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The pH-dependent mechanism of the reduction of the nicotinamide adenine dinucleotide (NADH) model complex
[Ru(bpy)=(5)*" (5 = 3-(pyrid-2"-yl)-4-azaacridine) was compared to the mechanism of the previously studied
geometric isomer [Ru(bpy)z(pbn)>" (pbn = 2-(pyrid-2'-yl)-1-azaacridine, previously referred to as 2-(pyrid-2'-yl)-
benzo[b]-1,5-naphthyridine) in aqueous media. The exposure of [Ru(bpy)»(5)]>" to CO,"~ leads to the formation of
the one-electron reduced species (k= 4.4 x 10° M~ s"). At pH < 11.2, the one-electron reduced species can be
protonated, k=2.6 x 10*s™"in D,0. Formation of a C—C bonded dimer is observed across the pH range of 5—13
(k=45 x 10 M~"s7"). At pH < 11, two protonated radical species react to form a stable C—C bonded dimer. At
pH > 11, dimerization of two one-electron reduced species is followed by disproportionation to one equivalent
starting complex [Ru(bpy)=(5)*" and one equivalent [Ru(bpy)»(5HH)J?*. The structural difference between
[Ru(bpy)z(pbn)]2+ and [Ru(bpy)2(5)]2+ dictates the mechanism and product formation in aqueous medium. The
exchange of the nitrogen and carbon atoms on the azaacridine ligands alters the accessibility of the dimerization
reactive site, thereby changing the mechanism and the product formation for the reduction of the [Ru(bpy).(5)]*"

Chemistry

compound.

Introduction

In an effort to mitigate the growing carbon dioxide (CO,)
concentration in the atmosphere, the chemical conversion of
carbon dioxide into compounds that can be utilized as pre-
cursors to solar fuels has been extensively studied.*> One of
the very promising photochemical approaches is a succession
of hydride-ion and proton-transfer reactions with CO, that is
C-bonded to transition-metal catalytic centers.” Hydride
donors should be cleanly generated photochemically, avoid-
ing the coupling of carbon-centered radical intermediates, in
order to implement this path. In biological systems NAD™"/
NADH acts as a mediator for two electrons and a proton,
equivalent to a hydride ion (H™) to reduce CO,. Increasing
numbers of nicotinamide adenine dinucleotide (NADH) ana-
logues, such as 9-substituted 10-methyl-9,10-dihydroacridine
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and 1-benzyl-1,4-dihydronicotinamide, have been examined
for their photochemical and thermal reactivity.* > Most of
the reactions mediated with NADH models, however, are
limited to stoichiometric reactions due in part to the facile
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Scheme 1. Ligands and Atom Numbering Sequence of NAD* Model Azaacridine Complexes
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5= 3-(pyrid-2'-yl)-4-azaacridine)

dimerization of the radical species (the NAD® equivalent).*~#

The introduction of transition metals into NADH analog-
ues % imbues these systems with new characteristics, such

as long-lived excited states, multiple oxidation states, catalytic
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activity, and efficient light absorption over a wide spectral
range.

Previously, the electrocatalytic ability of a NADH model
complex, [Ru(bpy)»(pbn)*" (pbn = 2-(pyrid-2/-yl)-1-azaa-
cridine, previously referred to as 2-(pyrid-2'-yl)-benzo[h]-1,5-
naphthyridine) for the reduction of acetone to isopropanol,
with [Ru(bpy)»(pbnHH)** (pbnHH = 2-(pyrid-2'-y1)-9,10-
dihydro-1-azaacridine) as a key intermediate, has been re-
ported (Scheme 1).> We demonstrated the photochemical
generation of [Ru(bpy)»(pbnHH)]*", which can be cleanly
formed by the reductive quenching of the metal-to-ligand
transfer (MLCT) excited state of [Ru(bpy)(pbn)]** by tri-
ethylamine upon irradiation with visible light (< 600 nm).”" A
comprehensive mechanistic study, through steady and pulse
radiolysis techniques, was previously undertaken to deter-
mine the pathways involved in the conversion of [Ru(bpy),-
(pbn)I** into [Ru(bpy)»(pbnHH)J**.>2

For the [Ru(bpy)>(pbn)I**/[Ru(bpy)»(pbnHH)]** couple,
however, the ground-state hydride-donor ability and the
excited-state reactivity for the catalytic hydrogenation of
organic molecules has yet to be fully investigated. A major
concern in the catalytic capacity of the pbnHH ligand is the
accessibility of the hydride-donor reactive site on the C(9)
carbon as both the X-ray structure and density functional
theory (DFT) calculations have shown significant steric hind-
rance surrounding the site.”>>* Therefore, the ability of
hydride-acceptor molecules to interact with the hydride-
donor site may be inhibited.

The inversion of the reactive site will potentially obviate
the steric hindrance and allow for greater catalytic reactivity
of the hydride-donor species if the C—C bonded dimer for-
mation of the radical species can be avoided. To this end, the
complex [Ru(bpy)»(5)*" (5 = 3-(pyrid-2'-yl)-4-azaacridine,
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Scheme 1) has been synthesized, and the mechanistic study of
the reduction of [Ru(bpy)»(5)]*" has been investigated. In
this species, the reactive site is now open and more accessible
toward hydride-acceptor compounds. This paper will de-
scribe the mechanism by which [Ru(bpy)»(5)]*" is cleanly
converted to [Ru(bpy)»(SHH)]*" in aqueous solution (pH >
11) upon rapid addition of two protons and two electrons.
This mechanism will then be contrasted with that shown
previously for [Ru(bpy)(pbn)**.

Experimental Section

Materials. Purification of acetronitrile (CH3;CN and CD;CN)
followed literature procedures,® and both compounds were
subsequently stored in an inert atmosphere (Ar) glovebox. Aqu-
eous solutions were prepared with water that had been passed
through a Millipore ultrapurification system. Sodium formate
was recrystallized (two times) from water. Blanket gases (N,O
and Ar) were UHP grade (99.999%). The 2-chloroquinoline-3-
carbaldehyde (2),°° 2-chloro-3-(1',3'-dioxolan-2"-yl) quinoline
(3),°"8 3-(glyrid-2’-yl)-4-azaacridine (5),° and [Ru(bpy-ds)]-
CL,-2H,0%¢! were prepared according to modified literature pro-
cedures (Scheme S1, see Supporting Information). All other chemi-
cals were of reagent grade and used without further purification.

2-Chloroquinoline-3-carbaldehyde (2). Dimethylformamide
(DMF, 19.2 mL, 248 mmol) was cooled to 0 °C and POCl,
(64.5mL, 692 mmol) was added dropwise, producing a red solu-
tion. To the solution, acetanilide (1, 13.5 g, 100 mmol) was
added. The mixture was refluxed overnight to give a dark-red
solution. After cooling to room temperature, the reaction mix-
ture was poured into 600 mL of ice to produce a yellow preci-
pitate. The precipitate was collected, washed with water (200
mL), and dried (11.12 g, 58%), mp = 131—132 °C. 'H NMR
(500 MHz, CDCl3) 6 10.55 (s, 1H), 8.74 (s, 1H), 8.06 (dd, 1H,
J = 1.15,8.59 Hz), 7.97 (dd, 1H, J = 1.15, 8.02 Hz), 7.88 (ddd,
IH,J = 1.72,6.87,8.73 Hz), 7.64 (ddd, 1H, J = 1.15, 6.87, 8.59
Hz); >*C NMR (125 MHz, CDCl5) ¢ 189.10, 150.07, 149.55,
140.24,133.57,129.69, 128.58, 128.10, 126.50, 126.35; IR (ATR,
cem™ ) v 1686 (ve—o).

2-Chloro-3-(1',3'-dioxolan-2'-yl)quinoline (3). A solution of
2-chloroquinoline-3-carbaldehyde (2, 3.00 g, 15.6 mmol), ethy-
lene glycol (2.91 g, 47.0 mmol) and p-toluenesulfonic acid
monohydrate (0.50 g) in benzene (80 mL) was heated at reflux
under a Dean—Stark trap until thin-layer chromatography
(TLC) (Al,03, CH,Cl»/hexanes, 1:1) indicated completion of
the reaction. The solution was cooled, and a saturated aqueous
NaHCOs; solution (50 mL) was added. The organic layer was
washed with water (2 x 50 mL), dried over MgSO,, and
evaporated to afford 3 as a light-brown oil (3.61 g, 98%). A
sample for spectroscopic analysis was purified by Kugelrohr
distillation: "H NMR (500 MHz, CDCl;) 8 8.28 (d, 1H, J = 1.72
Hz), 7.90 (d, 1H, J = 8.59 Hz), 7.72 (d, 1H, J = 8.02 Hz),
7.64—7.60 (m, 1 H), 7.46—7.42 (m, 1H), 6.12 (d, IH, J = 2.29
Hz), 4.09—3.99 (m, 4H); '*C NMR (125 MHz, CDCl5) 6 148.91,
147.32, 136.41, 130.70, 129.17, 127.83, 127.77, 126.98, 126.46,
100.07, 65.25.
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2-Aminoquinoline-3-carbaldehyde (4). A mixture of 2-chloro-
3-(1’,3'-dioxolan-2’-yl)quinoline (3, 5.66 g, 24.0 mmol), K,CO;
(100 g, 724 mmol), and acetamide (120 g, 2.03 mol) was stir-
red mechanically at 200 °C for 4 h. After cooling, the mixture
was treated with water (200 mL), and a mixture of CHCl;—
isopropanol (3:1, 3 x 60 mL). The combined organic phases
were washed with brine (150 mL) and dried over Na,SOy. The
solvents were evaporated to yield an oil (7.82 g). This crude
product was mixed with THF (100 mL), H,O (50 mL) and
concentrated HCI (5 mL), refluxed for 45 min, and concentrated
to produce a yellow precipitate which was filtered. The filtrate
was extracted with CHCI; (3 x 30 mL), and the aqueous phase
was basified with aqueous K,COj; to produce a yellow precipi-
tate. The precipitate was collected, washed with water, and dried
(700 mg, 17%), mp 167—168 °C (1it.** mp = 197 °C): '"H NMR
(500 MHz, CDCls) 6 10.05 (s, 1 H), 8.36 (s, 1 H), 7.74 (dd, 1H,
J =1.72,8.02Hz), 7.70 (ddd, 1H, J = 1.44, 6.85,8.31 Hz), 7.63
(dd, 1H, J = 1.15,8.02 Hz), 7.29 (ddd, 1H, J = 1.15, 6.87, 8.02
Hz), 6.61 (br s, 2H); *C NMR (125 MHz, CDCl3) 6 192.60,
155.37, 150.46, 148.28, 133.73, 129.20, 125.89, 123.07, 122.48,
117.28; IR (ATR, cm ™ ") v 3406 (VNm,)» 1676 (ve=0).

3-(Pyrid-2'-yl)-4-azaacridine (5). A mixture of 4 (86 mg, 0.50
mmol), 2-acetylpyridine (150 mg, 1.24 mmol), EtOH (4 mL),
and KOH (4 mg) was refluxed overnight. The solvent was
removed, and red residue was subjected to chromatography
on neutral alumina eluting with CH,Cl, to afford a crude sample
of 5(90 mg, 70%). Washing this material with diethyl ether gave
a purified sample, mp 195 °C (1it.>*’ mp = 201 °C): '"H NMR (500
MHz, CDCl3) 69.00 (d, 1H, J = 8.02 Hz), 8.78 (s, |H), 8.75 (dd,
IH,J = 1.15,5.73Hz),8.73(d, 1H,J = 8.59 Hz),8.44 (d, 1H, J =
8.59 Hz), 8.39 (d, 1H, J = 8.02 Hz), 8.00 (d, 1H, J = 8.59 Hz),
7.90 (dt, 1H, J = 1.72,7.73 Hz), 7.82 (ddd, 1H, J = 1.15, 6.45,
9.31 Hz), 7.57 (ddd, 1H, J = 1.15, 6.87, 8.59 Hz), 7.40 (ddd, 1H,
J = 1.15,4.58,7.45 Hz); > C NMR (125 MHz, CDCl;) § 161.28,
155.32, 154.43, 150.97, 149.04, 137.96, 137.44, 136.97, 131.23,
129.98, 127.92, 127.03, 126.51, 124.92, 122.99, 121.09, 119.34.

[Ru(bpy)2(5)](PFg)2. A mixture of [Ru(bpy),Cl,]-2H,O (157
mg, 0.30 mmol) and 5 (78 mg, 0.30 mmol) in EtOH (15 mL) and
water (5 mL) was refluxed for 3 d. The resulting solution was
concentrated to about 5 mL, and NH4PF¢ (430 mg, 2.64 mmol)
was added to precipitate the complex. The crude product was
purified by column chromatography on neutral alumina eluting
with CH,Cl, and CH,Cl,/CH;CN (3:2). The complex was
obtained from the latter fractions as dark-red crystals (253
mg, 88%): "H NMR (500 MHz, CD5CN): 6 9.14 (s, 1H), 8.84
(d, 1H,J = 8.6 Hz), 8.80 (d, 1H, J = 9.2 Hz), 8.61 (d, IH, J =
9.2 Hz), 8.53—8.50 (m, 2H), 8.44 (d, 1H, J = 8.0 Hz), 8.33 (d,
1H, J = 8.6 Hz), 8.16 (dt, 1H, J = 1.4, 7.9 Hz), 8.13—8.05 (m,
3H),8.01(dt,1H,J = 1.4,79Hz),7.92(d, I1H,J = 5.7Hz),7.88
(dt, 1H,J = 1.4,79Hz),7.83(d, 1H,J = 5.7Hz), 7.78 (d, 1H,
J=57Hz),7.72(ddd, 1H,J = 1.4,6.6,8.9Hz),7.68 (d, 1H,J =
5.7Hz), 7.62 (ddd, 1H, J = 1.2, 6.9, 8.0 Hz), 7.59 (d, 1H, J =
5.7Hz),7.50—7.46 (m, 2H), 7.40 (ddd, 1H, J = 1.2, 5.6, 7.6 Hz),
7.26 (ddd, 1H,J = 1.2,5.7,9.2 Hz), 7.20 (ddd, 1H, J = 1.2, 5.7,
7.5Hz), 6.78 (dd, 1H, J = 8.0 Hz). "H NMR (400 MHz, D,0): 6
9.07 (s, 1H), 8.85(d, 1H, J = 8.0 Hz), 8.76 (d, IH, J = 8.8 Hz),
8.63(d, IH,J = 8.8 Hz), 8.54—8.50 (m, 2H), 8.48 (d, |H, J = 8.4
Hz),8.34(d, 1H,J = 8.0 Hz), 8.14—8.02 (m, 4H), 7.99—7.95 (m,
2H),7.91(d, 1H,J = 5.2 Hz), 7.86—7.79 (m, 3H), 7.71—7.68 (m,
2H), 7.57 (t, 1H, J = 6.8 Hz), 7.44—7.40 (m, 2H), 7.35 (t, 1H,
J = 6.8Hz),7.21-7.14 (m, 2H), 7.75 (d, 1H, J = 9.2). UV—vis
in H>O, Amax, nm (e, mM ' cm™"): 236 (40.2), 254 (27.0), 288
(73.6), 352 (19.5), 374 (16.7), 392 (12.8), 446 (7.6), 552 (7.1).
UV—vis in CH5CN, Ayax, nm (e, mM ' cm™'): 236 (45.3), 254
(33.6),288(88.5),352(22.9),374(18.9), 392 (14.5),446 (9.1), 552
(8.5). MS (MALDI-TOF): m/z 816.12[M — PF¢]*, 671.20 [M —
2PF]*. ESI-MS: m/z = 335.8 [M — 2PF¢J*". Anal. calcd for
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C;37H»7F1,N7P,Ru-0.5H,0: C,45.83; H,2.91; N, 10.11. Found:
C,45.72; H, 2.94; N, 9.87.

[Ru(bpy-dg)>(5)](PFs),. A mixture of [Ru(bpy-ds)>Cl,]-2H,0
(81 mg, 0.15 mmol) and 5 (40 mg, 0.15 mmol) was refluxed in
EtOH (10 mL) and water (5 mL) for 60 h. The complex was
precipitated by the addition of NH4PF¢ (162 mg, 1.0 mmol). The
precipitate was collected, washed with water, and purified on a
neutral alumina column eluting with CH,Cl, with 0—50%
acetone. Recrystallization from acetone—water gave crystals
of the complex (110 mg, 73%): '"H NMR (500 MHz, CD;CN)
09.14 (s, 1H, 5-H9), 8.85 (d, 1H, J = 8.2 Hz, 5-py-H3), 8.81 (d,
1H,J = 8.7Hz,5-H1 0r2),8.63(d, 1H,J = 8.7Hz,5-H1 or H2),
8.16 (dt, IH,J = 1.4,8.7Hz, 5-py-H4),8.11 (d, IH,J = 8.2 Hz,
5-HB), 7.84 (dd, 1H, J = 0.9, 5.6 Hz, 5-py-H6), 7.73 (ddd, 1H,
J=1.6,6.9,8.7Hz,5-H6), 7.62 (ddd, 1H, J = 0.9, 6.6, 9.4 Hz,
5-H7),7.49(ddd, 1H,J = 1.2,5.5,8.7Hz, 5-py-H5), 6.78 (d, 1H,
J = 8.2 Hz, 5-H5). '"H NMR (400 MHz, D,0): 6 9.13 (s, 1H,
5-H9), 8.88 (d, IH, J = 8.0 Hz, 5-py-H3), 8.81 (d, 1H, J = 8.8
Hz, 5-H2), 8.67 (d, 1H, J = 8.4 Hz, 5-H1), 8.16 (t, IH, J = 8.0
Hz, 5-py-H4), 8.11 (d, 1H, J = 5.2,5-H8),7.94 (d, 1H, J = 5.2,
5-py-H6),7.74 (t, IH,J = 8.0 Hz, 5-H6), 7.63 (t, IH, J = 7.5Hz,
5-H7), 7.46 (t, 1H, J = 6.5 Hz, 5-py-H5), 6.79 (d, 1H, J = 8.8
Hz, 5-H5). '"H NMR (400 MHz, 1:1 D>O/CD;0D): 6 9.21 (s,
1H, 5-H9), 8.99 (d, IH, J = 8.1 Hz, 5-py-H3), 8.90 (d, I1H, J =
9.2 Hz,5-H2),8.76 (d, 1H, J = 9.2 Hz, 5-H1), 8.23 (td, |H, J =
7.4, 1.2 Hz, 5-py-H4), 8.14 (d, IH, J = 8.0, 5-HS8), 7.92 (d, 1H,
J = 4.8, 5-py-H6), 7.75 (td, 1H, J = 6.8, 1.6 Hz, 5-H6), 7.65 (t,
IH, J = 7.4, 1.2 Hz, 5-H7), 7.55 (t, IH, J = 6.6, 1.2 Hz, 5-py-
H5), 6.75 (d, 1H, J = 8.4 Hz, 5-H5). '3C NMR (125 MHz,
CD;CN) 6 164.6, 159.6, 159.2, 158.4, 158.3, 158.0, 156.5, 153.6,
151.4, 141.5, 141.3, 138.8, 134.2, 129.8, 129.7, 129.7, 129.2,
129.0, 129.0, 123.4, 120.4. ESI-MS: m/z 343.9 [M — 2PF¢*".

[Ru(bpy-dg),(SHH)](PF¢),. To a pH 13 aqueous solution (10
mL) of [Ru(bpy-ds)»(5)](PF¢)> (5.0 mg, 5.1 umol), Na,S,04 (2.2
mg, 12.6 umol) was added under an argon atmosphere using
standard glovebox techniques. The reaction mixture was al-
lowed to stir for 14 h, during which time the color changed from
red to dark yellow-orange. Afterward, the reaction mixture was
layered onto a pH 13 saturated aqueous solution of NH4PF.
An orange-brown precipitate formed and was collected on a
sintered glass frit. The residue was dissolved in CH;CN (2 mL)
and collected. The CH3CN was removed under high vacuum, and
the complex was dried overnight at room temperature: 'H NMR
(400 MHz, CD;CN): 6 8.39 (d, 1H, J = 8.0 Hz, 5-py-H3), 7.99
(t, 1H, 5-py-H4), 7.94 (d, 1H, J =7.6 Hz,5-H2),7.69 (d, 1H, J =
8.0 Hz, 5-H1), 7.45 (d, 1H, J = 5.6 Hz, 5-py-H6), 7.26 (t, 1H,
5-py-H5), 7.05 (d, 1H, J = 4.8 Hz, 5-H8), 6.87 (overlapping m,
2H, 5-H6,7), 6.70 (s, 1H, 5-NH10), 5.26 (d, 1H, J = 7.2 Hz,
5-HS), 4.23 (d, 1H, J =22 Hz, 5-H9), 4.10 (d, 1H, J =21 Hz,
5-H9). '"H NMR (400 MHz, 1:1 D,O/CD;OD): 6 8.48 (d, 1H,J =
8.0 Hz, 5-py-H3), 8.05 (d, IH, J = 8.0 Hz, 5-H2), 8.02 (t, 1H,
5-py-H4),7.76 (d, I1H,J = 8.0Hz,5-H1),7.49(d, IH,J = 5.6 Hz,
5-py-H6), 7.28 (t, 1H, 5-py-HS), 7.06 (m, 1H, 5-HS8), 6.87
(overlapping m, 2H, 5-H7,8), 5.18 (m, 1H, 5-HY), 4.24 (d, 1H,
J = 22 Hz,5-H9),4.07 (d, 1H, J = 21 Hz, 5-H9). ESI-MS: m/z
688.4[M — (H, 2PFy)]".

[Ru(bpy-dsg),(5H)]2(PFg)4. To a pH 7 D,O solution (8 mL) of
[Ru(bpy-ds)>(5)](PFe)> (4.2 mg, 4.3 umol), Na,S,04 (3.0 mg,
17.2 umol) was added under an argon atmosphere using stan-
dard glovebox techniques. The reaction mixture was allowed to
stir for 3 h, during which time the color changed from red to
orange. To obtain the NMR spectrum in a 1:1 D,O/CD;0D
solution, the reaction mixture was concentrated to 0.5 mL under
vacuum, upon which 0.5 mL CD;0D was added to the solution.
Two isomers seem to exist with the approximate ratio of 2:1. The
major isomer has the following NMR signals: "H NMR (400
MHz, 1:1 D,O/CDs0D): 6 8.53 (d, 1H, J = 8.4 Hz, 5-py-H3),
8.10 (d, 1H, J = 8.0 Hz, 5-H2), 8.04 (td, 1H, J = 7.4, 1.2 Hz,
5-py-H4),7.66 (d, 1H, J = 8.8 Hz,5-H1), 7.47 (d, 1H, J = 5.2 Hz,
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5-py-H6), 7.30 (t, 1H, 5-py-H5), 7.12 (m, 1H, 5-HS), 6.92
(overlapping m, 2H, 5-H6,7), 5.06 (m, 1H, 5-H5), 4.29 (s, 1H,
5-H9). ESI-MS: m/z 687.3 [M — (2H", 4PF¢)I*".

Spectroscopic Measurements. NMR spectra were measured
on a Bruker UltraShield 400 MHz spectrometer or on a JEOL
ECX-500 spectrometer operating at 500 and 125 MHz for 'H
and "*C, respectively. Chemical shifts were reported in parts per
million (ppm) referenced to the residual solvent peaks for 'H
and "*C. UV—vis-NIR spectroscopy was measured on either a
Hewlett-Packard 8452A diode-array spectrophotometer, a Varian
5 or 500 CARY spectrophotometer, or an Agilent 8453 diode-
array spectrophotometer. Photochemical irradiations were per-
formed with a 420 nm cutoff filter from a 75 W lamp. Melting
points were determined with a Thomas-Hoover capillary melting-
point apparatus and are uncorrected. Infrared spectra were re-
corded with a Thermo Nicolet AVATAR 370 FT-IR spectrometer.

Electrochemical Measurements. Electrochemical measure-
ments of [Ru(bpy)»(5)]*" were conducted with a BAS 100b ele-
ctrochemical analyzer from Bioanalytical Systems. For electro-
chemical measurements in water, a stationary mercury drop
electrode (SMDE), a silver chloride (Ag/AgCl) electrode, and a
platinum wire were used as the working, reference, and counter
electrodes, respectively. The solutions contained [Ru(bpy)»(5)]**
(1 mM) with 100 mM sodium triflate and sodium phosphate
(5 mM or 10 mM) as an electrolyte and a buffer, respectively,
were used between a pH of 3 and 10.

Pulse Radiolysis. Pulse radiolysis studies were carried out
using the BNL 2 MeV Van de Graaff accelerator using electron
pulses (pulse width 40—500 ns) that led to irradiation doses of
100—1000 rad (ca. 0.5—5 uM primary radicals) generated in
water. A thiocyanate solution (0.01 M KSCN, 0.026 M N,0)
was used for dosimetry taking G((SCN)," ) = 6.13 (G =
number of species formed per 100 eV of energy absorbed by
the solution) and &475 n, = 7590 &+ 230. The optical path of the
cell was 2 cm. Typical measurements were carried out in N,O
saturated solutions of either H,O or D,O with 10 mM phos-
phate buffer, 10 mM sodium formate, and 30—60 M [Ru-
(bpy)»(3)*" at 25 °C. Experiments to determine a general acid
effect were carried out on a solution between 5—20 mM sodium
formate and 0—20 mM phosphate buffer, where 1.0 M Na,SOy4
was used to keep the ionic strength constant. Under these
conditions, the conversion of the primary radicals to the carbon
dioxide anion radical (CO,"") was complete by the first micro-
second. Quoted rate constants have an error of ca. 15%. All
rates measured in the pulse radiolysis studies are averages of at
least three measurements. The pH of the solution was adjusted
by addition of NaOH/H,SO4 or NaOD/DCl for H,O and D0,
respectively.

Radiolysis of aqueous solutions produces “OH, e, , and H*
with G values of 2.7, 2.6, and 0.6, respectively (H,O — “OH,
€aq » H, Hy, H202).(’3 In a nitrous oxide saturated aqueous
solution, the hydrated electron is converted to “OH (e, + N>O +
H,O — OH® + OH ™ + N,). Radiolysis of a nitrous oxide satu-
rated aqueous solution containing HCO, ™ leads to exclusive
production of the carbon dioxide anion radical CO,"", since
both OH" and H® react with HCO,  (OH°/H*+ HCO, — H,O/
H, + CO,""). CO," is a strong reducing agent (E = —1.90 V)**
that undergoes 5protonation only under very acidic conditions
(pKa = _0.2)'6

%Co Gamma Radiolysis. Steady-state radiolysis studies were
carried out using the BNL 650 Ci ®°Co y-ray source. The
chemistry that ensues is identical to that in pulse radiolysis
since, in water, both y-rays and electrons produce the same yield

(63) Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, A. B.
J. Phys. Chem. Ref. Data 1988, 17, 513-886.

(64) Schwarz, H. A.; Dodson, R. W. J. Phys. Chem. 1989, 93, 409-414.

(65) Kawanishi, Y.; Kitamura, N.; Tazuke, S. Inorg. Chem. 1989, 28,
2968-2975.
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Figure 1. The pH-dependent UV—visspectra of stepwise protonation of
[Ru(bpy)»(5)** (black) to [Ru(bpy)»(SH)I** (red) in H>O. Inset: UV—vis
spectrum of [Ru(bpy)»(5)]°" in H,O.
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Figure 2. Reduction potentials of [Ru(bpy),(5)]** in H,O with 5 mM of
phosphate buffer between a pH of 3—10.

of primary species. Here, a continuous flux of radicals is pro-
duced at a low steady-state concentration, with a production
rate of ca. 0.4 uM CO,"" /s in N,O-saturated solutions contain-
ing HCO, .

Results

Ground-State Properties of [Ru(bpy)z(S)]”. The UV—
vis absorption spectrum of an aqueous solution of [Ru-
(bpy)»(5)]* " at a neutral pH (Figure 1, inset) shows typical
transitions for mixed-ligand complexes with two MLCT
transitions centered at 552 and 446 nm as well as 7—*
transitions centered at 288 nm (5 and bpy) and 380 nm (5).
The N(10) atom of the azaacridine moiety can be proto-
nated with a strong acid to produce [Ru(bpy),(5H)]*",
which has a pK, ~ 0.2. The UV—vis spectrum of the
protonated compound exhibits a decrease in intensity of
the transitions between 352 and 552 nm as well as the
appearance of transitions at 388 and 646 nm (Figure 1).

The electrochemistry of [Ru(bpy)»(5)]°" in aqueous
solution shows four quasireversible reduction waves.
The first reduction potential, representing the [Ru-
(bpy)>(5)1*/[Ru(bpy)»(5-7)] " redox couple, is pH-depen-
dent over the pH range of 0.2—10 (Figure 2). The slope of
the wave is 59 mV/pH, which is indicative of the proton-
coupled nature of the redox reaction to produce the
neutral ligand—radical complex [Ru(bpy)>(5H")]*". The
pH-independent potentials at —1.32 and —1.69 V are due
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Figure 3. Pulse radiolysis of [Ru(bpy).(5)]**: Differential absorption
spectra in D,O at a pH of 5.3 and 13.5 (radical anion at pH 5.3, 7 us after
pulse: circles (®); radical anion at pH 13.5, 7 us after pulse: open circles
(O); and protonated radical at pH 5.3, 100 us after pulse: squares (H)). The
solutions were buffered with 10 mM phosphate buffer. Inset: Absorbance
trace at pH 5.3 and 13.5 measured at 490 nm in D,O.

to the (bpy)/(bpy, bpy™ ) and (bpy", bpy)/(bpy",
bpy" ) redox couples, respectively. The pH-independent
potential at —1.19 V may correspond to the reduction of
the C—C bonded dimer, [Ru(bpy)>(5H)],*", which forms
rapidly (see the Pulse Radiolysis Section). In CH3CN,
pH-independent potentials at —0.75, —1.34, and —1.62V
are observed.

Pulse Radiolysis. On the 100 us time scale, the exposure
of aqueous solutions of [Ru(bpy)»(5)]*" to CO,"~ that
were generated on submicrosecond time scales initially
leads to the formation of a single transient absorption
spectrum between the pH range of 5.3—13.5 (Figure 3). At
pH 13.5, the transient absorption spectrum does not
degrade on the 100 us time scale. At pH 5.3, however,
a subsequent transformation of the species is observed
(Figure 3, inset).

AtapH of 5.3, the rates of the initial and subsequent re-
actions were monitored, in both H>O and D-O, to deter-
mine a kinetic isotope effect (KIE) as well as to determine
the individual rates of the first and secondary reactions.
The initial reaction between CO,"~ and [Ru(bpy)»(5)]* "
(eq 1) was monitored by the formation of the reduced
species [Ru(bpy)»(5"7)]" at 490 nm. The observed differ-
ence spectra can be corrected for the loss of parent com-
pound, assuming a 1:1 stoichiometry as seen in eq 1.

[Ru(bpy),(5)]*" +CO»"~ — [Ru(bpy), (5" 7)]* + CO,
(1)

The absorption spectrum of the transient species is shown
in Figure 4.

The UV —vis spectrum of the initially observed species
exhibits absorption bands around 490 and 600 nm, con-
sistent with those of the one-electron reduced species
formed by Na—Hg reduction or reductive quenching of
the excited-state of [Ru(bpy)»(5)]>.%° A small decrease in
the rate of reaction between CO,"~ and [Ru(bpy)»(5)]* " is
observed at pH < 11.2. This is consistent with a slower
rate of reaction in a solution with a lower ionic strength. A

(66) Cohen, B. W.; Polyansky, D. E.; Zong, R.; Cabelli, D.; Muckerman,
J. T.; Thummel, R. P.; Fujita, E., manuscript in prep.
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Figure 4. UV—vis absorbance spectra in D,O at a pH of 5.3 and 13.5,
corrected for parent compound loss assuming stoichiometric loss of
[Ru(bpy)»(5)]*" and generation of transient species (radical anion at a
pH of 5.3, 7 us after pulse: circles (®); radical anion at pH 13.5, 7 us after
pulse: open circles (O); protonated radical at pH 5.3, 100 us after pulse:
squares (M); and [Ru(bpy)»(5)]*": solid line (—)). Inset: Titration curves
obtained by plotting absorbances measured immediately after exposure of
[Ru(bpy)»(5)*" aqueous solutions to CO,~ radical vs pH at 400 (tri-
angles, A) and 540 nm (dots, - - ).

KIE of 1.2 is observed between the rates of reaction bet-
ween CO,"~ and [Ru(bpy),(5)]*" at both a pH of 7.3 and
12.5 in H,O and D,O. The linear plots of the observed
rate constants for the formation of [Ru(bpy)»(5"7)]" as
a function of [Ru(bpy)»(5)]*" concentration gives k; =
4.4 x 10” in H,O and 3.8 x 10° M~ ' s™! in D,O (Sup-
porting Information, Figure S1).

By measuring the pH-dependent change in the absorp-
tion spectrum, on the 100 us time scale (Figure 4, inset), a
pK, value of 11.2 was determined for the secondary re-
action. This pK,, value is consistent with the one obtained
in electrochemical experiments. Earlier work on similar
ruthenium-containing complexes®%"~7" suggests that
this pK, is indicative of the protonation of the nitrogen
on the azaacridine ligand of the reduced anionic radical
species. In H,O, the limit of solubility of [Ru(bpy)»(5)]**
leads to a first-order rate of formation of [Ru(bpy),-
(5°7)]" that is indistinguishable from the rate of proton-
ation of the radical. In D,O, however, the rate of proton-
ation of [Ru(bpy)»(5"7)] " is slow enough to measure, ko, =
2.6 x 10* s, For the protonation of [Ru(bpy)»(5")]",
the proton source is either H>O or D>O dependent on the
solvent in which the experiment is performed. To confirm
the origin of the source of protons, the concentration of
phosphate was varied between 0—20 mM, while the con-
centration of formate was varied between 5—20 mM.
Verification of the proton source is established by the
independence of the rate of protonation in relation to the
concentrations of the general acid donor. On the 100 us
time scale, over the pH range of 5.3—13.5, the initial
transient species formed is the radical anionic species
[Ru(bpy)»(5"7)]". At pH < 11.2 the radical anion is then

(67) Sun, H.; Hoffman, M. Z.; Mulazzani, Q. G. Res. Chem. Int. 1994, 20,
735-754.

(68) Anderson, P. A.; Anderson, R. F.; Furue, M.; Junk, P. C.; Keene,
F. R.; Patterson, B. T.; Yeomans, B. D. Inorg. Chem. 2000, 39, 2721-2728.

(69) Dangelantonio, M.; Mulazzani, Q. G.; Venturi, M.; Ciano, M.;
Hoffman, M. Z. J. Phys. Chem. 1991, 95, 5121-5129.

(70) Casalboni, F.; Mulazzani, Q. G.; Clark, C. D.; Hoffman, M. Z.;
Orizondo, P. L.; Perkovic, M. W.; Rillema, D. P. Inorg. Chem. 1997, 36,
2252-2257.
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Figure 5. Pulse radiolysis of [Ru(bpy)(5)]*": differential absorption
spectra in H>O at a pH of 7.1 and 12.5 (protonated radical at pH 7.1,
100 us after pulse: squares (M); radical anion at pH 12.5, 100 us after pulse:
open circles (O); dimer at pH 7.1, 10 ms after pulse: triangles (A); and
dimer at pH 12.5, 10 ms after pulse: open triangles, (A). The solutions were
buffered with 10 mM phosphate buffer. Inset: Absorbance trace at pH of
7.1 and 12.5 measured at 480 nm in H»O.

protonated by water to form [Ru(bpy)>(5H")]*" (eqs 2a
and 2b), as shown in the change in the difference and
absorption spectra (Figures 3 and 4, respectively).

[Ru(bpy),(5"7)]" +H' — [Ru(bpy),(SH)]*"  (2a)

[Ru(bpy),(5")]" + D™ — [Ru(bpy),(5D)]**  (2b)

On the 10 ms time scale, following the formation of the
radical anion [Ru(bpy)»(5°7)]" or the protonated radical
[Ru(bpy)>(5H")**, atapH > 11.2 or pH < 11.2, respec-
tively, the transient spectra coalesce to a single species
(Figures 5). The UV —vis absorption spectra of the final
transient species formed is shown in Figure 6. The absor-
bances attributed to both [Ru(bpy)»(5")]" and [Ru(bpy)»-
(5H")*" disappear via pH-independent second-order
kinetics (Figure 7) with no significant KIE (Supporting
Information, Figure S2). The rate constant of disappear-
ance of [Ru(bpy)»(5"7)]" and [Ru(bpy),(5H")]* is 4.5 x
10°M~ s

Additional pulse radiolysis studies were carried out on
the 90 s time scale to verify the final transient products
(Figure 6, inset). At pH < 11.2, the change in absorbance
over time is essentially flat, indicating that the species for-
med within 10 ms was indeed the final product. At pH >
11.2, there is a considerable change in absorbance indi-
cating that the 10 ms species undergoes a further trans-
formation on the minute time scale. Further experiments
on longer time scales were, therefore, carried out using
continuous radiolysis.

Continuous Radiolysis. Upon y-irradiation (“°Co source)
of a N,O-saturated aqueous solution containing 10 mM
NaHCO,, CO," are produced in situ and continuously
reduce the [Ru(bpy)>(5)]*" compound (ca. 40 uM). A
pH-dependent study of the effect of y-irradiation was
conducted to determine the products formed in relation to
a constant flux of reducing radical (CO," ) on the minutes
time scale. Since the pK, = 11.2 was determined for the
equilibrium between [Ru(bpy)»(5H")**/[Ru(bpy)»(5" )],
the ®°Co experiments were performed at a pH of 9.1
and 13.3.
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Figure 6. UV—vis absorbance spectra in H,O at pH 7.1 and 12.5, cor-
rected for parent compound loss assuming stoichiometric loss of
[Ru(bpy)»(5)]*" and generation of transient species (protonated radical
atpH 7.1, 100 us after pulse: squares (M); radical anion at pH 12.5, 100 us
after pulse: open circles (O); dimer at pH 7.1, 10 ms after pulse: triangles
(a); dimer at pH 12.5, 10 ms after pulse: open triangles (A); and
[Ru(bpy)»(5)**: solid line (—)). Inset: Absorbance trace at a pH of 7.1
and 13.4 measured at 570 nm in H>O, 90 s after pulse.

pH/pD

Figure 7. The pH independence of the observed second-order rate con-
stants for the disappearance of [Ru(bpy)»(5")]" and [Ru(bpy)z(SH')]2+
(in H,O = open circles, O) compared to the pH dependence of the obser-
ved second-order rate constants for the disappearance of [Ru(bpy),-
(pbn*7)]" and of [Ru(bpy)»(pbnH")]*" (in H,O = squares, B; in D,O =
triangles, A). For the [Ru(bpy)»(5")]" and [Ru(bpy)»(SH")** species,
experiments in D,0O showed no difference from those performed in H,O.

At apH of 9.1, loss of [Ru(bpy)»(5)]*" is accomplished
in the time required to produce one equivalent of CO,"~
per [Ru(bpy)»(5)]*" (approximately 100 s under our con-
ditions; Figure 8A). Further irradiation has minimal
effect on the final spectrum of the species. The final spec-
trum is nearly identical to that obtained after the chemical
reduction of [Ru(bpy)»(5)]*" at pH < 11.2 (Supporting
Information, Figure S3). Moreover, the final spectrum is
also nearly identical to that of the [Ru(bpy)»(SHH)]* " com-
pound prepared by photoirradiation with triethylamine
(Supporting Information, Figure S3). The conversion of
[Ru(bpy)»(5)]*" to [Ru(bpy)»(SHH)]*" is a two-electron
two-proton process, however, after the addition of one
electron at a pH of 9.1, the spectrum remains unchanged,
suggesting that the product formed after the addition of
one equivalent of CO,"" at pH < 11.2 has similar
electronic properties as the [Ru(bpy)»(SHH)]** species.

At a pH of 13.3, after the time required to produce
one equivalent of CO,"™ per [Ru(bpy)»(5)]* " (100 s), the
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Figure 8. (A) UV—vis absorbance spectra of [Ru(bpy)»(5)]** after
exposure to CO,"~ from steady-state radiolysis using a °°Co y-ray source
atapHof9.1;black s = 0s,red = 100s, and green t = 2205s. (B) UV—vis
absorbance spectra of [Ru(bpy)z(S)]2+ after exposure to CO,"" from
steady-state radiolysis using a °°Co y-ray source at a pH of 13.3; black 1 =
0 s, blue z = 100 s, orange r = 220 s. A continuous flux of radicals is
produced at a low steady-state concentration, with a production rate of
ca. 0.4 uM CO," /s in N,O-saturated solutions containing HCO, .

conversion of the [Ru(bpy)»(5)]*" compound is incomp-
lete. The addition of one equivalent of CO,"" yields a spec-
trum that is identical to the sum of one-half [Ru(bpy),-
(5)]*" and one-half [Ru(bpy)>(5HH)]*" compounds, sug-
gesting a disproportionation reaction through a bimole-
cular process (Figure 8B and Supporting Information,
Figure S4).°> Moreover, after 220 s irradiation, the final
product spectrum becomes increasingly similar to the
[Ru(bpy)>(SHH)]* " species. Complete conversion to [Ru-
(bpy)»(SHH)]*" was not observed and was likely due to
the reactivity of the final product with additional redu-
cing radical. It should be emphasized that at a pH above
and below the pK, the addition of one equivalent of
CO,"~ to [Ru(bpy)»(5)]*" yields different products.
pH-Dependent Product Characterization. The chemical
reduction of [Ru(bpy-ds)»(5)]>" was carried out at pH >
11.2and pH < 11.2 to investigate the pH-dependent pro-
duct formation. The deuteron—bipyridine complex was
utilized to simplify the aromatic region of the '"H NMR
spectrum. All remaining resonances will be from the lig-
and 5 and its reduced forms. To identify the products
formed, '"H NMR, gradient 2D COSY NMR spectros-
copy, and mass spectroscopy were performed. At pH >
11.2, the "H NMR spectrum of the two-electron two-
proton reduced product is [Ru(bpy-ds)-(SHH))**. The
species shows the characteristic set of doublets of the



Article Inorganic Chemistry, Vol. 49, No. 17,2010 8041
1 9 8
27 AN 7

3 |
4NN 6 .
SN 5 . dimer

e H2

H3' H4' H9
*
T T T T T T
9.0 8.5 B.G 4.5 ppm

[Ru(bpy-dg),(SHH))**

HS H9

[Ru(bpy-dg),(5)1?

]l AN\
NN\

1T T T T
ppm 5.5 5.0 4.8 ppm
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inequivalent protons at 4.24 and 4.07 ppm, unequivoc-
ally identified as those that reside on the C(9) carbon
(Figure 9).°*% The 2D COSY NMR spectrum allows for
the unambiguous assignment of all the peaks in the spe-
cies (Supporting Information, Figure S5). Mass spectros-
copy of the sample yields m/z = 688.4[M — (H", 2PF)]"
characteristic of the [Ru(bpy-ds)»(SHH)]*" compound.

AtapH < 11.2, the "H NMR spectrum of the product
shows a spectral pattern that is more complicated than
that of the [Ru(bpy-ds)»(SHH)]* " species (Figure 9). Along
with the major product, a minor product is formed that
exhibits resonances that are similar in place and structure
as the major product. A ratio of 2:1 for the major to minor
product is found. To further complicate the NMR spec-
trum, the D,O solvent peak at 4.80 ppm overlaps the
resonance at 5.06 ppm. Although the 5.06 ppm resonance
is identifiable, 2D COSY NMR was performed to deter-
mine if any other resonances exist under the D,O solvent
peak (Supporting Information, Figure S6). No additional
peaks were found to reside under the D,O solvent peak.
The singlet proton resonance at 4.29 ppm suggests that
there is only one proton that resides on the C(9) carbon.
This is confirmed in the 2D COSY NMR with cross-
correlation peaks between the 4.29 and 7.66 ppm reso-
nances corresponding to the proton on the C(8) or C(1)
carbons. The cross-correlation and differences in peak
resonances suggest that the product formed at pH < 11.2
is the dimeric species [Ru(bpy-ds)-(5H)],*", which con-
tains a C—C bond between the C(9) carbons formed
through dimerization of the protonated radical
[Ru(bpy)»(5H")** (Figure 9). Mass spectroscopy of the
reaction solution further verifies this conclusion with an
m/z = 687.3[M — 2H™, 4PF¢)*".

The differences between the NMR spectra of [Ru(bpy-
dg)2(5)**. [Ru(bpy-ds)2(SHH)I**, and [Ru(bpy-ds),-
(5H)],*" can be used to verify that starting material is
not reformed during the chemical reduction and that the
products formed at pH > 11.2and pH < 11.2 are unique
(Figure 9). Moreover, the NMR and mass spectroscopy
results corroborate the pulse and continuous radiolysis
results. At a pH < 11.2, [Ru(bpy-ds)>(5H)],*" is formed
after the addition of one electron and one proton per
[Ru(bpy-ds)-(5))* . Additionally, the disproportionation
of the [Ru(bpy-ds)»(5H)],*" species leads to the formation
of the [Ru(bpy-ds)»(SHH)*" compound, as seen for the
reduction of the [Ru(bpy-ds)»(pbn)]*" species. Ata pH >
11.2, [Ru(bpy-ds)>,(SHH)]*" is formed after the addition
of two electrons and two protons per [Ru(bpy-ds)»(5)]*".

The photochemical reactivity of the dimer species, [Ru-
(bpy-ds)»(5H)],**, was also investigated to determine the
stability of the species as well as to determine if a
controlled decomposition could be achieved. Photoche-
mical irradiation of [Ru(bpy-ds)-(5H)],*" in a 1:1 H,0/
MeOH solution containing a trace amount of Na,SOy (as
an impurity) produced the [Ru(bpy-ds)>»(SHH)]* " species
in quantitative yield (Supporting Information, Figure S7).
Photochemical irradiationina 1:1 D,O/CD;OD solution
produced the [Ru(bpy-ds)>,(SHD)]*" species, where one
hydrogen and one deuterium reside on the C(9) carbon
(Supporting Information, Figure S7). However, in the dark,
[Ru(bpy-ds),(5H)],*" is stable under the same conditions.

Discussion

Mechanism and Product Formation of the Reduction of
[Ru(bpy)>(5)]**. In order to understand the significance of
the structural change between the ligands pbn and 5, the
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Scheme 2. Mechanism for the Formation of [Ru(bpy),(pbnHH)]**
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steps in the mechanism of formation of [Ru(bpy),-
(panH)]2+ will be compared and contrasted with those
involved in the mechanism of the reduction of [Ru-
(bpy)>(5)]*". The reductlon of both [Ru(bpy)»(pbn)]*"
and [Ru(bpy),(5)]*" by substoichiometric pulses of CO,"~

initially leads to the formation of the reduced anionic
species [Ru(bpy)»(pbn )] " and [Ru(bpy)»(5°7)]", respec-
tively (Schemes 2A and 3A). The rate constant of the re-
action between CO-,"~ and [Ru(bpy)»(pbn)]* " is 4.6 x 10°
M 's™ Wh11e those between CO,* ™ and [Ru(bpy)z(S)]zJr
are44><10 ®inH,Oand 3.8 x 10°M ™! in D,O.>*> That
these rate constants are 1nd1st1ngulshable implies that the
structural difference between pbn and 5 displays a mini-
mal effect on the initial reductions of the species in solu-
tion. Strikingly, the reduction of [Ru(bpy);]*" by CO,"~

(6.0 x 10’ M~ 's™ 17! is 2 orders of magnitude slower than
the analogous reductions for the ruthenium complexes
containing ligands pbn and 5. These differences in the re-
duction rate constants and the electrochemical data sug-
gest that the pbn and 5 ligands are reduced rather than the
bpy ligands. This s further supported by the very rapid re-
duction of ruthenium complexes containing bpz and bpm
(bpz = 2,2-bipyrazine and bpm = 22 b1pyr1m1dme)
ligands by CO>"~ (1.3 x 10"°t0 4.7 x 10°M 1, ligands
that can be expected to behave similarly to pbn and 5.7

(71) Venturi, M.; Mulazzani, Q. G.; Dangelantonio, M.; Ciano, M.;
Hoffman, M. Z. Radiat. Phys. Chem. 1991, 37, 449-456.

(72) Venturi, M.; Mulazzani, Q. G.; Ciano, M.; Hoffman, M. Z. Inorg.
Chem. 1986, 25, 4493-4498.
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After the initial reduction by CO," ", protonation of the
reduced anionic transients are observed for both com-
pounds at pH < pK, (Schemes 2A and 3A). The rate of
protonation of [Ru(bpy),(pbn°~)]" to [Ru(bpy)»(pbnH")]*"
is too fast to observe, but the pH-dependent change in the
transient absorption spectra as well as the electrochemical
data supports the proton-coupled nature of the one-
electron reduced species and its conjugate acid.’* In
contrast, protonation of [Ru(bpy)>(5°)]" to [Ru(bpy)>-
(5H")*" in H,0 can be observed, but the rate of proton-
ation cannot be measured cleanly as the low solubility of
[Ru(bpy)»(5)]*" limits the time scale for formation of
[Ru(bpy)»(5"7)] " to slightly faster than that of the proto-
nation process. When the reaction is carried out in D50,
however, the rate of protonation of [Ru(bpy)»(5")]* slows
(ks = 2.6 x 10* s™") more than the rate of formation of
[Ru(bpy)»(5-7)]" at maximum solubility of the parent
compound (see above) and is now measurable. An ap-
proximate KIE of 1.8 is found for the protonation of
[Ru(bpy)»(5-7)]" in D,O/H,0; with large error bars from
the inaccuracy in measuring protonation in water. The
proton source is likely the solvent (D,O/H,0) as proton-
ation is independent of any general acid donor, such as
phosphate or formate, and is independent of ionic
strength of the solution. While very large KIEs have been
observed for proton-coupled electron transfer reactions,
KIEs of up to 2 have been observed for outer-sphere elec-
tron-transfer reactions or stepwise electron- and proton-
transfer reactions, because of coupling with quantum
modes in the solvent.**"*~

As noted, the ability to observe the protonation of
[Ru(bpy)»(5-7)]" is a marked difference from the [Ru-
(bpy)a(pbn” )] species. While protonation of [Ru(bpy),-
(pbn*7)]" and [Ru(bpy)»(5°7)]" both occur on the nitro-
gen of their respective azaacridine ligands, the structural
difference between the ligands dictate whether the pro-
tonation is slow enough to be observable. For the [Ru-
(bpy)a(pbn”")] ™ species, protonation is extremely favorable
and seemingly immediate due to the open accessibility of
the N(10) nitrogen on the pbn ligand. In contrast, for the
[Ru(bpy)»(5"7)] " species, the protonation is inhibited due
to the steric hindrance and the structural confinement of
the N(10) nitrogen on the 5 ligand (Scheme 1).

As seen in previous compounds containing a ruthenium
bipyridine moiety, second-order kinetics of the disappe-
arance of the radical anionic species and its conjugate acid
were determined to be consistent with a bimolecular dis-
proportionation reaction.”*>*7% The pK, of Ru(bpy),-
(SH")*" is the same as that of Ru(bpy),(pbnH*)*". The pH
dependence of the observed second-order rate constants
of the disappearances of [Ru(bpy)»(pbn"")]" and [Ru-
(bpy)(pbnH")]** (Figure 7) in relation to the pH inde-
pendence of the observed second-order rate constants of
the disappearances of [Ru(bpy)>(5"7)]" and [Ru(bpy).-
(5H*)]*" (Figure 7), however, suggests that there are
distinctly different mechanisms for the overall reduction
of the pbn and 5 compounds (Schemes 2B and 3B).

Previous studies in our laboratory established a mec-
hanism for the formation of [Ru(bpy),(pbnHH)I*" in

(73) Huynh, M. H. V.; Meyer, T. J. Chem. Rev. 2007, 107, 5004-5064.
(74) Hammes-Schiffer, S. Acc. Chem. Res. 2009, 42, 1881-1889.
(75) Yuasa, J.; Fukuzumi, S. J. Am. Chem. Soc. 2006, 128, 14281-14292.
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aqueous solution (Scheme 2B).>* Below a pH of 11, two
molecules of [Ru(bpy)»(pbnH")]** form a zr-stacked dimer
that is followed by a disproportionation reaction resulting
in the formation of one equivalent [Ru(bpy)z(panH)fJr
and one equivalent starting material [Ru(bpy),(pbn)]°".
Further, NMR detection of the stereospecific photoche-
mical formation of A-[Ru(bpy)»{(S)-pbn}]*" and A-[Ru-
(bpy)»{(R)-pbn}]*" in D,O/CH;CN indicates clear evi-
dence of the reaction pathway via the w-stacked dimer of
the deutrated one-electron reduced species.’* The forma-
tion of the s-stacked dimer is also supported by localiza-
tion of the electron in the bonding orbital between the 7
systems of the [Ru(bpy),(pbnH*)]" monomers in the cal-
culated electronic structure of the dimer.>* Near a pH of
11, a cross-reaction between [Ru(bpy),(pbnH")]*" and
[Ru(bpy).(pbn"")]" leads to the formation of a hydrogen-
bonded dimer.*? The absence of a KIE indicates that dis-
proportionation to one equivalent [Ru(bpy)»(pbnHH)]*"
and [Ru(bpy)»(pbn)]* " may occur through electron trans-
fer from [Ru(bpy)»(pbn°~)]" to [Ru(bpy)-(pbnH")]** fol-
lowed by fast protonation of the resulting species. The
reaction between two [Ru(bpy)»(pbn® )] species was
determined to be negligibly small, presumably because
of the lack of a proton to facilitate dimer formation.>
In contrast, a single pH-independent second-order rate
constant (ky; = 4.5 x 108M ! sfl) was determined for the
disappearance of both [Ru(bpy)»(5"7)]" and [Ru(bpy).-
(5H*)]** over the pH range of 5.5—13.5 (Figure 7). Coa-
lescence of the two pH-dependent transient spectra into
one spectrum over the pH range indicates that one species
is formed on this time scale (tens of milliseconds) (Figure 5).
Below a pH of 11, the disappearance of [Ru(bpy)»(5H")]**
is consistent with the observed bimolecular disappearance
of NAD® ¥ and NAD" analogues. 40437464849 1) these
compounds, dimerization occurs through C—C bond
formation; in the [Ru(bpy)>(5H")]*" species, the radical
anion is located on the carbon trans to the N(10) nitrogen
(Scheme 3B), potentially facilitating dimerization. *°Co
experiments confirm that only one electron per [Ru-
(bpy)»(5)]*" species is required during the formation of
the dimer species. Both "H NMR and mass spectroscopy
further verify that this is the dimeric species [Ru(bpy),-
(5H),*" and that disproportionation of the dimer does
not readily occur in the ground state. In contrast to the
pbn system, at a pH > 11, [Ru(bpy)»(5°7)]" also under-
goes a self-reaction forming the C—C bonded dimer, [Ru-
(bpy)>(5H)],*", between the C(9) carbon anionic radicals
(Figure 5 and Scheme 3B). Pulse radiolysis on the 90 s
time scale confirms that [Ru(bpy),(5H)],*" is formed as
an intermediate species and that it undergoes subsequent
conversion to a different final product than that obtained
atapH < 11 (Figure 6 inset). The rate constant of disapp-
earance of [Ru(bpy)»(5H)],*" is approximately 3 x 102
s~ 1. ®Co experiments substantiate that the final product
formed requires more than one electron per [Ru-
(bpy)»(5)]*", analogous to that seen in the mechanism
for reduction of [Ru(bpy),(pbn)]**. Ata pH > 11, a dis-
proportionation reaction occurs from the C—C bonded
dimer forming one equivalent of hydride ([Ru(bpy),-
(SHH))*") and one equivalent of starting material [Ru-
(bpy)>(5)*" (Supporting Information, Figure S4). Both
"H NMR and mass spectroscopy establish that the product
formed ata pH > 11.21s [Ru(bpy)z(SHH)]2+ (Figure 9).
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The open accessibility of the reactive site of the [Ru-
(bpy)»(5°7)]" and [Ru(bpy)»(5H")*" species (Scheme 3)
likely is responsible for the differences in mechanism and
product formation with that of the reduction of the [Ru-
(bpy)»(pbn)]** species (Scheme 2). The pH-independent
second-order rate constant (Figure 7) and coalescence
of transient species in the pulse radiolysis experiments
(Figure 5) indicate that on the 10 ms time scale one species
is initially formed no matter the pH of the solution. At a
pH < 11 in the ground state, the dimeric species [Ru(bpy),-
(5H)],*" is stable on the days time scale. The NMR
spectra from photolysis experiments confirm that the
species is stable in the ground state, however, it dispro-
portionates in the excited state with the proton source
from H,O/D-O.

The C—C bonded dimer, [Ru(bpy)»(5H)],*", produced
by radiation-induced reactions, disproportionates at a
pH > 11.Inastudy to determine the stability of the dimer
independently, the dimer was produced chemically at a
low pH and the solution was then raised to a pH > 12, the
dimer decomposed to form [Ru(bpy)z(SHH)] > There-
fore, disproportionation of [Ru(bpy),(5H)l,*" must oc-
cur as a result of high OH™ concentration. While we do
not know the first pK, value of the dimer, a weak inter-
action of OH ™~ with the N—H protons may destabilize the
dimer. Overall, rapid dimer formation and slow base-
promoted disproportionation at a pH > 11 for the [Ru-
(bpy)2(5°7)]" species is noteworthy because it is a significant
departure from the inactivity of the [Ru(bpy)s(pbn ™ )]"
species at a high pH.>

Conclusion

In summary, the structural difference between [Ru-
(bpy)»(pbn)]** and [Ru(bpy)(5)]*" dictates the mechanism
and the product formation in aqueous medium. Previous
studies have shown that the mechanistic pathway of forma-
tion of [Ru(bpy)»(pbnHH)]*" is controlled by the pH of the
solution, however the hydride, [Ru(bpy)-(pbnHH)]*", is
formed across the entire pH range investigated.” Here, the
exchange of the nitrogen and carbon atoms on the azaacri-
dine ligands alters the accessibility of the reactive site, thereby
changing the mechanism and the product formation for the
[Ru(bpy)»(5)]*" compound.

It was found at a pH < 11.2, protonation of the [Ru-
(bpy)z(S'*)]+ species is observed in D,O with k», = 2.6 x 10

. A kinetic isotope effect (KIE) of approximately 1.8 is
deterrnined for the protonation rate constants between D,O/
H,0 solutions. Dimerization of [Ru(bpy)»(5H")]** (ky; = 4.5 x

Cohen et al.

10* M~ "'s™ ") then forms the stable species [Ru(bpy)>(SH)],**
The photochemical reactivity of [Ru(bpy-ds)»(SH),*" was
also investigated to determine the stability of the dimer
species as well as to determine if a controlled decomposition
could be achieved. At a pH > 11.2, following the formation
of [Ru(bpy)»(5°7)]", dimerization to [Ru(bpy)»(5H)],*" also
occurs. Disproportionation of the C—C bonded dinuclear
species was observed resulting in the formation of [Ru-
(bpy)2(SHH)*" with kgecomp & 3 x 1072 s™". Overall, the
formation of the dimer species was found to be pH indepen-
dent, while the final product formation was pH dependent for
[Ru(bpy)(5)]*", the exact opposite of that found earlier.

In addition to the difference in the mechanism and the pro-
duct formation between the [Ru(bpy)»(pbn)]*" and [Ru(bpy),-
(5)]°" species, the structural difference will have a marked
effect on the reactivity of the [Ru(bpy)>(SHH)* " species. The
reactive hydride center will be more accessible and less hin-
dered in [Ru(bpy)»(SHH)]*" than in [Ru(bpy)»(pbnHH)]**
(Scheme 1). Experiments to determine the ground-state
hydride-donor ability of [Ru(bpy)-»(pbnHH)J** and [Ru(bpy)»-
(SHH)Z] as well as the excited-state reactivity of [Ru(bpy),-
(pbn)]** and Ru(bpy)z(S)]2+ toward simultaneous electron—
proton transfer reactions in CH;CN are underway.
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