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Rh(terpy)3t was used as a reduction catalyst for NADY into NADH in a photosensitized reaction system
containing Ru(bpy)3t (as a photosensitizer) and TEOA (triethanolamine) (as an electron donor). At pH 7.7,
an effective NADH-formation (1.04 mM (1M=1 moldm™2)) was observed after 90 min of light-irradiation,
whereas a low yield of NADH at pH 6.5 or pH 10.0 (0.1 and 0.21 mM respectively) was obtained after 90 min
of irradiation. Although the electron donor activity of TEOA is likely to be dependent on the pH conditions,
the photosensitized reaction in the TEOA-Ru(bpy)2t-Rh(terpy)3" system showed little pH influence in that
growth in the absorbance at 440 nm, since the reduction of Rh(terpy)3t at pH 7.7 is ca. 1.5-fold as large as
at pH 6.3. The main reason for the NADH-formation dependence on the pH was found to be caused by the
dependence of the catalytic activity of the reduced form of Rh(terpy)3t on the pH conditions. In addition, the
IR spectrum of Rh(terpy)3" reduced at pH 8.0 shows a peak due to rhodium-hydride stretching (2100 cm™),
whereas that Rh(terpy)3* reduced at pH 10.0 and/or pH 6.5 shows no peak in that region of wavenumbers. These
results indicate that the reduction of NAD™' into NADH in the photosensitized reaction system is catalyzed by

Rh(terpy)3" according to hydride-transfer route.

Photosynthesis performs a conversion from solar en-
ergy, which is clean and limitless, to chemical free en-
ergy that is accumulated as high-energy compounds.
During this decade, the mechanism of the photosen-
sitized reaction has been given much attention, and
many systems for the model reaction of photosynthe-
sis have been reported, such as photosensitized elec-
tron transfer,” the photoreduction of water to generate
hydrogen,?~* the photoregeneration of NAD(P)H fol-
lowed by the formation of alcohol and/or amino acid
with combination of appropriate enzyme,® and so on.?
NAD(P)H, which is reduced form of NAD(P)*, plays
an important role in vivo as a coenzyme, and has also
been studied in systems containing a substrate and an
enzyme to produce asymmetrical compounds in vitro.”
The reduction of NAD™T into NADH generally requires
an enzyme, such as a dehydrogenase; enzymes are often
highly selective catalyst to give 1,4-NADH, which shows
enzymatic activity, but undergo degradation when the
system is run for an extended period of time. Enzyme-
free systems are thus desirable alternatively. Unfor-
tunately, the reduction of NAD* by a high-potential
photosensitizer,® or by electrochemical means,*'®) pro-
duces a mixture of dimers (NAD2) and NADH isomers
(1,2-NADH and 1,6-NADH), which are not enzymati-
cally inactive.

Wienkamp and Steckhan recently proposed that tris-
(2,2"-bipyridine) rhodium(I1T), Rh(bpy)3™ is an effective
catalyst for the photochemical'?) or electrochemical'?®
reduction of NAD™T; some articles'® have proposed
rhodium complexes to be candidates for a catalyst for
the reduction of NAD*. We have also carried out stud-
ies in this field, and have reported'® on the catalytic
activity of bis (2,2 : 6',2"-terpyridine)rhodium(III), Rh-
(terpy)3*, as well as Rh(bpy)3*, both of which show

regioselectivity for the reduction at the 4-position of
NAD*. In addition, it was proved that Rh(terpy)3™
retains its catalytic activity for a long term in a pho-
tochemical reaction, due to the stability of the bis-
(tridentate)ligand.

There is now a question concerning the route for the
reduction of NAD*: Whether two electrons and a pro-
ton are transferred (Eq. 1), or a hydride ion is trans-
ferred (Eq. 2),

NAD' +2¢ + HY — NADH (1)

or

NAD' + H™ — NADH. (2)

Although NAD™ in wvivo accepts an H~ to produce
NADH, an H™ transfer is not always the route in vitro,
as can be seen when dithionite is the reductant.'®

The elucidation of the NADT-reduction mechanism
in a photochemical system with a catalyst is of inter-
est, and would lead to the development of a high-power
catalyst for NADT-reduction.

In this paper, we discuss the photochemical reduc-
tion of NAD* with Rh(terpy)3" as the catalyst, and
elucidate its reducing mechanism.

Results and Discussion

Dependence of NAD'-Reduction on the pH.
As mentioned above, the reduction of NADT into
NADH requires either two electrons and one proton
or hydride ion. It is simply considered that the pH
in the reaction system affects the NADH-formation in
both reduction routes. As a starting point, examina-
tions of the photoreduction of NADT were performed
under several pH conditions in a TEOA (250 mM (1 M=
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1 moldm~3))-Ru(bpy)3* (50 uM)-Rh(terpy)3*t (250
uM)-NAD* (4 mM) system; NADH-formation was
investigated under different pH conditions. Figure 1
shows the growth in the NADH concentration when the
reaction mixture was irradiated with visible light. It
is clear from Fig. 1 that the rate of NADH formation
shows great efficiency at pH 7.7, compared to that of at
pH 6.5 or pH 10.0; 1.04 mM of NADH was produced at
pH 7.7 after 90 min irradiation, whereas only 0.1 mM
or 0.21 mM was produced at pH 6.5 or pH 10.0, re-
spectively. There are some possible explanations about
the result given in Fig. 1. One concerns the stability of
NAD™ or NADH, in which NAD™ is degradable under
alkaline conditions, and the NADH under acid condi-
tions undergoes hydration.!® In order to eliminate such
additional phenomena within the time range of the irra-
diation and preparation of the reaction mixture, NAD*
in a solution buffered at pH 10.0 and NADH at 6.5
were incubated at 25 °C; those remaining in the solu-
tion were analyzed by HPLC. It is clear from Fig. 2
that very slow degradation was observed for NAD™T in
a pH 10.0 solution and for NADH in a pH 6.5 solution,
and that a half period of 11.6 h for NAD* and 9.5 h for
NADH was calculated by fitting according to first-order
kinetics. These results, however, demonstrate that the
stability of NAD™ and NADH in the pH range from
6.5 to 10.0 is little able to damage the photochemical
reduction systems.

As has been previously reported, it is known that
NAD(P)H acts as an electron donor in photochemical
systems to regenerate a photo-oxidized sensitizer,” or
to quench a reductively excited sensitizer.'® The behav-
ior of NADH as an electron donor in our system, which
seems to diminish the accumulation of NADH, should
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Fig. 1. Variation of [NADH] during irradiation at 25

°C to the reaction mixture at (a) pH 7.7, (b) pH 7.4,
(c) pH 10.0, and (d) pH 6.5. The reaction mixture
was composed of 250 mM TEOA, 50 uM Ru(bpy)3™,
250 uM Rh(terpy)s™, and 4 mM NAD' with 2 M
NaCl. Ouly in a pH 10.0 solution was EDTA used
instead of TEOA, due to insoubility of TEOA in this
condition.
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Fig. 2. Ratio of the concentration of retaining NAD™
at pH 10.0 (a) or NADH at pH 6.5 (b) to that of the
early one, respectively. Curve fitting was performed
according to first-order kinetics.

be ruled out, since the concentration of TEOA is much
higher than NADH, especially during the early stage of
the reaction. The TEOA-reaction therefore dominates
over the NADH reaction in competition. Moreover, the
oxidative degradation of NADH presumably proceeds
according to Eq. 3, in which deprotonation at the sec-
ond step occurs preferably in

e- H+ e-
NADH _L NADH+. -L\ NAD- -2—‘ NAD+
3)

alkaline to acidic conditions. In addition, when irra-
diation was carried out on the NADH (1 mM)-Ru-
(bpy)2* (50 uM)-Rh(terpy)3* system, the comsump-
tion of NADH proceeded slowly, indicating that the ac-
tion of NADH as an electron donor has no relation to
the result given in Fig. 1. For these reasons, the dif-
ference in NADH yielding by a photoreduction between
pH conditions originates due to other factors, one of
which is that a photosensitized reaction in the TEOA-
Ru(bpy)2*-Rh(terpy)3* system would be influenced by
the pH conditions; another is that the catalytic activity
of the reduced form of Rh(terpy)3™ would be depen-
dent on the pH conditions. These two questions are
examined below.

Influence of the pH in the Photochemical Re-
action in the TEOA-Ru(bpy)2t—Rh(terpy)3*
System. The quenching reaction of the excited state
of Ru(bpy)2* under several pH conditions was evalu-
ated according to Stern—Volmer kinetics (Fig. 3); the
quenching constants are summarized in Table 1. Rh-
(terpy)st is evidently an effective quencher; on the
contrary, TEOA quenched with a small rate constant.
These facts support the idea that the oxidative quench
of Ru(bpy)2t™ by Rh(terpy)st is the first stage in
the photosensitized reaction in the TEOA-Ru(bpy)3t-
Rh(terpy)3* system, followed by the reduction of Ru-
(bpy)3* by TEOA into the regeneration of Ru(bpy)3*:
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Fig. 3. Stern—Volmer plot for quenching excited Ru-
(bpy)3* by Ru(terpy)3* at (a) pH 8, (b) pH 7, and
(c) pH 9 at 25 °C. All solutions were with 2 M NaCl
and buffered by 0.1 M tris—HCI.

Table 1.
pH  NaCl/M Quencher kq/10° M~ 57!
9 2 Rh(terpy)2®* 1.7
9 0 Rh(terpy)2>t 0.34
9 2 TEOA 0.0015
8 2 Rh(terpy)2>* 2.1
8 0 Rh(terpy)2t 0.61
7 2 Rh(terpy)2>* 1.9
7 0 Rh(terpy)2>t 0.68
7 2 TEOA 0.00037

Ru(bpy)3** + Rh(terpy); — Ru(bpy)3* + Rh(terpy)3* (4)
and
Ru(bpy)3t + TEOA — Ru(bpy)3T + TEOAox. (5)

Regarding the quenching rate constants (kq) in case of
using Rh(terpy)3" as a quencher, the k, under 2 M NaCl
conditions is grater than the k; under no NaCl condi-
tions (Table 1). The influence of the ionic strength on
kq was reported previously.’>?® Chioboli and co-work-
ers clarified the salt effect on k; by means of Debye-
Hiickel model. On the basis of their report, it is under-
stood that the chloride anion weakens the repulsion be-
tween positively charged Ru(bpy)™ and Rh(terpy)s',
resulting in high quenching constants. In this respect,
the same interpretation can be applied to kg in the case
of no NaCl conditions. The quenching-rate constants
under no NaCl conditions was dependent on the pH,
because too much HCI was provided under acidic con-
ditions than under basic conditions. Thus, too much
Cl~ was present in an acidic solution and the kq value
was high under acidic conditions.

The difference between the quenching-rate constants
by TEOA at pH 7 and 9 are caused by its protonation.
It is known that TEOA, which is a tertiary amine, exists
in equilibrium between the protonated form and the
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molecular form in an aqueous solution with pK,=8.1
at 25 °C.% Accordingly, TEOAH" is dominated at pH
7.0 and cannot quench Ru(bpy)2™™* reductively.?")

Based on the facts above mentioned, if the run of
the photoreduction in TEOA-Ru(bpy)3*-Rh(terpy)s™
depends on the pH, it would be the stage that TEOA
reacts with Ru(bpy)3* to regenerate Ru(bpy)3™.

TEOA is in equilibrium between the protonated form
and the deprotonated form as mentioned above; only
the deprotonated form can act as an electron donor.
When the concentration of the total TEOA is 25 mM,
it is calculated using pK, that the concentration of the
deprotonated TEOA is 71 mM in a pH 7.7 solution and
6 mM in a pH 6.5 solution. For this reason, TEOA at
pH 6.5 seems to act inefficiently as an electron donor. It
is therefore likely that the low yield of NADH due to a
photoreduction at pH 6.5 is caused by the donor-activ-
ity of TEOA. In order to evaluate this possibility, irra-
diation was carried out on the TEOA-Ru(bpy)2™-Rh-
(terpy)3* system at pH 6.5 and 7.7. Figure 4 presents
the absorption spectra of the photo-reduction products
after 50 min of irradiation at pH 6.5 and 7.7, respec-
tively; Figure 5 shows the growth in absorption at 440
nm as a function of the irradiation time. As can be
seen in Figs. 4 and 5, the growth in absorbance due to
the reduction of Rh(terpy)3™ at pH 7.7 is about 1.5-fold
as great (7.7) as in a pH 6.5 solution. Although these
results coerce presumably caused by the donor-activity
of TEOA, the significant difference in the concentration
of basic TEOA did not directly reflect the photoreduc-
tion of Rh(terpy)3t. On the bases of these results, it
is summarized that this photochemical reaction stage is
not significantly dependent on the pH.

Incidentally, regarding the photoreduction product
of Rh(terpy)s™ observed in the absorption spectra
(Fig. 4), the following interpretations are mentioned.
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Fig. 4. Absorption spectra of Rh(terpy)st reduced
photochemically at 25 °C by 50 min of irradiation
to a reaction mixture comprising TEOA (250 mM),
Ru(bpy)2*™ (50 uM), and Rh(terpy)3t (250 pM) at
(a) pH 7.7 and (b) pH 6.5. The absorption band of
Ru(bpy)3" was removed in both spectra.
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Fig. 5. Growths in the absorbance at 440 nm during

irradiation of a reaction mixture at 25 °C at (a) pH
7.7 and (b) pH 6.5.

First, the same spectral features were observed
whether the photosensitized reduction was performed
at pH 7.7 or pH 6.5, and the photoreduced species of
Rh(terpy)3t detected by the absorption spectra (Fig. 4)
seem to be identical. Nevertheless, a remarkable dif-
ference in NADH-generation under the pH conditions
(Fig. 1) was observed. Accordingly, the reduced species
of Rh(terpy)3* detected by the absorption spectra is
not presumably that which catalyze the NADT-reduc-
tion.

Second, the photoreduction product of Rh(terpy)3*
is presumably not the Rh!! species, but the Rh! species
which is presumably generated by the disproportion-
ation of Rh(terpy)3T, since the monometal complex
of Rh! is unstable.??) The disproportionation of Rh-
(terpy)3T is supported by the feature of a cyclic voltam-
mogram obtained for Rh(terpy)3* and for Rh(bpy)3*
(Fig. 6). Both of these show the characteristic broad
cathodic wave with E;, at —0.88 V (vs. SCE) for Rh-
(terpy)3t and at —1.07 V (vs. SCE) for Rh(bpy)3*.
Sutin et al.¥ proposed for Rh(bpy)3™ that after Rh-
(bpy)§+ is reduced at an electrode, a rapid dispropor-
tionation of Rh(bpy)3™ occurs, and that the broad wave
can be ascribed to that reaction; the disproportionation
of Rh(bpy)3" was ascertained by Brown et al.?®) With
the interpretation by Sutin et al.,* the broad wave for
Rh(terpy)3T as for Rh(bpy)3t demonstrates the rapid
disproportionation of Rh(terpy)3* into Rh(terpy)s and
Rh(terpy)3" ; presumably, Rh(terpy); contributes the
reduction of NAD*, such as the Rh(bpy)3" catalyz-
ing system,'? and the catalyzing species of Rh(terpy)s
cannot be detected by the visible absorption spectrum.

Influence of the pH Conditions on the Cat-
alytic Activity of the Reduced Form of Rh-
(terpy)3*.  In respect to NADH generation, which
showed a different tendency under pH conditions, an-
other possibility is that the catalytic activity of Rh-
(terpy)S* depends on the pH conditions of the reaction
system. This subject was examined by measuring the
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Fig. 6. Cyclic voltammogram of (a) Rh(bpy)3* and

(b) Rh(terpy)3" in a 0.05 M NaOH aqueous solution
with a sweep rate of 0.3 V s~*. [Rh(bpy)3T]=2 mM,
[Rh(terpy)3*t]=1.5 mM.

reactivity of reduced Rh(terpy)3*, which was produced
by NaBH, with NAD" at several pH. The reaction mix-
tures were analyzed by HPLC. Figure 7 presents the
absorption spectra of Rh(terpy)3™ reduced by NaBH,.
Similar spectral features, compared to the photoreduc-
tion product (Fig. 4), were also obtained in this case.
It is expected that the reductive condition by NaBHjy is
similar to that of photoreduction. Figure 8 present the
results of a HPLC analysis monitored at 340 nm. In a
reaction mixture of pH 8.2, a significant peak assigned
to 1,4-NADH after 45 min of incubation at 25 °C was
observed after 9.5 min of retention time. On the other
hand, the peak observed at that time is very small in
pH 10.0, and especially a pH 6.5 mixture. (Note that
the large peak at 12.5 min was assigned to NAD* 2%
and the peak at 6.5 min is unidentified). It is unlikely
that NaBH, reduce NAD™ directly, since the amount
of NaBH,4 added to the Rh(terpy)3" solution was 80%
equivalent to Rh(terpy)3", and because about a 5 min
interval (which seemed to be long enough to consume
NaBH,) was spaced before adding NAD". Moreover,
when NADT is reduced by NaBH,, 1,6-NADH and 1,
2-NADH must be produced (Fig. 8(b)).? Taking these
aspects into account, it is obvious that Rh(terpy)3* re-
duced by NaBH, catalyzed the NADT-reduction into
(1,4-)NADH. These results are in this case in good
agreement with those of NADH-generation in the pho-
toreduction, as shown in Fig. 1. It was found that the
reduction of NAD* catalyzed by reduced Rh(terpy)s*
is dependent on the pH, and that catalytic activity ap-
pears in a narrow pH range near to 8.0.

Reduction Mechanism of NAD' by Rh-
(terpy)3™. The results obtained in this study are that
Rh(terpy)s* catalyzing the reduction of NAD* was ob-
served near pH 8.0 in both photochenical and chemical
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systems, and that the Rh(terpy); species presumably
reduces NAD™, as was mentioned before. Considering
these matters, the mechanism is elucidated. One of the
possible mechanism is described as follows:

NAD" + Rh(terpy); — NAD- + Rh(terpy);  (6)

NAD- + Ht — NADH™" (7N

NADH™" 4 Rh(terpy)s (or Rh(terpy)s™) —
NADH + Rh(terpy)3™ (or Rh(terpy)3") (8)

However, these reactions are unlikely, since the redox
potential of NAD*/NAD- is —1.1 V (vs. SCE),*10:2%
and Ep of Rh(terpy)s*/Rh(terpy)3t is —0.88 V (vs.
SCE). Further, that of Rh(terpy)3*/Rh(terpy)s seems
to be close to —0.88 V (vs. SCE) (Fig. 6). In addition,
when NAD- is produced (Eq. 7), the dimmer species
(NAD3) should be produced. Nevertheless, in our pre-
vious work, no formation of NAD, was observed.'¥) Ac-
cordingly, this mechanism should be excluded.
Another possible mechanism is as follows:

NAD™ + Rh(H™)(terpy)5™ — NADH + Rh(terpy)3*. (9)

Support for this mechanism requires evidence concern-
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Fig. 8. HPLC analysis of (a) 125 uM NADH, (b)

NADT reduced by NaBHy, (c) the mixture of 6 mM
NAD™ and 250 puM Rh(terpy)st, (d) the reaction
mixture of 6 mM NAD" and 250 uM Rh(terpy)st
reduced by NaBH4 at pH 6.5 after 45 min incuba-
tion at 25 °C, (e) the reaction mixture same to (d)
except at pH 8.2, and (f) the reaction mixture at
pH 10.0. The peak assignment of (b) was based on
results in Ref. 9. The mobile phase was composed

of H20-0.1 M NH;HCO3-MeOH (39.2:60:0.8) and

flow rate was 0.8 mL min~?.

ing Rh(H™)(terpy)3*. In order to confirm the existence
or Rh(H™)(terpy)3™, the IR spectra (Fig. 9) were mea-
sured for reduced-Rh(terpy)3*, which was obtained by
freeze drying after reduction by NaBH, at several pH.
The characteristic peak at 2100 cm™! was observed in
the spectrum of a sample prepared at pH 8.0. On the
contrary, the spectra for a pH 6.5 sample and a pH 10.0
sample showed a small peak at around 2100 cm™!. The
fact that the IR absorption by metal-hydride stretching
appears in this range of wavenumbers®!:?®) demonstrates
that the rhodium-hydride compound exists in reduced
species of Rh(terpy)3* at pH 8.2, but does not exist at
pH 7.0 or pH 10.0.

The results that NADH was produced at pH 8.0, but
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Scheme 1.

not at pH 6.5 or 10.0 and Rh(H™)(terpy)5* was present
at pH 8.0, demonstrate that the reduction of NAD™
proceeds by a hydride-transfer. In the photochemical
reduction system, Rh(H™)(terpy)3" seems to be gener-
ated according to the following series:

— Ru(bpy)3" + Rh(terpy);*
(10)

Ru(bpy)3™™ + Rh(terpy)3*

Rhiterpy) 3*

Proposed reaction mechanism of the NAD-photoreduction system.

2Rh(terpy)at — Rh(terpy)s™ + Rh(terpy)s

(1)
— Rh(H")(terpy)3* (+ Hz0)

(12)
In Eq. 12, although this reaction should be favorable at
pH 6.5, rather than at pH 8.0, Rh(H™)(terpy)s™ was
not observed at pH 6.5. The reason for this is still
obscure, and has been under investigation. Note that its

Rh(terpy)s + HT (or Hz0™)
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consumption, such as Hy evolution at pH 6.5, does not
occur under our experimental conditions, in addition to
a previous report.®

Conclusion

We examined the photosensitized reduction of NAD*
into NADH with Rh(terpy)3* used as a catalyst, show-
ing that it has a catalytic activity with a pH depen-
dence. Only in the narrow range of pH (ca. 8.0) was
NAD" catalyzed by Rh(terpy)s™ reduced photochem-
ically and chemically; the existence of the RhI'(H™)
complex was recognized in the reduced species of Rh-
(terpy)3* within this pH range. From these results, we
conclude that NAD*-reduction into NADH proceed by
a hydride-transfer route. (Scheme 1).

Experimental

Materials: [Rh(terpy)2]Cls-5H20 was prepared®2”)
according to a previously reported method. The prod-
uct was confirmed by means of the UV spectrum (Amax
(e) : 324 (15400), 337 (23300), 354 (25600)). Rhodium tri-
chloride and 2,2’ : 6',2"'-tripyridine were purchased commer-
cially. [Rh(bpy)s]Cls-5H20O was prepared by a previously
described method, and was confirmed by means of the UV
spectrum (Amax (€):305 (43800), 318 (46700)). 2,2'-bi-
pyridine (bpy) was purchased commercially. [Ru(bpy)s]-
Clz-6H20 was prepared by means of a previously described
method. TEOA-HCl, EDTA (ethylenediaminetetraacetic
acid), NAD™, and NADH were purchased commercially and
were used without further purification.

Methods and Apparatus: Steady state irradiation
was carried out at 25 °C with a 500-W xenon-arc lamp, fit-
ted with appropriate glass cutoff filters. Light was produced
in the 420—700 nm range. 4 ml of the reaction mixtures in
a quartz cell was deaerated and enclosed with argon prior to
irradiation. Reaction mixtures containing NAD* (4 mM),
Rh(terpy)3* (0.25 mM), Ru(bpy)3t (50 uM), and TEOA
(250 mM) (or EDTA in pH 10.0 solution) in the presence of
2 M NaCl were adjusted to appropriate pH by 0.1 M tris(hy-
droxymethyl)aminomethane-hydrohcloride. The UV-visible
absorption spectra were recorded on a Hitachi 220-A spec-
trophotometer. The luminescent lifetimes were measured at
25 °C by a Horiba NAES 550 nanosecond fluorometer. The
concentrations of NADH produced were determined by re-
versed-phase HPLC analyses with the mobile phase of HoO-
0.1 M NH4;HCO3-MeOH (30:69—69.2:1—0.8) and with a
radial PAK cartridge C-18 (Waters). They were with precol-
umn (GUARD-PAK (Waters)) in front of the main column
and the eluents were monitored at 340 nm by UVDEC-100
(JASCO). The flow rate was 0.8—1.0 mImin~*. IR spectra
was recorded on a JASCO A-102 diffraction grating infrared
spectrophotometer.

The preparation of samples for IR spectral measurements
was as follows: 4 mM of a Rh(terpy)3* (0.25 mM) buffer so-
lution was reduced by NaBHy (above mentioned) and freeze-
dried. A small amount of the freeze-dried product was then
treated with KBr to make a tablet.

The reaction of NAD' with the reduced species of Rh-
(terpy)st was performed as follows: 1 ml of a Rh(terpy)3t
(1 mM) buffer solution bubbled by Ar for over 2.5 h was
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mixed with 8 pul of a NaBH4—0.1 M NaOH solution, which
was also treated with Ar. The amount of NaBHs was 80%
equivalent to Rh(terpy)3™. Then, 4—5 min later, a NAD™
buffer solution bubbled by Ar for over 2.5 h was added to
the reduced Rh(terpy)3* solution while carefully avoiding
exposure to air. The mixture was then incubated at 25 °C.
The final concentrations of Rh(terpy)s" and NAD* were
0.25 and 6 mM, respectively.
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