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Photoreduction of CO, and its aqueous forms to organic
products is a challenging subject as a means of mimicking pho-
tosynthesis and solar energy conversion and storage.l> Photo-
reduction of CO, to formate has been reported with use of ho-
mogeneous catalysts,? semiconductor powders? or electrodes,® and
the enzyme formate dehydrogenase.® Recently, we were able to
photoreduce CO, to methane,” although in low yields. Electro-
catalyzed reductions of CO, have been extensively studied,®® but
these do not occur at the thermodynamic potential for formate
formation. Wrighton et al. have examined!® the reduction of
HCO;™ to formate by hydrogen and the electroreduction of HCO;~,
in the presence of various supported palladium catalysts, in which
effective formate production has been accomplished at room
temperature close to the thermodynamic potential. Interestingly,
the photosensitized reduction of CO,/HCOQO;™ using Pd-based
heterogeneous catalysts has not been reported. Here we wish to
report on the design of a novel heterogeneous Pd colloid stabilized
by B-cyclodextrin (3-CD)!! and its application in the effective
reduction of CO,/HCO; to formate. High quantum yields, ¢
= 1.1 are reported for formate production. We find that the 3-CD
support strongly affects the catalyst activity.
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Photoreduction of V,N*dimethyl-4,4'-bipyridinium salt, methyl
viologen, MV?*, with various sensitizers and sacrificial electron
donors, has been extensively explored in recent years.!2!1> Krasna
has found!“ that deazariboflavin, dRFI (1), acts as an effective
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photosensitizer for the reduction of MV?*, For example, in the
presence of oxalate as electron donor, MV** is photogenerated
in quantum yields ¢ > 1. Comparison of the reduction potential
of MV** (E°(MV*/MV**) = -0.45 V vs NHE") to the ther-
modynamic potential for formate formation (E°(HCO,/HCO,")
= -0.42 V vs NHE,!¢ at pH 7) suggests that the thermodynamic
balance for the process outlined in eq 1 corresponds to AG® =~

2M ** + HCO,™ + 2H* = 2MV* + HCO, + H,0 (1)

0. 1us, by the light-driven generation of MV** high concen-
t s of formate could, in principle, be accumulated. Yet, this
' is kinetically unfavored, and no formate is formed in
that include CO,/HCO;™ and photogenerated MV**,

ind that Pd supported on 3-CD acts as an effective catalyst
photoreduction of CO,/HCO;", by MV**, The system

aposed of an aqueous sodium bicarbonate solution (3 mL),

\ , that included deazariboflavin, dRF! (1), as photosensitizer,
8 55 M, MV?*, 2 X 1073 M, as primary electron acceptor,
al.  <alate as sacrificial electron donor, 0.06 M. Pd-3-CD colloid
(30 mg:L™!) was added to the solution, and CO, was bubbled
through the system (final pH 6.8). Illumination of the system
(A > 400 nm), at 30 °C, results in the formation of formate,
HCO;, and trace amounts of hydrogen. Figure 1 shows the rate
of HCO;™ and H, formation at time intervals of illumination.!”
The quantum yields correspond to ¢(HCO,™) = 1.1 and ¢(H,)
= 0.03. Control experiments reveal that in the absence of
CO,/HCO;™ the major photoproduct is H, (eq 2), ¢ = 0.12, and

Pd-g-CD
2MV*t + 2H* 2MVZ* + H,* 2)

only trace amounts of HCO,™ are formed by in situ generation
of CO, by the oxidation of oxalate (vide infra). Also, in the
absence of the Pd-3-CD colloid no HCO,™ or H, are produced,
and MV** is the only photoproduct, $(MV**) =~ 3.5. Tllumination
of an aqueous system that includes dRF1 (1), MV?* as electron
acceptor, oxalate as electron donor, and a Pt colloid stabilized
by 8-CD results in the formation of H,, and no formate is formed.
These results clearly indicate that formate is not formed by the
sacrificial oxidation of oxalate and that Pd-3-CD is a specific
catalyst for the photoreduction of CO,/HCO;" to formate.!®
Comparison of the amount of photogenerated formate to the
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Figure 1. Rate of formate (@) and hydrogen (O) formation as a function
of illumination time.
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Figure 2. Transient decay of MV** followed at A = 602 nm in systems
composed of dRFI, 4 X 1075 M; MV2* 1 X 1073 M; and oxalic acid, 6.7
X 102 M. (a) Without CO,/HCO;™ or Pd--CD. (b) Without CO,/
HCO," and with Pd-8-CD (30 mg-L). (c) With CO,/HCO;™ (6.7 X
1072 M) and with Pd-8-CD (30 mg-L™1). All systems were adjusted to
pH 7 and degassed by either CO, (b) and (c) or by Ar (a).

amount of Pd-3-CD catalyst included reveals that the catalyst
performs ca. 10 turnovers.

It is evident that the Pd-8-CD colloid is a poor catalyst for H,
evolution. Comparison of the quantum yields obtained under
steady-state illumination of MV** production to those of HCO,~
and H, formation suggests that the catalytic processes are the
rate-limiting steps. Laser flash photolysis studies have confirmed
that Pd-8-CD is a superior catalyst for CO,/HCO,™ reduction
as compared to H, evolution (Figure 2). Flashing the system

that includes dRFl, MV?* and oxalate results in the steady-state
accumulation of MV** (Figure 2a) as a result of the photore-
duction of MV?*, Addition of Pd-3-CD in the absence of
CO,/HCO;™ (Figure 2b) induced a slow decay of MV** due to
H, evolution. Addition of CO,/HCO;" (Figure 2c) to the system
effects a rapid decay of MV**, implying that the rate of CO,/
HCO; reduction is substantially faster than H, evolution.

Formate, HCO,", reduces MV?* in the dark in the presence
of Pd-8-CD (eq 1). This allows us to examine the catalytic activity
of the Pd colloid in the presence of various additives, and par-
ticularly in the presence of sacrificial electron donors, by means
of the reverse formate decomposition process. We find that
common electron donors such as thiols and the photodecomposition
products of EDTA (formaldehyde) inhibit the catalytic activity
of Pd-3-CD toward formate decomposition. Accordingly, no
photoreduction of CO,/HCO;™ is observed in the presence of these
electron donors. Oxalate does not inhibit the catalytic activity
of Pd-3-CD and explains the success to photoinduce the reduction
of CO, in the present system.

In conclusion, we have developed an effective system for the
photoreduction of CO,/HCO;™ to formate by visible light. It
should be noted that the 3-CD support for the Pd colloid is ex-
tremely important to its catalyst activity and Pd colloids prepared
by the reduction with citrate or stabilized by polymers, i.e. poly
vinyl alcohol, are inactive toward formate production. Previous
studies!® have indicated that hydroxyl-containing supports, i.e.,
alumina, participate cooperatively in the activation of CO, by Pd
metal. Similarly, cyclodextrins have been claimed? to associate
CO,, and derivatized cyclodextrins catalyze the hydration of CO,.?!
The possible cooperative activation of CO,/HCO;™ by 3-CD and
Pd are now being investigated.
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A number of biologically active peptides, including important
antibiotics, synthetic vaccines, and enkephalins and other hor-
mones, contain p-amino acid residues.!  Although enzymes,
namely proteases, are becoming increasingly popular as catalysts
of peptide bond formation,? this synthetic methodology (as well
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