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Photochemical and Radiolytic Production of an Organic Hydride
Donor with a Ru" Complex Containing an NAD* Model Ligand**
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Nicotinamide adenine dinucleotide (NAD™) is one of the
most important redox mediators in biological systems and
acts as a reservoir/source of two electrons and a proton.! The
NAD*/NADH redox couple has been drawing much atten-
tion because bioinspired chemical reactions that produce
neither high-energy intermediates nor unwanted by-products
promise to be key factors in realizing sustainable energy
sources. Large numbers of photochemical reactions mediated
by NADH model compounds, such as reduction of alkyl
halides, olefins, and ketones and photoinduced electron
transfer, as well as thermal reactions using NADH analogues,
have been extensively studied.”! However, all the reactions
mediated with NADH models are limited to stoichiometric
reactions. We recently prepared a polypyridylruthenium
complex with an NAD*/NADH model ligand, [Ru(bpy),-
(pbn)** ([1]**; bpy =2,2"-bipyridine, pbn =2-(2-pyridyl)ben-
zo[b]-1,5-naphthyridine), which acts as a catalyst in the
electrochemical reduction of acetone to 2-propanol, similar
to the enzymatic NAD*/NADH.P! While the mechanism
remains unclear, this is the first example indicating that an
NADH model complex such as [Ru(bpy),(pbnHH)J]*"
([(HHHJ*", or other intermediates in this system) works as
a catalytic hydride donor for the formation of 2-propanol.
Herein, we report clear evidence of the photochemical and
radiolytic formation of [(1)HH]*" with H*. The results open a
new door for photocatalytic hydride (or proton-coupled
electron) transfer reactions originating from metal-to-ligand
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charge-transfer (MLCT) excited states of metal complexes
with a bioinspired NADH-like ligand.

First, we examined the acid-base and electrochemical
properties of the ground and excited states of [1]**. The
titration of an aqueous solution containing [1]*" with acid
shows the disappearance of [1]*" (A = 355, 375, 390sh, 430,
and 533 nm) and the appearance of [H(1)]*" (A =378 and
610 nm), with a pK, of 1.7 for [H(1)]** (Figure 1). The cyclic
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Figure 1. pH-dependent UV/Vis spectra of [1]*" (1.5x107°m) in H,0.

voltammogram of [1]*" in CH;CN shows reversible waves at
0.66, —0.72, —1.34, and —1.62 V versus SCE, which can be
assigned to Ru?"/Ru’*, pbn~/pbn, (bpy, bpy™)/(bpy),, and
(bpy),/(bpy, bpy ™), respectively. However, the potential for
pbn*~/pbn is pH dependent (59 mV/pH) between pH 2 and 11
in H,O (Figure 2). This finding indicates that the one-electron
reduction is coupled with a proton-transfer reaction to form
the neutral ligand radical [Ru(bpy),(pbnH")]*".
TD-B3LYP/LANL2DZ calculations of [1]*" in both the
gas phase and in a self-consistent-reaction-field, polarizable
continuum model of acetonitrile yielded the spectra shown in
Figure S1 in the Supporting Information. The two strong lines
in the solution-phase spectrum at 510 and 429 nm correspond
to HOMO-1 to LUMO and HOMO-2 to LUMO +1
transitions, respectively (Figure 3 and Figure S2 in the Sup-
porting Information). The positions and intensities of the gas-
phase transitions between 500 and 450 nm are significantly
affected by solvation. The solution-phase spectrum is in better
accord with the experimental spectrum shown in Figure 4.
B3LYP/LANL2DZ calculations show that the HOMO is
primarily a Ru d orbital and the LUMO is almost exclusively
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Figure 2. pH-dependent reduction potentials of [1]*" in H,O with
5 mm phosphate buffer between pH 3 and 10. The two lines below
—1400 mV indicate the reduction of bpy.
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Figure 3. Optimized structure and frontier orbitals from a B3LYP/LANL2DZ calculation
of [Ru"(bpy),(pbn)]** in a self-consistent-reaction-field, polarizable continuum model

of acetonitrile.
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Figure 4. UV/Vis spectral change of [1** to produce [(1)HH]*" in
CH;CN/Et;N (4:1, v/v) upon irradiation at (355 £6) nm.
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a delocalized pbn mt* orbital (Figure 3). The HOMO-1 and
(especially) the HOMO-2 have a large Ru d orbital compo-
sition, while the LUMO +1 is a mt* orbital delocalized over
the two bpy ligands. The two strong transitions in the solution-
phase spectrum thus have a MLCT character. The exper-
imental spectra for the formation of [H(1)]>* (Figure 1), based
on pbn undergoing a red shift of the 533-nm band upon
protonation, agree with this result.

The excited-state spectrum of [1]*" in CH;CN upon 355-
nm laser excitation is shown in Figure S3 B in the Supporting
Information. The lifetime of *[1]** is 140 and ~40ns in
CH;CN and H,O (pH 6), respectively. The excited state
decays rapidly below pH 2.0, which indicates that the lifetime
of the excited state of [H(1)]*" (*[H(1)]*") is short (< 10 ns).
The protonation of *[1]*" is fast, but the deprotonation of
*[H(1)]*" is slow. Therefore an equilibrium between the
protonated and nonprotonated excited states is not reached.
The excited state of [1]*" was reductively
quenched by an amine to produce the one-
electron-reduced species in dry organic solvents.
The spectrum obtained using 1,4-diazabicyclo-
[2.2.2]octane (DABCO) is shown in Figure S3C
in the Supporting Information; it is consistent
with that obtained by Na-Hg reduction in
CH;CN (Figure S3A in the Supporting Infor-
mation) except for an additional broad absorp-
tion band that results from the formation of the
DABCO radical cation. The one-electron-
reduced species is a pbn ligand radical anion
and is stable in CH;CN. However, continuous
photolysis (4>300nm) of a CH;CN/Et;N or
dimethylformamide/triethanolamine (DMF/
TEOA) solution (4:1, v/v) containing [1](PFy),
causes a decrease in the absorption bands of
[11*" (Amax = 355, 375, 430, and 533 nm) and the
appearance of a new species with bands (1., =
417 nm with a shoulder at ca. 460 nm) as shown
in Figure 4, without indicating the formation of
the one-electron-reduced species presented
above. A similar spectral change was obtained
upon irradiation at (580 & 6) nm. The high-resolution electro-
spray ionization (HR-ESI) mass spectrum (Figure S4 in the
Supporting Information) of the final solution displayed a
parent peak at m/z 366.5725 (z=2), consistent with the
formation of [(1)HH]*" by the reaction of two protons and
two photoproduced electrons as found in the biological
NAD*/NADH system. The quantum yield for the formation
of [(HHH]*" is 0.21 at A = (3554 6) nm.

To further understand the properties of [(1)HH]*", we
prepared [(1)HH]*" in high yield by treatment of [1](PFy),
with two equivalents of Na,S,0, in CH;CN/H,O (1:1, v/v).
The spectral change associated with the reaction is similar to
that shown in Figure4. Single crystals of [(1)HH]-
(PF),2 CH;CN suitable for an X-ray diffraction study were
obtained by recrystallization from acetonitrile with vapor
diffusion of ethyl ether. The molecular structure of
[()HH]** (Figure 5) is very close to that of [1]**F! except
for the pbn and pbnH, ligands. Elongation of the C8—C10 and
C8—C12 bonds of [(1)HH]** (1.510(4) and 1.498(6) A)
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Figure 5. ORTEP drawing of the structure of [(1)HH]*" with 50-%
thermal ellipsoids. Hydrogen atoms except H1 (attached to N2), H8,
and H9 (attached to C8) are omitted for simplicity. Selected bond
lengths [A] and angles [?]: Ru-N1 2.131(3), Ru-N3 2.054(2), Ru-N4
2.041(3), Ru-N5 2.059(2), Ru-N6 2.077(2), Ru-N7 2.065(2), C8-C10
1.510(4), C8-C12 1.498(6), N2-C9 1.371(6), N2-C11 1.388(5); C10-C8-
C12 114.7(3), C9-N2-C11 124.2(3).

compared with those of [1]** (1.376(10) and 1.399(9) A)
demonstrates the formation of the 1,4-dihydropyridine frame-
work in the pbnHH ligand.

Exposure of Ar-degassed aqueous solutions containing
[1]*" and 10 mm NaHCO, to y-ray irradiation (*’Co source)
allowed production of [(1)HH]*" by strong reducing reagents
(e, and CO, ") generated in situ. To understand the acid-
base properties and the reactivity of the one-electron-reduced
species of [1]*", we prepared [1]" using the reaction of [1]*"
with CO,~ generated by the pulse radiolysis technique as
described previously.”) Reduction of [1]** by CO,~ is first
order in the concentration of [1]*" and a rate constant of 5 x
10°m's™! is measured between pH3 and 11. The pH-
dependent transient absorption spectra point toward forma-
tion of the one-electron-reduced species, [1]*, and its
protonated analogue, [H(1)]*" (pK, 11), consistent with the
electrochemical results in Figure 2. Above pH 12, the tran-
sient spectra are similar to that obtained by Na—Hg reduction
in CH;CN. The protonation is fast and completes in our time
resolution even at pH 10, which suggests the involvement of
the phosphate buffer through hydrogen bonding. Between
pH 3 and 13, a bimolecular decay of the transient species
[H(1)]*" was observed as a major reaction pathway, which
suggests that the species reacts via disproportionation to form
[1]*" and [(1)HH]*". Our preliminary results indicate the lack
of a kinetic isotope effect for the disproportionation reaction.
Detailed mechanistic and kinetic studies are under way and
will be published separately.

In conclusion, [(1)HH]*" was produced cleanly by the
photochemical reduction of [1]**, which avoids the carbon-
centered radical-radical coupling of [1]" or [H(1)]*" radicals
because of the steric interaction associated with the bulky
{Ru(bpy),} moiety. This type of system would allow not only
to investigate excited-state proton-coupled electron-transfer
reactions with a number of quenchers that can provide
protons, but also to explore potential catalytic hydride (or
hydrogen-atom) transfer reactions from the hydrogenated
product and/or the protonated one-electron-reduced species.
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Experimental Section

Materials: [Ru(bpy),(pbn)](PFy), ([1](PF¢),) was prepared as pre-
viously described®® and characterized by NMR, UV/Vis, and IR
spectroscopy and ESI mass spectrometry. [Ru(bpy),(pbnHH)](PFy),
([)HH](PF;),) was prepared in the following way: Addition of an
aqueous solution of Na,S,0, (19 mg, 10.7 umol in 5 mL) to a degassed
acetonitrile solution of [1](PF;), (49 mg, 5.1 mmol in 20 mL) caused a
rapid change of the color of the solution from red-brown to orange.
After stirring the mixture for 2 h at room temperature, the solution
was concentrated to ca. 1 mL by a rotary evaporator. Addition of an
aqueous solution of NH,PF, to the solution precipitated orange
microcrystals, which were collected and dried in vacuo (38 mg, 78 %
yield). HR-ESI MS: m/z336.5725 [M—2PF,*". Photochemical
reduction of [1](PFs), was conducted in either CH,;CN/Et;N (4:1,
v/v) under vacuum or N,-bubbled DMF/TEOA (4:1, v/v). The
solution was irradiated with either monochromatic light or light
through a cutoff filter from a 75- or 150-W lamp.

DFT calculations: Gas- and solution-phase DFT calculations on
[1]** were carried out with the hybrid B3LYP method and the Hay—
Wadt VDZ (n+1) ECP (LANL2DZ ECP) 5d basis set. Geometry
optimizations and frequency analyses were performed using the
Gaussian 03 package of programs.!

Measurements: Spectroscopic measurements, flash photolysis,
pulse radiolysis, and electrochemical measurements are presented in
detail in the Supporting Information.
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