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Insight into Water Oxidation by Mononuclear Polypyridyl Ru Catalysts
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A family of compounds based on the mononuclear coordination complex [Ru(tpy)(bpy)(OH2)>* (1b; tpy=2,2":6',2"-
terpyridine, bpy=2,2’-bipyridine) are shown to be competent catalysts in the Ce(IV)-driven oxidation of water in acidic
media. The systematic installation of electron-withdrawing (e.g., —Cl, —COOH) and —donating (e.g., —OMe) groups
at various positions about the periphery of the polypyridyl framework offers insight into how electronic parameters
affect the properties of water oxidation catalysts. It is observed, in general, that electron-withdrawing groups (EWGs)
on the bpy ligands suppress catalytic activity (kops) and enhance catalytic turover numbers (TONs); conversely,
the presence of electron-donating groups (EDGs) accelerate catalytic rates while decreasing catalyst stability. We
found that 2,2'-bipyridine N,N'-dioxide is produced when 1b is subject to excess Ce(IV) in acidic media, which
suggests that dissociation of the bpy ligand is a source of catalyst deactivation and/or decomposition. Density
functional theory (DFT) calculations corroborate these findings by showing that the Ru—N,y bond transto the O atom
is weakened at higher oxidation levels while the other Ru—N bonds are affected to a lesser extent. We also show
that the Ru—Cl bond is not robust in aqueous media, which has implications in studying the catalytic behavior

of systems of this type.

Introduction

Homogenous water oxidation catalysts typically feature
the following design elements: (i) a suitable redox-active
metal center; (ii) an oxidatively stable coordination environ-
ment; and (iii) a coordination site occupied by a labile ligand
(e.g., solvent, halide).'”® While it was long thought that
multiple metal centers are required to carry out the multiple
proton-coupled electron-transfer (PCET) steps'® associated
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with water splitting,'" it has recently been shown that mono-
nuclear complexes are capable of mediating the formation of
dioxygen from water. This feature was first established by
Bernhard et al.'? for a suite of Ir complexes, while Thummel
et al.,"® Meyer et al.,'"* and Sakai et al.'® followed up with
independent findings that polypyridyl Ru compounds are
also competent catalysts. This observation has important
implications in the study of homogeneous water oxidation
catalysts because mononuclear systems are generally easier to
synthesize and study than systems of higher nuclearity.'®!”
This statement is corroborated by a relatively well-defined
catalytic mechanism of water oxidation by mononuclear
polypyridyl Ru complexes.'®
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Figure 1. Mononuclear Ru complexes investigated in this study. (Coun-
terion = CI~ for 1a—10a; ClO,~ for 1b—10b and 11.'%).

Taking into account that there remain a number of
questions surrounding water oxidation by mononuclear
and higher order catalysts,'"'*7?' we set out to examine
the coordination complex [Ru(tpy)(bpy)(OH,)** (1b; tpy =
2,2":6',2"-terpyridine, bpy = 2,2'-bipyridine; Figure 1) in the
context of water oxidation.'® By installing electron-donating
and withdrawing substituents about the periphery of the
polypyridyl ligands (i.e., 2b—10b; Figure 1), we are able to
extrapolate how electronic parameters affect catalyst activity
and stability while holding the local ligand environment at
parity. This strategy provides specific insight into how
electronic parameters affect the activity and stability of
mononuclear polypyridyl Ru catalysts related to 1b. A
summary of these results is reported herein, as well as an
evaluation of other issues critical to assessing Ru-catalyzed
water oxidation.

Experimental Section

Preparation of Compounds. All reactions and manipulations
were performed using solvents passed through an MBraun
solvent purification system prior to use. Unless stated otherwise,
all reagents were purchased from Aldrich and used without
further purification; 4,4'-dichloro-2,2’-bipyridine (bpy-Cl) was
purchased from BOC Sciences; 2,2'-bipyridine-4,4’-dicarbo-
xylic (bpy-COOH) acid was purchased from Alfa Aesar, and
RuCl;-3H,0 was purchased from Pressure Chemical Com-
pany. Purification by column chromatography was carried out
using silica (Silicycle: Ultrapure Flash Silica). Analytical thin-
layer chromatography (TLC) was performed on aluminum-
backed sheets precoated with silica 60 F254 adsorbent
(0.25 mm thick; Merck, Germany). "H NMR chemical shifts
(0) are reported in parts per million (ppm) from low to high field
and referenced to residual non-deuterated solvent. Standard
abbreviations indicating multiplicity are used as follows: br =
broad; s = singlet; d = doublet; t = triplet; m = multiplet. All
proton assignments correspond to the generic molecular scheme
depicted in Figure 2. Ligands 4’-methoxy-2,2":6',2" -terp%/ridine
(tpy-OMe),?*> 4'-chloro-2,2':6,2"-terpyridine (tpy-Cl),>> and
2,2":6',2" -terpyridine-4'-carboxylic acid (tpy-COOH)** were
prepared according to published procedures. Complexes
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Ru(tpy)Cl; (I),% and [Ru(tpy)(bpm)(OH,)](ClOy), (11b)'* were
prepared using the synthetic and purification steps detailed
below.

General Synthetic Procedure for Ru(tpy-R)Cly (I-IV).
RuCls-3H,0 (0.70 mmol) and tpy-R' (0.70 mmol) were com-
bined in 50 mL of EtOH and refluxed for 4 h. The mixture was
cooled, and the product was collected as a red/purple solid upon
filtration.

Ru(tpy-OMe)Clz (II). Yield: 83%; ESI-MS: m/z (%): 435
[(M—CI)"] (anal. caled for C¢H3CLN;ORu™: m/z = 434.95).

Ru(tpy-CD)Clz (III). Yield: 85%; ESI-MS: m/z: 441
[(M—CI1)*] (anal. caled for C;sH,;oCIsN3Ru™: m/z = 440.90).

Ru(tpy-COOH)Cl3 (IV). Yield: 89%; ESI-MS: m/z: 449
[(M_C1)+] (’dl’l'dl. calcd for C|6H| |C12N302R11+3 I’}’Z/Z = 44893)

General Synthetic Procedure for [Ru(tpy-R')gbpy-Rz)Cl]Cl
(1a—10a). Ru(tpy-R")Cl; (0.70 mmol) and bpy-R? (0.70 mmol)
were combined with LiCl (7.0 mmol) and N-ethylmorpholine
(0.5 mL) in 30 mL of MeOH/H,O (5:1). The mixture was then
heated at reflux for 3 h. The solvent was removed from the
solution, and the crude product dry-loaded onto silica. The
product was collected as a deep purple-colored band using
acetone/methanol/water (3:1:1) saturated with LiCl as the
eluent. Typical R values for the purple band were 0.65—0.75.
The product fractions were combined, and the solvent removed
to near dryness (~15 mL), and then 1 mL of concentrated HCI
was added to precipitate the product. The purple solid was then
washed with 10 mL of 1 M HCI and left to air-dry. Yields and
characterization are given below.

[Ru(tpy)(bpy)CIJCI (1a). Yield: 75%; '"H NMR (400 MHz,
LDG]DMSO): 0=10.10 (d, *J(H,H) = 5.0 Hz, 1H; H ), 8.93 (d,
SJ(H,H)=8.2 Hz, 1H; Hp), 8.83 (d, *J(H,H)=8.1 Hz, 2H; H,),
8.71 (d, *J(H,H) = 8.1 Hz, 2H; H,), 8.64 (d, *J(H,H) = 8.2 Hz,
1H; Hp), 8.35(ddd, *J(H,H)=8.0, 7.9 Hz, *J(H,H)=1.5Hz, 1H;
He),8.21(t,*J(H,H)=8.1 Hz, 1H; H)), 8.07 (ddd, *J(H,H)="7.0,
5.7Hz, “J(H,H)=1.0 Hz, 1H; Hp), 7.98 (ddd, *J(H,H)=8.0, 7.9
Hz, *J(H,H)=1.5Hz 2H; H,), 7.78 (ddd, *J(H,H)=8.0, 7.9 Hz,
‘J(H,H)=1.4 Hz, 1H; Hp), 7.62 (d, *J(H,H)= 5.5 Hz, 2H; H,,),
7.38(ddd, *J(H,H)=7.5, 5.5 Hz, *J(H,H)=1.2 Hz, 2H; H,), 7.32

d,*J(H,H)=5.6 Hz, 1H; Hy;), 7.09 (ddd, *J(H,H)=7.3, 5.7 Hz,
J(H,H)=1.3Hz, 1H; Hg). Amax (MeCN) (¢ M 'em™1): 503 nm
(9.5 x 10%). ESI-MS: m/z: 526 [(M—CI)*] (anal. calcd for
C,sH yCINsORu™: m/z = 526.04); elemental analysis calcd
(%) for CysH oClLNsRu-3H,O: C 48.79, H 4.09, N 11.38;
found: C 48.87, H4.33, N 11.51.

[Ru(tpy-OMe)(bpy)CICl (2a). Yield: 76%; '"H NMR (400
MHz, CD;CN): 0=10.20(d, "J(H,H)=4.0 Hz, 1H; H ), 8.58 (d,
3J(H,H)=8.0 Hz, lH; Hp), 8.40 (d, *J(H,H)=8.0 Hz, 2H; H,),
8.31(d,*J(H,H)=8.0 Hz, 1H; Hpy), 8.21 (ddd, *J(H,H)=7.6 Hz,
‘“J(H,H)=1.2Hz, 1H; H),8.14 (s,2H; H,), 7.91 (ddd, *J(H,H)=
6.4 Hz, *J(H,H)=1.2Hz, 1H; Hyp),7.86 (ddd, 2H, *J(H,H)=8.0
Hz *J(HH)=1.6 Hz; H,),7.66 (m, 3H; H, ), 7.39 (d, *J(H,H) =
5.2 Hz, 1H; Hy), 7.24 (ddd, *J(H,H)=7.6 Hz, *J(H,H)=1.2 Hz,
2H; H,), 6.96 (ddd, *J(H,H) = 7.6 Hz, *J(H,H) = 1.6 Hz, 1H;
Hg), 421 (s, 3H; OMe). Amax (MeCN) (¢ M~ em™"): 508 nm
(10.6 x 10%. ESI-MS: m/z: 556 [(M—CI)*] (anal. caled for
CyH,» CINsORu™: m/z = 556.05); elemental analysis calcd
(%) for Cy6H,ClL,NsORu-4H,0: C 47.06, H 4.41, N 10.55;
found: C 47.25, H 4.33, N 10.61.

[Ru(tpy)(bpy-OMe)CI|CI1 (332. Yield: 52%; '"H NMR (400
MHz, [Dg]DMSO): 6=9.83 (d, "J(H,H)=6.8 Hz, 1H; H ), 8.79
(d,*J(H,H)=8.0Hz, 2H; H,), 8.67 (d, *J(H,H)=8.0 Hz 2H; H,),
8.58 (d, “J(H,H) =2.4 Hz, 1H; Hp), 8.31 (d, *J(H,H) =2.4 Hz,
1H; Hp), 8.14(t,J(H,H)=8.0 Hz, 1H; H)), 7.96 (t,J(H,H)=7.6
Hz, 2H; H,), 7.74 (dd, *J(H,H) = 7.2 Hz, *J(H,H) =2.4 Hz, 1H;
Hyp), 7.71 (d, *J(H,H) = 5.2 Hz, 2H; H,), 7.40 (t, *J(H,H) = 6.4
Hz, 2H; H,),7.93 (d, *J(H,H)=6.8 Hz, 1H; H};), 6.70 (dd, *J(H,
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Figure 2. General synthetic procedure for the 1a—10a and 1b—10b: (a) RuCl;-3H,0, EtOH, reflux, 3 h; (b) 10 equiv LiCl, N-ethylmorpholine, MeOH:
H,0 (5:1), reflux, 3 h; (¢) 2 equiv AgClO4, H,0, reflux, 3 h. The 'H NMR labeling scheme is provided for 1b—10b; the labeling is analogous for 1a—10a.

H)=6.8 Hz, *J(H,H)=2.8 Hz, 1H: Hy), 4.18 (s, 3H; OMe), 3.82
(s, 3H; OMe). Apax (MeCN) (e (M~ " ecm™'): 513 nm (10.7 x
103). ESI-MS: m/z: 586 [(M—CI)"] (anal. caled for Cs7Hos-
CINsO,Ru™: m/z = 586.06); elemental analysis calcd (%) for
C»7H53C1LNsO,Ru-4H,0- LiCl: C 44.06, H 4.25, N 9.52; found:
C44.27, H 4.28, N 9.48.

[Ru(tpy-OMe)(bpy-OMe)CI|Cl g4a). Yield: 74%; '"H NMR
(400 MHz, CD5CN): 6 =9.91 (d, *J(H,H) = 6.8 Hz, 1H; H ),
8.38 (d, *J(H,H) = 8.0 Hz, 2H; H,), 8.13 (d, *J(H,H) = 2.8 Hz,
1H; H)p), 8.11 (s, 2H; H,), 7.85 (m, 3H; H ), 7.75 (d, *J(H,H) =
5.6 Hz, 2H; H,), 7.51 (dd, *J(H,H) = 6.4 Hz, *J(H,H) = 2.8 Hz,
2H; Hp),7.26 (ddd, *J(H,H)=7.6 Hz, *J(H,H)=1.2 Hz, 2H; H,,),
7.06 (d, *J(H,H)=6.8 Hz, 1H; Hp), 6.54 (dd, *J(H,H)=6.4 Hz,
“J(H,H) = 2.8 Hz, 1H; Hg), 420 (s, 3H; OMe), 4.16 (s, 3H;
OMe), 3.83 (s, 3H; OMe). Apax (MeCN) (¢ (M~ ecm™1): 517 nm
(11.6 x 10%. ESI-MS: m/z: 616 [(M—CI)*] (anal. caled for
CogH>5sCINsOsRu™: m/z = 616.06); elemental analysis calcd
(%) for CogH»sClLNsOsRu-H,0: C 50.23, H 4.06, N 10.46;
found: C 49.89, H 4.09, N 10.36.

[Ru(tpy-C1)(bpy)CI]|CI (5a). Yield: 63%: "H NMR (400 MHz,
[Dg]DMSO): 6 = 10.07 (d, *J(H,H) = 4.8 Hz, 1H; H,), 9.09
(s,2H; H,),8.95(d, *J(H,H)=8.1 Hz, 1H; Hp), 8.80 (d, *J(H,H)=
8.0 Hz, 2H; H,), 8.66 (d, *J(H,H) = 8.0 Hz, 1H; Hy), 8.37
(ddd, *J(H,H) = 7.8, 7.7 Hz, *J(H,H) = 1.4 Hz, 1H; H(), 8.07
(ddd, 3J(H,H) = 7.2, 7.0 Hz, “*J(H,H) = 1.0 Hz, 1H; Hyp),
8.01 (ddd, *J(H,H) = 7.8, 7.7 Hz, *J(H,H) = 1.3 Hz, 2H, H,),
7.78 (ddd, *J(H,H)=38.1,8.0 Hz, *J(H,H)=1.2 Hz, 1H; Hp), 7.64
(d, >J(H,H) = 4.9 Hz, 2H; H,), 7.44 (d, *J(H,H) = 5.3 Hz, 1H;
Hpp), 7.41 (ddd, *J(H,H) = 8.1, 8.0 Hz, “J(H,H) = 1.1 Hz, 2H;
H,),7.06(ddd, *J(H,H)=7.2,7.0 Hz, *J(H,H)=1.0 Hz, 1H; H).
Amax (MeCN) (¢ M~ em™): 507 nm (9.8 x 10%). ESI-MS: m/z:
560 [(M—CI)"] (anal. calcd for CosH gCl,NsRu™: m/z=560.00);
elemental analaysis caled (%) for C,sH;gCl3NsRu-4H,O: C
44.95, H 3.92, N 10.49; found: C 45.02, H 3.96, N 10.40.

[Ru(tpy)(bpy-C)CIICI (6a). Yield: 54%: "H NMR (400 MHz,
[D6JDMSO): 6 =10.00 (d, 3J(HH)=6.0 Hz, 1H; H,), 9.24 (d,
J(H,H)=2.4 Hz, 1H; Hp), 8.98 (d, *J(H,H)=2.0 Hz, 1H; H}),
8.82(d,*J(H,H)=8.0 Hz, 2H; H,), 8.69 (d, *J(H,H)=8.0 Hz, 2H;
H,), 8.23 (m, 2H; H ), 8.00 (ddd, *J(H,H)=7.6 Hz, *J(H,H) =
1.2 Hz, 2H; H,), 7.71 (d, *J(H,H) = 4.8 Hz, 2H; H,), 7.38 (ddd,
3J(H,H)=5.6 Hz, *J(H,H)= 1.2 Hz, 2H; H,), 7.33 (d, *J(H,H) =
6.0 Hz, 1H; Hg), 7.21 (ddd, *J(H,H)=6.0 Hz, *J(H,H)=2.4 Hz,
1H; Hp). Amax (MeCN) (¢ M~ em™): 519 nm (11.9 x 10%).
ESI-MS: m/z: 596 [(M—CI1)*] (anal. caled for C5sH;7Cl5NsRu*:
m/z = 595.96); elemental analysis calcd (%) for C,sH;;Cly-
NsRu-3H,0: C 43.88, H 3.39, N 10.23; found: C 43.88,
H 3.29, N 10.04.

[Ru(tpy-CI)(bpy-CDCI|CI (7a). Yield: 60%:; 'H NMR (400
MHz, [Dg]DMSO): 6=9.97 (d, *J(H,H)=6.4 Hz, 1H: H ), 9.24
(d,*J(H,H)=2.0Hz, 1H; Hp),9.08 (s, 2H; H.,), 8.98 (d, *J(H,H)=
2.4 Hz, 1H; Hy), 8.77 (d, 3J(H,H) = 8.0 Hz, 2H; H,), 8.23 (dd,
3J(H,H)=6.0 Hz, *J(H,H) = 1.6 Hz, 1H; Hp), 8.02 (t, *J(H,H) =
8.0 Hz, 2H; H,), 7.74 (d, *J(H,H) = 5.2 Hz, 2H; H,), 7.47 (d,

*J(H,H) = 6.4 Hz, 1H; Hg), 7.40 (t, *J(H,H) = 6.8 Hz, 2H; H,,),
7.18 (dd, *J(H,H) = 6.4 Hz, *J(H,H) = 2.0 Hz, 1H; Hy)). Amax
(MeCN) (¢ M~ em™"): 520 nm (13.2 x 10%). ESI-MS: m/z: 630
[(M—CI)"] (anal. caled for C»sH;¢CIsNsRu™: m/z = 629.92);
elemental analysis caled (%) for C,sHsClsNsRu-2H,O: C
42.85, H 2.88, N 9.99; found: C 42.81, H 2.61, N 9.87.

[Ru(tpy-COOH)(bpy)CI]CI (8a). Yield: 61%; "H NMR (400
MHz, [Dg]DMSO): 6=10.10(d, *J(H,H)=4.0 Hz, 1H; H ,),9.14
(s,2H; H,), 8.95 (d, *J(H,H)=8.0 Hz, 1H; H}), 8.90 (d, *J(H,H)=
8.0 Hz, 2H; H,), 8.66 (d, *J(H,H) = 8.0 Hz, 1H; H}), 8.40 (ddd,
3J(H,H)=8.0Hz, *J(H,H)=1.6 Hz, |H; H,), 8.10 (ddd, *J(H,H)=
6.8 Hz, “J(H,H) = 1.2 Hz, 1H; Hp), 7.99 (ddd, *J(H,H) = 8.0 Hz,
‘J(H,H)=1.6 Hz, 2H; H,), 7.79 (ddd, *J(H,H)=8.0 Hz, *J(H,H) =
1.2 Hz, 1H; Hp), 7.64 (d, *J(H,H) = 5.6 Hz, 1H; H,), 7.42 (ddd,
3J(H,H)=5.6 Hz, *J(H,H)= 1.2 Hz, 2H; H,), 7.33 (d, *J(H,H) =
5.2 Hz, 1H; Hy), 7.04 (ddd, *J(H,H)=6.0 Hz, *J(H,H)=1.2 Hz,
1H; He). Amax MeOH) (¢ (M~ em™"): 505 nm (11.0 x 10%).
ESI-MS: m/z: 570 [(M—CI1)*] (anal. calcd for CycH,oCIN;O,-
Ru™:m/z=1570.03); elemental analysis calcd (%) for Co¢H oCl,.
N;sO,Ru-3H,0: C 47.35, H 3.82, N 10.62; found: C 47.68, H
3.75, N 10.79.

[Ru(tpy)(bpy-COOH)CI|CI (9a). Yield: 41%; "H NMR (400
MHz, [Dg]DMSO): 6=10.27 (d, *J(H,H)=6.0 Hz, 1H; H ;),9.28
(s, 1H; Hp), 9.0 (s, 1H; Hy), 8.86 (d, *J(H,H)=8.0 Hz, 2H; H,),
8.72 (d, *J(H,H)=8.0 Hz, 2H; H,), 8.45 (dd, *J(H,H) = 5.6 Hz,
*J(H,H) = 1.2 Hz, 1H; Hp), 8.29 (t, *J(H,H) = 8.4 Hz, 1H; H)),
8.01 (t, "J(H,H)=7.6 Hz, 2H; H,), 7.62 (m, 3H; H,, ;;), 7.45 (ddd,
3J(H,H)=6.0 Hz, *J(H,H)=1.2 Hz, 2H; Hy), 7.35 (t, *J(H,.H) =
6.8 Hz, 2H; H}). Amax (MeOH) (e M~ ' cm™"): 513 nm (14.3 x
10%). ESI-MS: m/z: 614 [(M—CI)] (anal. caled for Ca7Ho-
CINsO4Ru™: m/z = 614.02); elemental analysis calcd (%) for
C»7HoClLNsO4Ru-4H,0: C 44.95, H 3.77, N 9.71; found: C
4539, H 3.94, N 9.91.

[Ru(tpy-COOH)(bpy-CO,H)CIICl (10a). Yield: 31%; 'H
NMR (400 MHz, [Dg]DMSO): 6 =10.01 (d, *J(H,H) = 5.6 Hz,
1H; H 4),8.97 (s, 2H; H,), 8.93 (s, IH; Hp), 8.64 (s, 1H; Hp), 8.62
(s, 2H; H,), 8.22 (dd, *J(H,H) = 5.6 Hz, *J(H,H) = 1.6 Hz, 1H;
Hp), 7.92 (ddd, >J(H,H) = 7.6 Hz, “*J(H,H) = 1.2 Hz, 2H; H.,),
7.59(d, *J(H,H)=4.8 Hz, 2H; H,), 7.33 (ddd, *J(H,H)=5.6 Hz,
4J(H,H)=1.2Hz,2H; H,), 7.30 (dd, *J(H,H)=6.0 Hz, *J(H,H)=
1.6 Hz, 1H; Hg), 7.21 (d, 3J(H,H) = 5.6 Hz, 2H; Hp). Amax
(MeOH) (¢ M~ ' ecm™"): 506 nm (14.3 x 10°). ESI-MS: m/z: 658
[(M—CI)™] (anal. caled for CogH 9CINsOgRu™: m/z = 658.00);
elemental analysis caled (%) for C,gH;9Cl,NsOgRu-3H,O:
C 44.99, H 3.37, N 9.37; found: C 45.21, H 3.54, N 9.41.

General Synthetic Procedure for [Ru(tpy-R")(bpy-R?)(OH,)]-
(C104); (1b—10b). [Ru(tpy-R")(bpy-R*)CIICI (0.17 mmol) (1a—
10a) was combined with AgClO4 (0.34 mmol) and refluxed in 30
mL of H,O for 3 h. The red/purple mixture was filtered through
Celite. The volume of the filtrate was reduced followed by the
addition of 5 mL of 1 M HCIOy4 to precipitate the product. The
purple solid was then washed with 5 mL of 1 M HCIO,4 and left
to air-dry. Yields and characterization data are specified below.
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[Ru(tpy)(bpy)(OH,)](C104), (1b). Yield: 76%; '"H NMR (400
MHz, [Dg]DMSO): 6 =9.50 (d, *J(H,H)=5.0 Hz, 1H; H ), 8.95
(d, *J(H,H)=8.2 Hz, 1H; Hp), 8.88 (d, *J(H,H) = 8.2 Hz, 2H;
H,), 8.74 (d, >J(H,H) = 7.9 Hz, 2H; H,), 8.64 (d, *J(H,H)=7.9
Hz, 1H; Hp), 8.43 (ddd, *J(H,H)=7.9, 7.8 Hz, *J(H,H)=1.2 Hz,
1H; He), 8.33(t, *J(H,H)=8.1 Hz, 1H; H)), 8.15 (ddd, *J(H,H)=
7.0, 5.7 Hz, *J(H,H)=1.0 Hz, 1H; Hp), 8.07 (ddd, *J(H,H)=7.9,
7.8 Hz, *J(H,H)=1.2 Hz, 2H; H,), 7.79 (ddd, *J(H,H)=8.0, 7.9
Hz, “J(H,H)=1.3 Hz, 1H; Hp), 7.69 (d, *J(H,H) = 5.4 Hz, 2H;
H,),7.45(ddd, *J(H,H)=7.5,5.5Hz, *J(H,H)=1.2 Hz, 2H; H,),
7.32(d, *J(H,H)=5.6 Hz, |H; Hy;), 7.09 (ddd, *J(H,H)=8.0, 7.9
Hz, “J(H,H) = 1.3 Hz, 1H; Hg), 5.89 (s, 2H; Ru—O0H>). Amax
(H,0) (¢ M~ ecm™"): 476 nm (8.4 x 10%). ESI-MS: m/z: 590
[(M—H,0—ClOy4) "] (anal. calcd for C»sHoCINsO4Ru™: m/z =
590.02); elemental analysis caled (%) for Co5H, Cl,NsO9Ru: C
42.44, H 2.99, N 9.90; found: C 42.24, H 3.03, N 9.86.

[Ru(tpy-OMe)(bpy)(OH,)](ClO4), (2b). Yield: 52%; 'H
NMR (400 MHz, D,0): 6 = 9.55 (d, *J(H,H) = 5.6 Hz, 1H:;
H,), 8.68 (d, *J(H,H)=8.0 Hz, 1H; Hp), 8.46 (d, *J(H,H)=8.4
Hz, 2H; H,), 8.36—8.31 (m, 2H; Hy(), 8.26 (s, 2H; H,),
8.03—7.97 (m, 3H; Hp,), 7.84 (d, *J(H,H) = 4.8 Hz, 2H; H,),
7.70(t,*J(H.H)=7.6 Hz, 1H; H}), 7.44 (d, *J(H,H)=5.6 Hz, 1H;
Hy), 7.34 (t, >J(H,H) = 6.4 Hz, 2H; H,), 6.99 (t, *J(H,H) = 6.4
Hz, 1H; Hg), 4.28 (s, 3H; OMe). Apax (H,0) (e (M~ ' cm™1): 479
nm (9.7 x 10%). ESI-MS: m/z: 650 [(M—H,0—Cl0O,)"] (anal.
caled for C»7H»3CINsOgRu T2 m/z = 650.04); elemental analysis
caled (%) for C26H23C12N5010RU'H201 C 4134, H 334, N
9.27; found: C 41.22, H 3.53, N 9.14.

[Ru(tpy)(bpy-OMe)(OH,)](C104), (3b). Yield: 64%; 'H
NMR (400 MHz, [Dg]DMSO): 6 =9.25 (d, *J(H,H) = 6.5 Hz,
1H; H ), 8.84 (d, *J(H,H)=8.1 Hz, 2H; H,), 8.71 (d, *J(H,H) =
8.1 Hz, 2H; H,), 8.60 (d, “J(H,H) = 2.6 Hz, 1H; H)), 8.29
(d, *J(H,H)=2.6 Hz, 1H; Hp), 8.26 (t,*J(H,H)=8.1 Hz, 1H; H)),
8.05(ddd, *J(H,H)=6.9, 6.8 Hz, *J(H,H)=1.4 Hz, 2H; H_), 7.82
(dd, 1H, *J(H,H)=6.5Hz, *J(H,H)=2.6 Hz; Hp),7.79 (d, *J(H,
H)=4.8 Hz,2H; H,), 7.47 (ddd, *J(H,H)=6.8, 6.5 Hz, *J(H,H)=
1.1 Hz, 2H; H,), 6.94 (d, J(H,H) = 6.7 Hz, 1H; Hy;), 6.69 (d,
3JHH) = 6.7, “J(HH) = 2.6 Hz, 1H; Hg), 5.65 (s, 2H;
Ru—O0H->), 4.20 (s, 3H; OMe), 3.83 (s, 3H; OMe). Amax (H,0)
(¢ M7 em™"): 483 nm (9.9 x 10°). ESI-MS: m/z: 650
[(M—H,0—ClO,4) "] (anal. caled for C>7H»3CINsOgRu™: m/z =
650.04); elemental analysis caled (%) for C,7H,5CILN5O -
Ru-H,0: C 41.28, H 3.46, N 8.92; found: C 41.24, H 3.39,
N 8.80.

[Ru(tpy-OMe)(bpy-OMe)(OH,)](ClOy), (4b). Yield: 42%;
'"H NMR (400 MHz, D,0): ¢ =9.30 (d, *J(H,H) = 6.4 Hz, 1H;
H,),8.44(d,J(H,H)=8.0 Hz, 2H; H,), 8.24 (s, 2H; H,), 8.19 (s,
1H; Hp), 7.98 (t, *J(H,H) = 8.0 Hz, 2H; H.), 7.91 (d, *J(H,H) =
5.6 Hz, 2H; H,), 7.87 (d, *J(H,H) = 2.4 Hz, 1H; H}), 7.65 (dd,
3J(H,H)=6.4 Hz, *J(H,H)=2.4 Hz, 1H; Hy), 7.37 (t, *J(H,H) =
6.4 Hz, 2H; H,), 7.13 (d, *J(H,H) = 6.4 Hz, 1H; Hy,), 6.60 (dd,
3J(H,H)=6.4 Hz, *J(H,H)=1.2Hz, 1H; Hg), 4.27 (s, 3H; OMe),
4.23(s,3H; OMe), 3.85 (s, 3H; OMe). Aax (H20) (e (M 'em™1):
487 nm (10.2 x 10%). ESI-MS: m/z: 680 [(M—H,0—ClO,)"]
(anal. caled for C,5H,sCINsO;Ru ™1 m/z = 680.05); elemental
analysis caled (%) for CpgH,7C1LN5O,Ru: C,42.17; H, 3.41; N,
8.78. Found: C, 41.97; H, 3.73; N, 8.67.

[Ru(tpy-C1)(bpy)(OH,)](Cl1O4) (5b). Yield = 67%; '"H NMR
(400 MHz, [Dg]DMSO): 6=9.48 (d, *J(H,H)=4.8 Hz, IH; H ),
9.15 (s, 2H; H,), 8.96 (d, *J(H,H) = 8.0 Hz, 1H; H)), 8.81 (d,
*J(H,H)=8.0 Hz, 2H; H,), 8.64 (d, *J(H,H)=8.0 Hz, 1H; Hp),
8.44 (ddd, *J(H,H) = 8.0 Hz, “J(H,H) = 1.2 Hz, 1H; H), 8.15
(ddd, *J(H,H) = 5.6 Hz, “*J(H,H) = 1.2 Hz, 1H; Hy), 8.10 (ddd,
3J(H,H)=8.0 Hz, *J(H,H)=1.2 Hz, 2H; H,), 7.80 (ddd, *J(H,H)=
7.6Hz, *J(H,H)=1.2Hz, 1H; Hp),7.71 (d,*J(H,H)=5.2 Hz, 1H;
H,),7.48 (m, 3H; Hj, ), 7.07 (ddd, *J(H,H)=6.0 Hz, *J(H,H) =
1.2 Hz, 1H; Hy), 5.88 (s, 2H; H,0). Apax (H20) (¢ (M ' cm™'):
478 nm (10.8 x 10%). ESI-MS: m/z: 624 [(M—H,0—ClO,)"]
(anal. caled for C»sH gCIL,NsO4Ru *: m/z = 623.98); elemental
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analysis calcd (%) for C,sH,Cl3NsOgRu-H,0: C 39.51, H
2.92, N 9.22; found: C 39.30, H 3.00, N 9.18.

[Ru(tpy)(bpy-Cl)(OH,)](ClOy), (6b). Yield: 72%; 'H NMR
(400 MHz, [Dg]DMSO): 6: 9.40 (d, *J(H,H)=4.0 Hz, 1H; H.,),
9.28 (d, *J(H,H) =2.0 Hz, 1H; Hp), 8.98 (d, *J(H,H)=2.4 Hz,
1H; Hy), 8.87 (d, *J(H,H)=8.0 Hz, 2H; H.), 8.73 (d, *J(H,H) =
8.0 Hz, 2H; H,), 8.34 (m, 2H; H ), 8.08 (ddd, *J(H,H)=7.6 Hz,
*J(H,H)=1.2 Hz, 2H; H,), 7.79 (d, *J(H,H) = 4.8 Hz, 2H; H,,),
7.45 (ddd, *J(H,H)=6.0 Hz, “J(H,H) = 1.2 Hz, 2H; H,), 7.32 (d,
3J(H,H)=6.4 Hz, |H; Hg), 7.22 (ddd, *J(H,H)=6.0 Hz, “J(H,H) =
2.0 Hz, 1H; Hyp), 5.95 (s, 2H; H0). Apmax (H20) (¢ M ' em™Y):
490 nm (11.9 x 10%). ESI-MS: m/z: 660 [(M—H,0—ClO,)"]
(anal. caled for C,sH7ClsNsO4Ru *: m/z = 659.94); elemental
analysis calcd (%) for C,sH9Cl4NsO9Ru-H>O: C 37.80, H
2.66, N 8.82; found: C 38.23, H 2.39, N 8.83.

[Ru(tpy-CI)(bpy-CI)(OH,)](ClOy), (7b). Yield: 26%; poor
yield is due to low solubility of [Ru(tpy-Cl)(bpy-C)CI]CI in
water. "H NMR (400 MHz, [D¢]DMSO): 6 =9.37 (d, *J(H,H) =
6.4 Hz, 1H; H,),9.28 (s, IH; Hp), 9.14 (s, 2H; H,), 8.98 (s, 1H;
Hp), 8.79 (d, *J(H,H)=8.0 Hz, 2H; H,), 8.32 (d, *J(H,H)=4.8
Hz, 1H; Hp),8.11(t,*J(H,H)=7.6 Hz,2H; H,), 7.81 (d, *J(H,H)=
4.8 Hz, 2H; H,), 7.47 (m, 3H; Hg ), 7.19 (d, *J(H,H) = 4.8 Hz,
1H; Hp), 5.94 (s, 2H; H>0). Apnax (H20) (e M~ ecm™1): 493 nm
(13.0 x 10%). ESI-MS: m/z: 694 [(M—H,0—Cl0,4) "] (anal. calcd
for CosH;4CIuNsO Ru™: m/z=693.90); elemental analysis caled
(%) for CosH;sClsNsOgRu: C 37.03, H 2.24, N 8.64; found:
C 37.43, H 2.30, N 8.70.

[Ru(tpy-COOH)(bpy)(OH,)](CIO4), (8b). Yield: 75%:; 'H
NMR (400 MHz, D,0): 6 = 9.58 (d, *J(H,H) = 5.2 Hz, 1H;
H ),9.05(s,2H; H,), 8.73 (d, *J(H,H)=8.0 Hz, IH; H}), 8.58 (d,
3J(H,H)=8.0 Hz, 2H; H,), 8.38 (m, 2H; H (), 8.09 (t, *J(H,H) =
6.4Hz, 1H; Hg),8.04 (t,°J(H,H)=7.6 Hz, 2H; H.), 7.83 (d, *J(H,
H)=5.2Hz, 2H; H,), 7.72 (t, *J(H.H)=7.2 Hz, 1H; Hp), 7.40 (t,
3J(H,H)=6.8 Hz, 2H; H,), 7.28 (d, *J(H,H)=5.6 Hz, 1H; Hy)),
6.95 (t, *J(H,H) = 6.8 Hz, 1H; Hg). Amax (H20) (¢ M~ ' em™):
484 nm (9.6 x 10%). ESI-MS: m/z: 634 [(M—H,0—Cl04) "] (anal.
caled for CogH oCINsOgRu™: m/z = 634.01); elemental analysis
caled (0/()) for C26H21C12N5011Ru'2H20: C 3966, H 320,
N 8.89; found: C 39.29, H 3.05, N 8.83.

[Ru(tpy)(bpy-COOH)(OH,)](Cl1O4), (9b). Yield: 90%:; 'H
NMR (400 MHz, D,0): 6 = 9.67 (d, *J(H,H) = 6.0 Hz, 1H;
H,),9.16 (d, *J(H.H)=1.2 Hz, 1H; H},), 8.81 (d, *J(H,H)= 1.6
Hz, 1H; Hp),8.55(d, *J(H,H)=8.0 Hz, 2H; H,), 8.41 (m, 3H; H, ),
8.22 (t, *J(H,H) =8.0 Hz, 1H; H)), 7.92 (ddd, *J(H,H)=8.0 Hz,
‘J(H,H)= 1.6 Hz, 2H; H,), 7.65 (d, *J(H,H) = 5.6 Hz, 2H; H,),
7.54 (d, *J(H,H) = 8.0 Hz, “*J(H,H) = 1.2 Hz, 2H; Hg), 7.34
(dd, 3J(H,H) = 6.0 Hz, *J(H,H) = 1.6 Hz, 1H; Hj;), 7.26 (ddd,
SJ(HH) = 5.6 Hz, *J(H,H) = 1.2 Hz, 2H; H,). Amax (H20) (¢
(M~ em™Y): 488 nm (12.7 x 10%). ESI-MS: m/z: 678 [(M—
H,0—ClO4) "] (anal. caled for C,;HoCINsOsRu™: m/z =
678.00); elemental analysis calcd (%) C,7H,;ClLN50;3Ru-
5H,0: C 36.62, H 3.53, N 7.91; found: C 36.28, H 3.12, N 7.84.

[Ru(tpy-CO;H)(bpy-COOH)(OH,)(CIO4);  (10). Yield:
77%:; '"H NMR (400 MHz, D,0): 6 = 9.58 (d, *J(H,H) = 6.0
Hz, 1H; H ), 8.90 (d, *J(H,H) = 1.2 Hz, 1H; Hp), 8.75 (s, 2H;
H,), 8.54 (s, *J(H,H)= 1.2 Hz, 1H; H}), 8.36 (d, *J(H,H)=8.0
Hz, 2H; H,), 8.21 (dd, *J(H,H)=6.0 Hz, *J(H,H)=2.0 Hz, 1H;
Hyp), 7.80 (ddd, *J(H,H) = 7.6 Hz, *J(H,H) = 1.6 Hz, 2H; H.),
7.54(d,*J(H,H)=4.8 Hz, 2H; H,), 7.16 (m, 3H; Hy ), 7.02 (dd,
3J(H,H) = 6.0 Hz, *J(H.H) = 2.0 Hz, 1H; Hg). Amax (H20)
(¢ M " em™"): 494 nm (11.9 x 10%). ESI-MS: mjz: 722
[(M_Hzo_CIO4)+] (anal. CalCd for C28H19C1N5O]0Ru+: m/z =
721.99); elemental analysis calecd (%) for CygH, CIbN5Oqs-
Ru-4H,0: C 36.89, H 3.21, N 7.68; found: C 36.59, H 3.33, N 7.93.

Physical Methods. Electrochemical measurements were per-
formed under anaerobic conditions, and recorded with a Prin-
ceton Applied Research VersaStat 3 potentiostat using dry
solvents, a Pt or glassy carbon working electrode (diameter =
3 mm), a [Ag]/[AgCl] reference electrode, and 0.1 M HNO;



2206 Inorganic Chemistry, Vol. 49, No. 5, 2010

supporting electrolyte unless otherwise specified. Potentials
reported herein are referenced to a normal hydrogen electrode
(NHE). Routine '"H NMR spectra were recorded at 400 MHz on
a Bruker Avance 400 instrument at ambient temperature. Ele-
mental analysis and electrospray ionization (ESI) mass spectro-
metry (MS) data were collected at the University of Calgary
Instrumentation Facility. Electronic spectroscopy data were
collected using a Cary 5000 UV—vis spectrophotometer
(Varian). Density functional theory (DFT) calculations were
carried out using B3LYP (Becke’s three-parameter exchange
functional (B3) and the Lee—Yang—Parr correlation functional
(LYP)) and the LanL2DZ basis set.’®>” All geometries were
fully optimized in the ground states (closed-shell singlet, S,). All
calculations were carried out with the Gaussian 03W software
package.®® Dioxygen evolution data was recorded using a
custom-built apparatus consisting of a 10-mL round-bottom
flask equipped with a septum and a threaded side arm for
insertion of the probe; total working volume is 16.8 mL. The
flask was charged with a solution of (NHy4),[Ce(NO3)¢] (0.33 M)
in 1 M HCIO,4 (3.0 mL), and the headspace was purged with
No). A deaerated solution containing 5.0 x 107%-5.0 x 1077
mol of the catalyst was then injected through a rubber septum,
and stirred at ambient temperatures (24 + 2 °C) for the duration
of the experiment. The rate of oxygen evolution is linearly
proportional to the catalyst concentration to indicate first-order
behavior. Dioxygen evolution was monitored every 10 s with an
optical probe (Ocean Optics FOXY-OR125-AFMG) and a
multifrequency phase fluorimeter (Ocean Optics MFPF-100).
Raw data from the sensor was collected by the TauTheta Host
Program and then converted into the appropriate calibrated O,
sensor readings in “%0O,” by the OOISensors application.

Results and Discussion

Catalytic water oxidation studies of 1a and 1b—10b were
carried out using previously established protocols as a guide:
Ce(IV) (in excess) was utilized as the sacrificial oxidantin 1 M
HCIOy4; O, evolution was quantified with an optical probe in
the headspace of the closed reaction vessel.”* Because
a direct comparison of catalytic behavior for documented
water oxidation catalysts is rendered difficult by the diverse
set of reaction conditions used by different research groups
(Supporting Information, Table S1), we also provide the
performance of a well-defined catalyst recently reported by
Meyer et al.,'* [Ru(tpy)(bpm)(OH,)]*" (11; bpm = 2.2’
bipyrimidine, Figure 1), recorded under our reaction condi-
tions to serve as a comparison. We note that the oxidation of
water in the presence of Ce(IV) is thermodynamically favor-
able (eq 1),*" but the amount of oxygen formed on the time
scale of our experiments is negligible; the presence of a Ru
catalyst results in a significant increase in the rate of dioxygen
evolution. The possibility that RuO,-xH»0, a potential de-
composition product, is a significant source of oxygen pro-
duction is ruled out on the basis that: (i) commercial RuO,
and several less-stable Ru complexes (listed in Supporting
Information, Figure S1) did not produce significant quan-
tities of oxygen (i.e., amount of O, generated is equivalent to

(26) Frisch, M. J.; Pople, J. A.; Binkley, J. S. ol 1984, S0,
3265-9.

(27) Gill,P.M. W.;Johnson, B. G.; Pople,J. A.; Frisch, M. ittt
Letr. 1992, 197, 499-505.

(28) Frisch, M. J. et al. Gaussian 03, Revision ¢.02; Gaussian Inc.:
Wallingford, CT, 2004.

(29) Deng, Z. P.; Tseng, H. W.; Zong, R. F.; Wang, D.; Thummel, R.

. 2008, 47, 1835-1848.

(30) Kanan, M. W.; Surendranath, Y.; Nocera, D. G. il
2009, 38, 109-114.

(31) Mills, A. (imieiay 1989, /8, 285-316.
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TON = 5); (ii) the catalyst can be recovered when 30 equiv
of Ce(IV) is added to 1b;'® and (iii) RuO, at the Ce/Ru
molar ratio used in our experiments oxidizes to form cata-
lytically inactive RuOg4.%** All of the compounds listed in
Figure 1 were found to be competent catalysts under said
conditions; however, the aqua-ligated species 1b—10b
exhibited a shorter induction period and a higher initial
rate relative to the Cl -ligated derivatives 1a—10a. The
initial phase of our experiments were designed to unravel
this disparate behavior, and to identify sources of catalyst
deactivation/decomposition. Studies were then carried out
to delineate how catalyst activity and stability is affected
by the identity of the terminal substituents. Results
from this series of experiments are outlined accordingly
below.

4Ce" +2H,0 =—— 0, +4H*' +4Ce™
1 M HCIO4

E° = 4047V (1)

Identity of Active Form of Catalyst. The notion that
mononuclear polypyridyl Ru complexes are capable of
catalyzin% the oxidation of water has only recently gained
traction.”>™ !> Given that dioxygen formation was ob-
served using compounds structurally related to 1a, it was
proposed that these complexes undergo an expansion of
the primary coordination sphere to retain the Ru—Cl
bond within the catalytic cycle.'® A series of experiments
by Sakai et al.,'> however, have suggested that the
catalytically active form of the catalyst is the Ru—OH,
species, 1b. The dioxygen evolution data recorded on the
halide- and aqua-ligated compounds suggests that the
Ru—Cl complexes 1a—10a serve as “pre-catalysts” to
their respective analogues 1b—10b (Supporting Informa-
tion, Figure S2).

Using Proton H, (or Hy-) as a spectroscopic handle,
we used "H NMR spectroscopy to gain a better under-
standing of the behavior of these complexes in solution
(Figure 3). The spectrum of 1a, for example, shows that
the Ru—Cl bond is retained in [Dg]DMSO (Figure 3a).
When this complex is dissolved in D,0, however, the
spectral profile of [Ru(tpy)(bpy)(OD,)]*" emerges
(Figure 3b) producing significant quantities of the aqua-
ligated species within 3 h (Figure 3c). Taking into consi-
deration that Cg symmetry is preserved, 1a is converted to
1b in aqueous media. This process is accelerated in acidic
media: the pseudo-first order rate constants of CI™ dis-
placement by D,O for laare 8.0 x 10 >and 9.7 x 10 °s™!
in D,O and 0.1 M H>SOy, respectively (Figures 3 and S3 in
the Supporting Information). Halide substitution by H,O
in acidic media was also verified by UV—vis experiments
(Supporting Information, Figure S4). Similar behavior
was observed for 2a—10a, but the rate of Cl~ exchange
by D,O is faster when ligands bearing electron-donating
groups (EDGs) are used; that is, the relative rate of
Cl™ displacement by solvent follows 3a > 1a > 6a (note
that the CI™ ligand of 1ais not displaced by [Dg]DMSO or
CD;CN over a 1 week period; Figure 3a). The increased
lability of the halide ligand is ascribed to increased elec-
tronic repulsion between the filled Ru and Cl™ z-orbitals.

(32) Kiwi, J.; Gratzel, M.; Blondeel, G. | N |} )} NI 1953,

2215-2216.

33) Milis, A. | NN 1952, 1213-1216.
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Figure 3. '"H NMR spectra highlighting the conversion of 1a to 1b in
aqueous media: (a) 1a in [Dg]DMSO; (b) 1a in D,O after 5 min; (c) 1a in
D,0 after 3 h (relative concentrations of 1a and 1b are 45% and 55%,
respectively); (d) 1b in D,O.

These observations collectively indicate that water
oxidation by catalysts related to 1a are more likely to
adhere to a mechanism proposed by Meyer et al.,'* and
decreases the likelihood that a 7-coordinate intermediate
occurs to retain the Ru—Cl bond** (we note that the
expansion of the first coordination sphere may still occur
in systems with strained ligand environments'*3%). Our
assessment is substantiated by the following observa-
tions: (i) there is a longer observed induction period for
1a relative to 1b in the dioxygen evolution experiments
(i.e., 1b exhibits higher catalytic activity than 1a; see
Supporting Information, Figure S2); (ii) the catalytic
activity of 1b is suppressed by competing solvents (e.g.,
MeCN) and/or anions (e.g., C1~"%); (iii) the Ru(IV) (and
Ru(V)) oxidation level is not accessible within the solvent
window for 1a because of a lack of charge stabilization by
PCET processes (vide infra); and (iv) significant quanti-
ties of 1b are observed by UV—vis and NMR experiments
when 1a is dissolved in (acidic) aqueous media.

Catalyst Deactivation. With the recognition that the
aqua-ligated compounds 1b—10b exhibit higher catalytic
activity, experiments were carried out to examine the fate
of 1b to elucidate possible deactivation pathways. For
instance, the workup of a reaction involving the addition
of 1000 equiv of Ce(IV) to 1bin acidic media revealed that
a significant quantity of 2,2-bipyridine N,N’-dioxide
(bpydo) was produced (Supporting Information, Figure
S5). This same species was observed by electrospray-
ionization mass spectrometry (ESI-MS) in independent

(34) Tseng, H. W.; Zong, R.; Muckerman, J. T.; Thummel, R. [gorg,
Chew. 2008, 47, 11763-11773.

(35) Duan, L. L.; Fischer, A.; Xu, Y. H.; Sun, L. C. i
2009, /31, 10397-10399.
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Table 1. Bond Lengths (in A) for 1b and Potential Higher-Valent Ru Catalytic
Intermediates Determined by DET¢

[Ru(tpy)(bpyL)I* Ru-N' Ru-N?
[Ru(tpy)(bpy)(OH, ) 2101 2.056
[Ru(tpy)(bpy)(OH)Z* 2101 2125
[Ru(tpy)(bpy)(O)F* 2112 2203

“ A numbering scheme for the N atoms is provided.

experiments. On this basis, the dissociation of bpy likely
represents a deactivation pathway. Note that bpydo is not
generated when bpy is stirred in a 1 M HCIOy4 solution
containing 1000 equiv of Ce(IV). In light of these results,
we contend that the generation of this organic byproduct
under acidic, oxidizing reaction conditions should be
taken into consideration for related ligands in other
systems.

There was no evidence to support the dissociation of
tpy from the metal site in said decomposition ex-
periments. While this observation may be attributed
solely to the chelate effect, we explored this point in
further detail by examining the relative metal—ligand
bond distances of geometry-optimized structures calcu-
lated by DFT (Table 1 and Supporting Information,
Table S2). An examination of the bond distances for a
series of likely intermediates derived from 1b within a
plausible catalytic cycle (e.g., cycle proposed by Meyer
et al.'®3%) reveals no appreciable change in the Ru—Npy
bond distances (Supporting Information, Table S3). While
the same holds true for the Ru—N! bond cis to L, the
Ru—N? bond trans to the Ru—O bond(s) increases signifi-
cantly at higher oxidation levels. This feature presumably
increases the lability of the Ru—Ny,, bond to provide a
deactivation pathway that ultimately leads to the loss of bpy.

Correlation of Catalytic Performance to Electronic
Parameters. Having established the catalytic behavior
of 1b, we modified the polypyridyl scaffold of the complex
with various EDGs and electron-withdrawing groups
(EWGs) to furnish 2b—10b (Figure 1). These compounds
present the opportunity to systematically analyze how the
s-accepting nature of the polypyridyl ligands affect cat-
alyst performance under conditions relevant to water
oxidation (a full complement of characterization data is
provided in Table 2). Electrochemical data recorded in
aqueous media for 1b—10b and 11 show that higher
oxidation levels are accessible as a consequence of PCET
steps stabilizing the charge of the complex. Cyclic volta-
mmograms of the aqua-ligated complexes are generally
characterized by two reversible le~ oxidation processes
accompanied with H loss to produce [Rugtpy—Rl)(bpy—
R?)(OH)*" and [Ru(tpy-R")(bpy-R*)(0)]*" in succes-
sion. The le™ oxidation of the respective Ru(IV)-oxo
species are observed along with a catalytic wave corre-
sponding to water oxidation. The trends in the electro-
chemical data for the series are consistent with the nature
(i.e., m-donor: —OMe; m-acceptor: —COOH; z-donor/
o-acceptor: —Cl), number, and position of the substi-
tuents about the polypyridyl framework. A feature that is

(36) Chen, Z.; Concepcion, J. J.; Jurss, J. W.; Meyer, T. J. jondiiiminbsiin
Soc. 2009, 131, 15580-15581.
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Table 2. Summary of Electrochemical Data and Catalytic Parameters for 1a, 1b—10b, and 11

Eyj5(V vs NHE)

class compound Ru(I1T)/(IT) Ru(IV)/(I1I) Ru(V)/(IV)” kops (x107s7H¢ TON?
parent la 1.05¢ 3.7 290
1b 1.04 1.15 1.73 5.1 320
—OMe 2b 0.99 1.19 1.69 52 200
3b 0.91 1.18 1.63 11 100
4b 0.87 1.11 1.65 12 60
—Cl 5b 1.07 1.13 1.74 5.4 270
6b 1.11 1.16 1.71 2.6 480
7h 1.16 1.21 1.74 2.8 400
—COOH 8b 1.11 — 1.80 6.8 210
9b 1.16 - 1.80 2.0 460
10b 1.20 —/ 1.82 33 200
other 1" 1.17 <1.17 1.70 6.0 50

“ Samples (ImM) dissolved in 0.1 M HNOj,q, (pH = 1.07) were measured at 50 mV/s and referenced to a Ag/AgCl (3 M NaCl) electrode followed by
conversion to NHE ([Ag]°/[AgCI] vs NHE = 210 mV) unless otherwise indicated. Assignment of proton-coupled oxidation waves are indicated: Ru(Il) =

[Ru(I)—OH,]**; Ru(I1l) = [Ru(Il))—OH]**; Ru(IV) =
onset of catalytlc oxidation of H,0; E,
function of time.>

[Ru(IV)=0P**; and Ru(V) =
L indicated. “ First-order rate constant (£10%) was extracted by an exponential fitting of O, evolution data as a
74TON = catalytic turnovers after 3 h; defined as mol O>/mol catalyst.© Recorded ina 0.1 M NH4BF4 MeCN solution at 100 mV/s and

[Ru(V)=0J**.® Redox process can be difficult to identify within

referenced to a [Fc]/[Fc]" internal standard; reported vs NHE ([Fc]/[Fc]" vs NHE = 0.64 V). "Not observed under our conditions.
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Figure 4. O, evolution data for the (a) —OMe and (b) —COOH series. The parent compound 1b is provided as a benchmark in both plots.

of particular relevance to water oxidation is the observa-
tion that the Ru(V)/(IV) oxidation potential is lowest for
the —OMe series 2b—4b (~+1.7 V), while the —COOH
substituents lead to the highest oxidation potentials
(~+1.8 V). The Ru(IV)/(IIT) redox process for com-
pounds bearing the —COOH substituents (i.c., 8b—10b)
could not be resolved. The observation that these two
waves are resolved for the —Cl series, Sb—7b, highlights
how the m-donating/-withdrawing character of the termi-
nal substituents stabilizes different redox levels. Note that a
single wave at +1.17 V corresponding to a 2¢” /2H ™ process
occurs for 11in 1M HClOy(,q), @ consequence of the lower
thermodynamic stability of the gRu —OHJ*" species rela-
tive to the [Ru'"Y=0]*" species."*

Under our reaction conditions, the oxidation of water
driven by a large excess of Ce(IV) (maximum attainable
TON is ca. 1200) in the presence of 1b—10b does not, in
general, occur at a significant rate beyond a 3 h period
(Figure 4); the diminished of catalytic activity can be
attributed to catalyst deactivation or decomposition.
Consequently, the catalytic turnover number (TON) at
this stage of the reaction provides an indirect measure of
catalyst stability. The relative TONs for the —OMe series
reveal that the additional electron density on the metal
reduces catalyst stability (e.g., 2b > 3b > 4b; Figure 4a).
The presence of EWGs on the bpy ligand enhances

catalytic stability; however, EWGs situated on the tpy
ligand compromises catalytic stability (Figure 4b). An
explanation of this trend can be rationalized by the
diminished z-backbonding to the bpy ligands caused by
the EWG on the tpy ligand, and highlights how optimal
catalyst stability is a fine balance between electron density
at the metal and r-backbonding to the most labile ligand.
Catalysts 5b—7b follow the same trend as 8b—10b, which
is consistent with the electron-withdrawing character of
the halide substituents (Supporting Information, Figure
S6). The relative stabilities of these compounds are con-
sistent with trends in bond lengths of the optimized
geometries for 1b—10b calculated using DFT. While these
observations have not been explicitly addressed in the
literature, our conclusions are corroborated by assessing
the rellfltive TON:S reported for other mononuclear cata-
lysts. -

The rates of dioxygen evolution were all found to
exhibit pseudo-first-order behavior with respect to catalyst
concentration for 1b—10b and 11; thus, the rate constant
could be extracted by fitting the data to an exponential
function (Supporting Information, Figure S8).*” The
catalytic data presented in Table 2 reveals that higher kg

(37) Xu, Y. H.; Akermark, T.; Gyollai, V.; Zou, D. P.; Eriksson, L.; Duan,
L. L.; Zhang, R.; Akermark, B.; Sun, L. C. jigigeimbg 2009, 48, 2717-2719.
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values are generally observed for complexes bearing
electron-donating substituents (e.g., 2b—4b). We attri-
bute this trend to the accessibility of the Ru¥ =0 level,
or the release of dioxygen from a Ru'Y(O,) or RuV(0,)
complex enhanced by the presence of 7-donating groups in
the mechanism put forth by Meyer et al.'* The fact that the
—OMe series, which exhibit a Ru(V)/Ru(IV) couple at
about 0.15 V less than the —COOH series, produces the
highest kqps values supports the notion that accessibility of
the Ru(V) level represents a possible rate-determining step
within the catalytic cycle. Catalyst deactivation may sup-
press the observed ks values because the competing rates
of catalytic activity and decomposition are difficult to
delineate under these conditions; studies are currently
underway to further understand these events.

Conclusion

The suite of compounds presented in this study provides
the opportunity to directly assess how electronic factors
affect catalytic rate and stability in the context of water
oxidation. An important outcome of this study is a strong
correlation between catalyst activity and stability to the
position and identity of various EDGs/EWGs on the
polypyridyl ligands. It is also recognized that the bidentate
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ligands for catalysts related to 1b are labile under conditions
relevant to water oxidation, and the appropriate installation
of EWGs can suppress this decomposition pathway. The
recognition that the Ru—Cl bond is not robust in conditions
relevant to water oxidation is also important in developing
plausible mechanisms for the water-splitting reactions.
Collectively, these factors provide some important clarifi-
cation of the catalytic behavior of 1b (and related systems),
and should be considered in the collective pursuit of stable
water-splitting catalysts.
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