followed

by reductive quenching, and the prediction that this further-
reduced species is capable of donating a hydride ion to a carbonyl
ligand of a second (acceptor) transition-metal complex. Prelimi-
nary experiments have confirmed that [Ru(bpy)2(pbnHH)]2+ can
donate a hydride ion to the trityl cation, and experiments using

[Ru(bpy)2(pbnHH)]2+ in aqueous medium.
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Ru(bpy)2(pbnHH)]+ are underway to explore the prediction of
–CHO formation from [M–CO]+ by hydride ion transfer.
In summary, synthetic systems based on the NADH-like func-

ionality coupled to a light absorbing chromophore offer an attrac-
ive approach to achieve photocatalytic reduction of carbon dioxide
riven by absorption of visible light. The ability of hydride donors
o transfer multiple proton-coupled redox equivalents in the form
f the hydride ion allows the avoidance of high-energy intermedi-
tes usually associated with one-electron or one-proton processes.
his makes hydride donors potential reagents of choice for the
fficient catalytic reduction of CO2. However, many challenges
emain in achieving successful and efficient hydride transfer reac-
ions to M–CO species using renewable hydrides produced by light
bsorption.

The ruthenium complex [Ru(bpy)2(pbn)]2+ is the first exam-
le of a photochemically generated reversible hydride donor that

s reported to catalyze the electrochemical reduction of the car-
onyl group of a model compound, acetone, in acidic conditions.
he excited state of [Ru(bpy)2(pbn)]2+ is readily quenched to pro-
uce the OER species that can cleanly disproportionate to yield the
nal [Ru(bpy)2(pbnHH)]2+ product. This disproportionation reac-
ion allows the pooling of the energy of two photons to generate a
wo-electron-reduced hydride donor molecule. The localization of
lectron density of the unpaired electron on the part of the naph-
hyridine ligand surrounded by a bulky environment prevents the
imerization of the OER species, thus making the generation of the
ydride donor clean and efficient.

Understanding the mechanism of hydride transfer from
hydride donor to an acceptor is another crucial step in

esigning efficient catalysts for photochemical CO2 reduction.
reliminary investigations indicate that while photogenerated
Ru(bpy)2(pbnHH)]2+ transfers a hydride to the trityl cation to
ecover the parent [Ru(bpy)2(pbn)]2+, [Ru(bpy)2(pbnHH)]2+ is not

strong enough hydride donor to reduce either free CO2 or
etal complexes with CO or CO2 ligands. However, our prelim-

nary theoretical predictions indicate that the further-reduced
pecies [Ru(bpy)2(pbnHH)]+ is a significantly stronger hydride
onor that can potentially be used to reduce carbonyl ligands of
etal complexes. This appears to open a new door to the step-
ise photoreduction of metal carbonyls to methanol. Our ongoing

esearch will be published in a forthcoming paper.

. Conclusion

This article summarizes recent progress in our laboratories in
he areas of photocatalytic reduction of CO2 and photochemical
eneration of a renewable hydride donor. The incorporation of
uorinated substituents into the ReIX(bipyridyl)(CO)3 family of
omplexes using dnb-F26 and dub-F34 has imparted solubility in
cCO2 to these photocatalysts without significantly altering their
lectronic or photophysical properties. Stern-Volmer reductive
uenching of the MLCT excited state emission of these complexes
ith TEA occurs rapidly in both CH3CN and scCO2, with quenching

ate constants only approximately six times slower in scCO2. Pre-
iminary photochemical experiments suggest that in CO2-saturated
MF and scCO2 solution containing TEOA or TEA, these complexes
atalyze the reduction of CO2 to CO.

A ruthenium(II) complex bearing a NADH inspired ligand,
Ru(bpy)2(pbn)]2+ has been prepared and upon reductive quench-
ng of the photogenerated MLCT excited state, produces a

ER species which ultimately disproportionates to cleanly form

Ru(bpy)2(pbnHH)]2+. This disproportionation allows the energy
f two photons to be pooled to generate a two-electron reduced
ydride donor, which is capable of transferring a hydride to the
rityl cation. Furthermore, preliminary theoretical studies suggest

[

[

[

ry Reviews 254 (2010) 2472–2482 2481

the three-electron reduced species, [Ru(bpy)2(pbnHH)]+ would be
a much stronger hydride donor capable of reducing carbonyl lig-
ands of transition-metal complexes.
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