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ABSTRACT: The syntheses and physicochemical properties of nine bis-tridentate
ruthenium(II) complexes containing one cyclometalating ligand furnished with terminal
triphenylamine (TPA) substituents are r IE)orted The structure of each complex conforms
to a molecular scaffold formulated as [Ru" (TPA-2,5- thlophene -pbpy) (Mestctpy)] (pbpy =
6-phenyl-2,2/-bipyridine; Mestctpy = trimethyl-4,4’,4" -tricarboxylate-2,2":6',2"-terpyri-

dine), where various electron-donating groups (EDGS) and electron-withdrawing groups
(EWGs) are installed about the TPA unit and the anionic ring of the pbpy ligand. It is found
that the redox chemistry of the Ru center and the TPA unit can be independently
modulated by (i) placing EWGs (e.g., —CF3) or EDGs (e.g.,, —OMe) on the anionic ring of
the pbpy ligand (substituted sites denoted as R, or R;) and/or (ii) installing electron-
donating substituents (e.g., —H, —Me, —OMe) para to the amine of the TPA group (i.e.,
R,). The first oxidation potential is localized to the TPA unit when, for example, EDGs are
placed at R; with EWGs at R, (e.g,, the TPA""/TPA° and Ru™/Ru" redox couples appear
at +-0.98 and +1.27 V vs NHE, respectively, when R, =

tunable TPA
oxidation potential
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i N CO,Me
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—OMe and R, = —CF;). This situation is reversed when Ry = EDG and R, =

—H: TPA-based and metal-centered oxidation waves occur at +-1.20 and +1.11 V vs NHE, respectively. The UV—vis spectrum for
each complex is broad (e.g., absorption bands are extended from the UV region to beyond 800 nm in all cases) and intense (e.g., € ~

10" M~

-cm™ ') because of the overlapping intraligand charge-transfer and metal-to-ligand charge-transfer transitions. The

information derived from this study offers guiding principles for modulating the physicochemical properties of bichromic

cyclometalated ruthenium(II) complexes.

B INTRODUCTION

Cyclometalated ruthenium(II) complexes have recently emerged
as a promising class of sensitizers for use in dye-sensitized solar
cells (DSSCs) "7 Indeed, complexes formulated as Ru(dcbpy)z-
(C"N)]" [dcbpy = 4,4-dicarboxy-2,2" -bipyridine; C"N = cy-
clometalating ligand (e.g., 2-phenylpyridine)] have proven to be
viable alternatives to conventional hlgh performance ruthenium-
based dyes [e.g,, [Ru(dcbpy),(NCS),] (N3)]® because of their
broad absorbance proﬁles and suitable ground- and excited-state
oxidation potentials.*> Moreover, cyclometalated derivatives
offer a significant advantage over conventional dyes in that the
absence of NCS™ ligands about the Ru center circumvents access
to significant degradation pathways within an operating cell; e.g,,
the monodentate NCS™ groups can be displaced by additives in
the electrolyte.” The first documented DSSC containing a
cyclometalated Ru sensitizer was provided by van Koten et al.
in the form of a bis-tridentate complex [e.g, [Ru'(tpy)-
(pdcbpy)]™ (tpy = 2,2":6'2"-terpyridine; pdcbpy = 4,4'-dicar-
boxy-6-phenyl-2,2'-bipyridine].> While the performance of this
dye in the DSSC was modest, we have shown that derivatives of
this complex can exceed power conversion efficiencies (7) of 8%."°
Moreover, independent report by Gratzel et al, demonstrated
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that the cyclometalated complex [Ru(dcbpyH,),(ppyF,)]™
[ppyF, = 2-(2,4-difluorophenyl)pyridine] could generate power
conversion efficiencies in excess of 10.1%.* This result has
heralded a new paradlgm of dye development because it repre-
sents the first champlon (i.e, n > 10%) dye devoid of
NCS™ groups.>''~ 16

Building on these and related studies by Sauvage et a
Hammarstrom et al,'**"** and others,* >® our program has
focused exclusively on systematically modulating bidentate and
tridentate cyclometalated ruthenium(II) complexes to gain a
fundamental understanding of how to modulate the optical and
electrochemical properties of this class of dyes. In general,
cyclometalated ruthenium complexes contain a highest occupied
molecular orbital (HOMO) that is extended over the metal and
anionic portion of the cyclometalating ligand.>"**” 3" Because
the lowest unoccupied molecular orbital (LUMO) is localized to
the neutral polypyridyl ligands, a series of broad absorption
bands in the visible region arise from a suite of mixed-metal-
ligand-to-ligand charge-transfer transitions.'>* Notably, these
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Chart 1. Designation of Compounds”

: Substituent
Complex Ligand
-R4 Ry -Rj
L1 -H -H

L2 -Me -H
L3 -OMe -H
L4 -H -CF3
L5 -Me -CF3
L6  -OMe -CFs
B W i
L8 -Me -H
L9 -OMe -H

© O N o R W N =

“Counterion = NO;~ for 1-9.

transitions also position the excited-state electron density on the
polypyridyl ligand attached to the semiconductor to enable rapid
and efficient charge injection into a TiO, collecting electrode.>**3°
Moreover, replacement of the NCS™ groups with a cyclometa-
lating ligand offers the unique opportunity to independently tune
both the metal-based HOMO and the ligand 77*-based LUMO.***®

To further expand on this chemistry, we have set out to
consolidate these organometallic dyes®*”~** with organic tri-
phenylamine (TPA) fragments™ *® as a means of generating
broad, intense absorbance bands in the visible region. While bis-
tridentate polypyridylruthenium complexes containing TPA
donor units are known,*”*® they are not ideal for sensitizing
TiO, because of a relatively narrow absorption band coupled
with a low 77* energy level.”**’ An examination of heteroleptic
cyclometalated ruthenium(II) bichromic complexes disclosed in
our previous study demonstrated that cyclometalating ligands
serve to desymmetrize the local geometry and raise the filled
frontier orbitals to induce a broad spectral profile extending
beyond 800 nm, while pushing up the 7* energy levels to
enhance the possibility for electron injection into TiO,.'* More-
over, we have found that the TPA and metal-based chromo-
phores exist as electrochemically independent units, thereby
offering acute control of each of the chromophore units.

Our previous work identified that the optimal dye motif for
sensitizing TiO, is the situation where the organometallic bond is
located cis to the central ring of the tridentate TPA-bearing
ligand (e.g., Chart 1)."° Not only does this arrangement balance
light absorption and electron-injection events, it also provides
the opportunity to induce an electronic cascade effect that
effectively shuttles holes away from the surface.*”*°%* Under
the auspices of these motivating factors, we detail herein our
efforts to further develop the molecular platform in Chart 1 to
examine how the optical and electrochemical properties are
affected by terminal substituents at both TPA (e.g, R;) and the
metal chelate (e.g,, R, and Rs). This family of bichromic dyes
reveals that the ruthenium-based redox potential can be tuned
independently of the TPA redox potential by substitution of the
R,/R; positions of the pbpy chelate with electron-withdrawing
groups (EWGs; i.e., —CF3) or electron-donating groups (EDGs;
ie, —OMe). Similarly, tuning of the TPA"" /TPA” oxidation

potential can be achieved by substitution (e.g., —H, —Me, —OMe)
at the Ry site of the TPA without affecting the metal-based redox
potentials. Systematic substitution of these two chromophore units
reveals that the electrochemical behavior can be adjusted such that the
HOMO resides on either the metal or the TPA unit. This control over
the relative energy alignment between the two chromophores offers
another handle for optimizing this class of dyes for the DSSC and
presents a promising route for developing “black dye” analogues that
are devoid of NCS ™ groups.>

B EXPERIMENTAL SECTION

Preparation of Compounds. All reactions and manipulations
were performed using solvents passed through an MBraun solvent
purification system prior to use. All reagents were purchased from
Aldrich except for RuCl-3H,O (Pressure Chemical Co., Pittsburgh, PA)
and trimethyl-4,4’,4" -tricarboxylate-2,2":6',2"'-terpyridine (L10; Helios
Chemical Co., Ecublens, Switzerland). Purification by column chroma-
tography was carried out using silica (silicycle: ultrapure flash silica).
Analytical thin-layer chromatography was performed on aluminum-
backed sheets precoated with silica 60 F254 adsorbent (0.25 mm thick;
Merck, Darmstadt, Germany) and visualized under UV light. Routine 'H
and "*C NMR spectra were recorded at 400 and 100 MHz, respectively,
on a Bruker AV 400 instrument at ambient temperature. Chemical shifts
(0) are reported in parts per million (ppm) from low to high field and
referenced to a residual nondeuterated solvent. Standard abbreviations
indicating multiplicity are used as follows: s = singlet; d = doublet; t =
triplet; m = multiplet. All proton assignments correspond to the generic
molecular schemes that are provided (Figure 1). Organic compounds N,N-
diphenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (P1),%®
4-methyl-N-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]-
N-p-tolylaniline (P2),”’ 4-methoxy-N-(4-methoxyphenyl)-N-[4-(4,4,5,
5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]Janiline (P3),** 4-(5-bro-
mothiophen-2-yl)-6-phenyl-2,2"-bipyridine (P4),'® N,N-diphenyl-4-[5-
(6-phenyl-2,2"-bipyridin-4-yl)thiophen-2-yl Janiline (L1H),"® 4-methyl-
N-[4-[5-(6-phenyl-2,2'-bipyridin-4-yl)thiophen-2-ylJphenyl]-N-p-tolyl-
aniline (L2H),"® 4-methoxy-N-(4-methoxyphenyl)-N-[4-[ 5-(6-phenyl-2,
2/-bipyridin-4-yl)thiophen-2-yl]phenyl]aniline (L3H),'® and 6-phenyl-2,
2/ -bipyridine (pbpy)® were prepared as previously reported. Complexes
1—3 were also prepared as previously reported.'®
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Figure 1. Generic labeling scheme for '"H NMR signal assignments.

4-(5-Bromothiophen-2-yl)-6-[ 3-(trifluoromethyl)phenyl]-2,2'-bipyridine
(P5). A mixture of 1-[2-0xo-2-[3-(trifluoromethyl)phenyl]ethyl]pyri-
dinium iodide® (1.34 g, 3.40 mmol), (E)-3-(5-bromothiophen-2-yl)-
1-(pyridin-2-yl)prop-2-en-1-one® (1.00 g, 3.40 mmol), and ammonium
acetate (6.81 g, 88.4 mmol) were refluxed in formamide (25 mL) for
14 h. The resulting heterogeneous solution was cooled to room tempe-
rature. The solid was removed by filtration, dried, and trituratured with
methanol (MeOH). The product was dried in vacuo to give 1.15 g (2.49
mmol, 73.3%) of an off-white solid. '"H NMR (400 MHz, CDCl,): &
8.69 (ddd, 1H, *J = 4.8 Hz, /] = 1.8 Hz, °] = 1.0 Hz, H,), 8.58 (ddd, 1H,
3= 8.0Hz, *J = 1.0 Hz, °] = 1.0 Hz, Hy), 8.55 (d, 1H, *J = 1.6 Hz, H,),
8.39 (s, 1H, H,),8.28 (d, 1H, *J = 7.8 Hz, H,), 7.86 (dt, 1H, ] = 7.9, % =
1.8 Hz, H,.),7.78 (d, 1H, * = 1.6 Hz, H,,), 7.69 (d, 1H, *] = 7.8 Hz, H,,),
7.61 (t, 1H, >/ = 7.8 Hz, H,), 7.44 (d, 1H, *] = 3.9 Hz, Hy), 7.35 (ddd, 1H,
*J=7.5Hz,’] = 4.8 Hz, ¥ = 1.0 Hz, Hy), 7.11 (d, 1H, °] = 3.9 Hz, H,).
13C NMR (100 MHz, CDCl,): & 1569, 156.1, 155.7, 149.2, 143.0,
142.9,140.0, 137.3,131.5, 131.4 (q, *Jcr = 32.2 Hz), 1304, 129.5,126.3,
126.1 (q, *Jer = 3.9 Hz), 124.5 (q, 'Jer = 272.5 Hz), 124.4, 124.1 (q,
g = 3.9 Hz), 121.7, 1164, 116.1, 114.7. HRMS (EI): m/z 461.9836
[(M)™] (caled for CyH;,N,F3S¥ Br': m/z 461.9836).

4-(5-Bromothiophen-2-yl)-6-(3-methoxyphenyl)-2,2' -bipyridine (P6).
A mixture of 1-[2-(3-methoxyphenyl)-2-oxoethyl]pyridinium iodide®"
(1.81 g, 5.10 mmol), (E)-3-(S-bromothiophen-2-yl)-1-(pyridin-2-yl)-
prop-2-en-1-one® (1.50 g, 5.10 mmol), and ammonium acetate (10.22
g, 133 mmol) were refluxed in formamide (25 mL) for 14 h. After the
resultant heterogeneous solution was cooled to room temperature, the
solid was removed by filtration, dried, and trituratured with MeOH. The
product was dried in vacuo to give 1.49 g (3.52 mmol, 69.0%) of an off-
white solid. "H NMR (400 MHz, CDCL,): 6 8.69 (ddd, 1H, *J = 4.8 Hz,
*I=1.8Hz,%]=1.0Hz H,), 8.61 (ddd, 1H, *J= 8.0 Hz,*J= 1.0 H, °] =
1.0 Hz, Hy), 8.51 (d, 1H, “J = 1.6 Hz, H,), 7.83 (dt, 1H, *J = 7.8 Hz, ¥ =
1.8 Hz, H,),7.78 (d, 1H, *J = 1.6 Hz, H,,), 7.73 (t, 1H, *J = 1.6 Hz, H,,),
7.68 (dd, 1H, *J = 7.9 Hz, /] = 1.6 Hz, H,), 7.43 (d, 1H, *] = 3.9 Hz, Hy),
742 (t, 1H,°] = 7.9 Hz, Hy),7.32 (ddd, 1H, * = 7.5 Hz, ] = 4.8 Hz, T =
1.0 Hz, Hy),7.10 (d, 1H, *] = 3.9 Hz, H,), 6.99 (ddd, 1H,*] = 7.9 Hz, ¥ =
1.8 Hz, = 1.0 Hz, H,,), 3.91 (s, 3H, H,). "*C NMR (100 MHz, CDCLy):
8 160.3, 157.3, 156.7, 156.0, 149.2, 143.4, 142.5, 140.7, 137.1, 131.4,
129.9, 125.9, 124.2, 121.6, 119.6, 116.5, 115.5, 114.9, 114.3, 113.0, 55.6.
HRMS (EI): m/z 422.9981 [(M) ] (caled for C, HyN,OS¥'Brt: m/z
422.9990).

General Preparation of Ligands L1H—L9H. Boronic esters
(P1—P3; 1.67 mmol) and bromides (P4—P6; 1.50 mmol) were solu-
bilized in a tetrahydrofuran (THF)/water solution (9:1; 130 mL) and
sparged for 10 min with nitrogen. K,CO3 (8.75 mmol) and Pd(PPh;),

(0.15 mmol) were then added to the reaction solution, which was then
refluxed for 14 h under nitrogen. The reaction mixture was then cooled,
and the THF layer was washed with brine. The organic fractions were
isolated after being dried with MgSOy. The resultant oil was purified by
column chromatography and then triturated with MeOH to yield the
target ligand as a solid; specific details are given below.
N,N-Diphenyl-4-[ 5-[6-[ 3-(trifluoromethyl)phenyl]-2,2-bipyridin-4-
yllthiophen-2-yljaniline (L4H). Proligands: P1 and PS. Column chro-
matography: SiO,; CH,Cl,, R¢ = 0.60. Yield: 853 mg (1.36 mmol,
81.6%); yellow-green solid. "H NMR (400 MHz, CDCl;): 6 8.70 (ddd,
1H, %] = 47 Hz, *J = 1.6 Hz, °] = 0.8 Hz, H,), 8.59 (d, 1H, *J = 1.6 Hg,
H,),8.57 (d, 1H, *] = 7.9 Hz, Hy), 8:43 (s, 1H, H,.), 8.28 (d, 1H, *[ = 7.9
Hz, H,),7.83 (d, 1H, *J = 1.6 Hz, H,,)), 7.81 (dt, 1H, > = 7.7 Hz, *] = 1.6
Hz, H,),7.68 (d, 1H,°[=7.9 Hz, H,), 7.58 (t, 1H, *] = 7.9 Hz, H,), 7.57
(d, 1H,%/ = 3.9 Hz, Hy), 7.48 (d, 2H, ] = 8.8 Hz, H,), 7.33—7.25 (m, SH,
Hy, Hy), 721 (d, 1H, *] = 3.9 Hz, Hy), 7.14 (d, 4H, °] = 9.0 Hz, H),
7.09—7.04 (m, 4H, H,, H;), *C NMR (100 MHz, CDCl;): § 156.8,
156.0, 155.8, 149.3, 148.1, 147.5, 146.5, 143.6, 140.3, 139.5, 137.1, 131.4
(q *Jcr = 32.3 Hz), 130.4, 129.6,129.5, 129.4, 127.7,127.1, 126.8, 125.9
(q *Jcr = 3.8 Hz), 125.0, 124.4 (q, Jcp = 272.3 Hz), 1242, 124.1 (q,
3k = 3.9 Hz), 123.6, 123.5, 121.6, 1163, 116.0. HRMS (ESI): m/z
626.1875 [(MH) "] (caled for Cs3oH,,F3N3S™: m/z 626.1872).
4-Methyl-N-p-tolyl-N-[4-[ 5-[6-[ 3-(trifluoromethyl)phenyl]-2,2"-bi-
pyridin-4-yllthiophene-2-yllphenyl]aniline (L5H). Proligands: P2 and
PS. Column chromatography: SiO,; CH,Cl,, R¢ = 0.54. Yield: 734 mg
(1.12 mmol, 67.4%); yellow solid. "H NMR (400 MHz, CDCl;): 0 8.71
(ddd, 1H,*] = 4.7 Hz, *] = 1.6 Hz, °] = 0.8 Hz, H,), 8.64 (d, 1H, *] = 1.6
Hz, H.), 8.61 (dt, 1H, *J=7.9 Hz, T = 1.0 Hz, Hy), 8.44 (s, 1H, H,,), 8.33
(d, 1H,°*J=7.9Hz, H,), 7.91 (d, 1H, *] = 1.6 Hz, H,,), 7.85 (dt, 1H, *] =
7.7 Hz, *T = 1.6 Hz, H,), 7.70 (d, 1H, *] = 7.9 Hz, H,), 7.65 (d, 1H, *] =
3.9 Hz, Hy), 7.62 (t, 1H, *] = 7.9 Hz, H,), 748 (d, 2H, °] = 8.8 Hz, Hy,),
7.35(ddd, 1H, *J= 7.5 Hz, ] = 4.8 Hz, /T = 1.0 Hz, H,,)), 7.25 (d, 1H, *] =
3.9 Hz, H,), 7.08 (d, 4H, *] = 8.2 Hz, H,), 7.04—6.99 (m, 6H, H, H)),
2.32 (s, 6H, H;). "*C NMR (100 MHz, CDCL,): 0 156.7, 156.0, 155.8,
149.2, 148.5, 146.7, 145.0, 143.7, 140.3, 139.2, 137.2, 133.3, 131.3 (q,
Ycr = 32.3 Hz), 130.4, 130.2, 129.4, 127.1, 126.8,126.7, 125.8 (q, ¥Jcp =
3.8 Hz), 125.2, 124.5 (q, Jer = 2723 Hz), 124.2, 124.1 (q, Jcr = 3.9
Hz),123.2,122.2,121.7,116.2,116.0,21.1. HRMS (ESI): m/z 654.2184
[(MH) "] (caled for C41H; F3N3St: m/z 654.2185).
4-Methoxy-N-(4-methoxyphenyl)-N-[4-[ 5-[6-[ 3-(trifluoromethyl)-
phenyl]-2,2'-bipyridin-4-ylJthiophen-2-yllphenyllaniline (L6H). Proli-
gands: P3 and PS. Column chromatography: SiO,; CH,Cl,, R = 0.33.
Yield: 845 mg (1.23 mmol, 73.8%); yellow-orange solid. "H NMR (400
MHz, CDCl3): 6 8.72 (ddd, 1H, > = 4.7 Hz, *J = 1.6 Hz, °] = 0.8 Hz, H,,),
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8.63 (d,1H, *J = 1.6 Hz, H,), 8.61 (dt, 1H, *J = 7.9 Hz, *J = 1.0 Hz, Hy),
8.43 (s, 1H, H,), 8.32 (d, 1H, * = 7.9 Hz, H,), 7.89 (d, 1H, ] = 1.6 Hz,
H,),7.86 (dt, 1H, %] = 7.7 Hz, *T = 1.6 Hz, H,), 7.69 (d, 1H, *] = 7.9 Hg,
H,),7.64 (d, 1H, >J = 3.9 Hz, Hy), 7.62 (t, 1H, °] = 7.9 Hz, H,,), 7.45 (d,
2H, %] =8.8 Hz, H,,), 7.34 (ddd, 1H, *J = 7.5 Hz, *] = 4.8 Hz, /] = 1.0 Hg,
Hy),7.21 (d, 1H, *J = 3.9 Hz, H,,), 7.08 (d, 4H, >] = 8.2 Hz, Hy), 6.92 (d,
2H, °] = 8.8 Hz, H)), 6.84 (d, 4H, *] = 82 Hz, H}), 3.72 (s, 6H, Hy). °C
NMR (100 MHz, CDCL;): & 156.7, 156.4, 156.0, 155.8, 149.2, 149.1,
147.0,143.8,140.6, 140.3, 138.9, 137.2,131.4 (q, *Jcr = 32.3 Hz), 130.4,
129.4, 127.1, 127.0, 1267, 125.9 (q, YJcr = 3.8 Hz), 125.8, 124.5 (q,
Ycr = 272.3 Hz), 1243, 124.1 (q, *Jcr = 3.9 Hz), 123.0, 121.7, 120.3,
116.3,116.0, 115.0, 55.7. HRMS (ESI): m/z 686.2085 [(MH) "] (calcd
for C41H31F3N30,8": m/z 686.2084).

4-[5-[6-(3-Methoxyphenyl)-2,2'-bipyridin-4-yl]thiophen-2-yl]-N,N-
diphenylaniline (L7H). Proligands: P1 and P6. Column chromatogra-
phy: SiO,; CH,Cl,, R¢ = 0.33. Yield: 724 mg (1.23 mmol, 74.2%);
yellow-orange solid. "H NMR (400 MHz, CDCl,): 6 8.72 (ddd, 1H,
3] =4.8 Hz, 7T = 1.8 Hz, °] = 1.0 Hz, H,), 8.64 (ddd, 1H, *J = 8.0 Hz, ¥ =
1.0 Hz, °J = 1.0 Hz, Hy), 8.61 (d, 1H, *J = 1.6 Hz, H,), 7.90 (d, 1H, ¥ =
1.6 Hz, H,,),7.83 (dt, 1H, *J = 7.7 Hz,*] = 1.6 Hz, H..), 7.78 (dd, 1H, *] =
1.5and 1.0 Hz, H,)), 7.73 (dt, 1H, *J = 7.9 Hz, *] = 1.6 Hz, H,), 7.63 (d,
1H, *] = 3.9 Hz, Hy), 7.51 (d, 2H, °] = 8.9 Hz, H,), 7.43 (t, 1H, *] = 7.9
Hz, Hy), 7.32 (ddd, 1H, °] = 7.5 Hz, °] = 4.8 Hz, ] = 1.0 Hz, Hy),
7.31—7.24 (m, SH, Hy, Hy), 7.13 (d, 4H, 3 =8.1Hz, Hj),7.10—7.04 (m,
4H, H, H,),7.00 (ddd, 1H, > =7.9 Hz, * = 1.8 Hz, ¥ = 1.0 Hz, H,), 3.93
(s,3H, H,). ">*CNMR (100 MHz, CDCl,): 6 160.3, 157.2, 156.5, 156.3,
149.2,148.0,147.6, 146.2, 143.4,141.0,139.9, 137.1, 135.3,129.9, 129.6,
128.3,127.9,126.8, 124.9, 124.1,123.6,123.5,121.7,119.7,116.5, 115.5,
114.8, 113.1, 55.6. HRMS (EI): m/z 587.2059 [(M)*] (caled for
C3oH,oN;308™: m/z 587.2031).

4-[5-[6-(3-Methoxyphenyl)-2,2'-bipyridin-4-yljthiophen-2-yl]-N,N-
di-p-tolylaniline (L8H). Proligands: P2 and P6. Column chromatogra-
phy: SiO,; CH,Cl,, Re = 0.21. Yield: 665 mg (1.08 mmol, 64.8%);
yellow-green solid. "H NMR (400 MHz, CDCl,): 0 8.71 (dd, 1H, ] =
4.8 Hz, 'T= 1.5 Hz, H,), 8.63 (d, 1H, *J = 7.5 Hz, Hy), 8.59 (d, 1H, ¥ =
1.6 Hz, H,),7.89 (d, 1H, 7T = 1.6 Hz, H,,)), 7.83 (dt, 1H, %] = 7.7 Hz, ¥ =
1.6 Hz, H.), 7.78 (t, 1H, *T= 1.0 Hz, H,), 7.72 (d, 1H, *] = 7.9 Hz, H,),
7.63 (d, 1H, *] = 3.9 Hz, Hy), 7.47 (d, 2H, ] = 8.9 Hz, H,,), 7.43 (t, 1H,
*J=7.9Hz,H,),7.32 (ddd, 1H, *]=7.5 Hz, ] = 48 Hz, /] = 1.0 Hz, Hy,),
722 (d, 1H, °] = 3.9 Hz, H,), 7.09 (d, 4H, °] = 8.1 Hz, Hy), 7.05—6.98
(m, 7H, H, H,, H,), 3.92 (s, 3H, H,), 2.32 (s, 6H, H,). "*C NMR (100
MHz, CDCly): 0 1602, 157.2, 156.4, 156.3, 149.2, 148.4, 146.4, 145.1,
143.4,141.0,139.6,137.0, 133.2, 1302, 129.9, 126.9, 126.8, 126.7, 125.2,
124.0, 12322, 122.3, 121.7, 119.7, 116.5, 115.5, 114.7, 113.0, 55.6, 21.0.
HRMS (ESI): m/z 6162411 [(MH) "] (caled for C4H3,N308™: m/z
616.2417).

4-Methoxy-N-(4-methoxyphenyl)-N-[4-[5-[6-(3-methoxyphenyl)-
2,2'-bipyridin-4-yllthiophen-2-ylphenyllaniline (L9H). Proligands: P3
and P6. Column chromatography: SiO,; CH,Cly, R¢ = 0.12. Yield: 735
mg (1.13 mmol, 68.0%); orange solid. "H NMR (400 MHz, CDCl,): &
8.71(dd, 1H, *J = 4.8 Hz, "] = 1.5 Hz, H,), 8.63 (d, 1H, *J = 7.5 Hz, Hy),
8.59 (d, 1H, *J = 1.6 Hz, H,), 7.89 (d, 1H, *] = 1.6 Hz, H,,)), 7.83 (dt,
1H,°/=7.7Hz,* = 1.6 Hz, H,),7.77 (dd, 1H, *I= 1.5 and 1.0 Hz, H,,),
7.72 (dt, 1H, *J = 7.9 Hz, *J = 1.6 Hz, H,), 7.63 (d, 1H, *] = 3.9 Hz, Hy),
7.45 (d,2H, °] = 8.9 Hz, H,,), 7.42 (t, 1H, °] = 7.9 Hz, H), 7.32 (ddd,
1H, 3% =7.5Hz, ] = 48 Hz,*J = 1.0 Hz, H,,), 7.21 (d, 1H, *] = 3.9 Hz,
H,), 7.08 (d,4H, ] = 8.1 Hz, Hy), 6.99 (ddd, 1H, *] = 7.9 Hz, \/= 1.8
Hz, *J = 1.0 Hz, H,), 7.08 (d, 2H, ] = 8.8 Hz, H,), 7.08 (d, 4H, *] = 8.1
Hz, H;), 3.92 (s, 3H, H,), 3.79 (s, 6H, H;). "*C NMR (100 MHz,
CDCl;): 6 160.3,157.2, 156.5, 156.4, 149.2, 149.0, 146.6, 143.4, 141.1,
140.7, 139.4, 137.0, 129.9, 127.1, 126.8, 126.7, 125.9, 124.1, 122.9,
121.7,120.4,119.7, 116.5, 115.4,115.2, 115.0, 114.7, 113.0, 55.7, 55.6.
HRMS (ESI): m/z 648.2323 [(M) "] (caled for C4H3,N3058T: m/z
648.2315).

General Preparation of Methyl Ester Complexes (1—10).
To a MeOH/H,O/THF solution (5:1:1, v/v/v, 280 mL) containing
0.40 mmol of the ligand (e.g, LIH—L9H and L12H) were added
0.4 mmol of Ru(L10)Cl; and N-ethylmorpholine (0.5 mL). Following a
16-h reflux, AgNOj3 (1.50 mmol) was added to the reaction mixture, and
the resulting mixture was then left to reflux for an additional 1.5 h. The
mixture was then cooled and preabsorbed on silica, and the solvent was
removed in vacuo. The product was purified by chromatographic
techniques (details specified below). The desired fraction was collected
and isolated to yield a dark red fine solid.

[Ru(L4)(L10)JNO; (4). Chromatographic conditions: SiO,; 9:1
CH,Cl,/MeOH; R = 0.59. Yield: 333 mg (0.28 mmol, 70.0%). 'H
NMR (400 MHz, CDCl,): 6 9.16 (s, 2H, Hy), 9.05 (d, 1H, *J = 1.4 Hz,
H.,),9.02 (d, 1H, *J = 7.3 Hz, Hy), 8.92 (d, 2H, *T = 0.8 Hz, Hp), 8.25 (d,
1H,% = 1.4Hz, H,,), 822 (d, 1H, *] = 3.9 Hz, Hy), 7.93 (s, 1H, H,,), 7.92
(dt, 1H, *J = 7.5 Hz, *] = 1.0 Hz, H.), 7.70—7.63 (m, 4H, H,, Hy), 7.58
(d,2H,°*/=8.9 Hz, Hy), 7.42 (d, 1H,*/ = 3.9 Hy, H,),7.31—7.24 (m, SH,
H, H,),7.17—7.03 (m,9H, Hy, H, H;, Hy), 6.66 (d, 1H, >]=7.3 Hz, H,,),
5.53 (d, 1H, *J = 7.6 Hz, Hy), 4.19 (s, 3H, Hy), 3.94 (s, 6H, Hc). HRMS
(ESI): m/z 1133.1901 [(M)™] (caled for CgoH4FsNgOgRuS™ : m/z
1133.1882). Anal. Calcd for CgoH4,F3N,OoRuS-2H,0: C, 58.53; H,
3.77; N, 7.96. Found: C, 58.18; H, 4.10; N, 7.58.

[Ru(L5)(L10)JNO; (5). Chromatographic conditions: SiO,; 9:1
CH,Cl,/MeOH; R¢ = 0.45. Yield: 334 mg (0.28 mmol, 70.4%). 'H
NMR (400 MHz, CDCl,): 6 9.16 (s, 2H, Hg), 9.01 (d, 1H, ] = 1.4 Hg,
H.),8.99 (d, 1H, * = 7.3 Hz, Hy), 8.92 (d, 2H, *T = 0.8 Hz, Hp), 8.24 (d,
1H, *] = 1.4 Hz, H,,), 8.20 (d, 1H, *] = 3.9 Hz, Hy), 7.96—7.88 (m, 2H,
H,, H.),7.70—7.65 (m, 4H, Ha, Hy), 7.54 (d, 2H, *] = 8.9 Hz, H,,), 7.39
(d, 1H, ° = 3.9 Hz, H,), 7.27 (d, 1H, °] = 5.3 Hz, H,), 7.09 (d, 4H, °] =
8.3 Hz, Hy), 7.12—7.00 (m, 7H, Hy, H, H;), 6.66 (d, 1H, *] = 7.3 Hz,
H,), 5.53 (d, 1H, 3] =7.6 H, H,), 4.19 (s, 3H, Hg), 3.94 (s, 6H, Hc),
2.32 (s, 6H, H;). HRMS (ESI): m/z 11612210 [(M)*] (caled for
CerHu6F3NgOgRuS ™ : m/z 1161.2195). Anal. Caled for Cg,H, 6F3N-
OgRuS-2H,0: C, 59.14; H, 4.00; N, 7.79. Found: C, 59.13; H, 4.06;
N, 7.55.

[Ru(L6)(LT10)JNO; (6). Chromatographic conditions: SiO,; 9:1
CH,CL,/MeOH; R = 0.63. Yield: 306 mg (0.24 mmol, 61.2%). 'H
NMR (400 MHz, CDCl,): 6 9.15 (s, 2H, Hg), 9.01 (d, 1H, ] = 1.4 Hg,
H.),9.00 (d, 1H, *J = 7.3 Hz, Hy), 8.92 (d, 2H, *T = 0.8 Hz, Hp), 8.24 (d,
1H,*] = 1.4 Hz, H,,), 821 (d, 1H, *] = 3.9 Hz, Hy), 7.97—7.88 (m, 2H,
H,, H.),7.70—7.63 (m, 4H, Hy, Hg), 7.52 (d, 2H, *] = 8.9 Hz, Hy,), 7.38
(d,1H,%/=3.9 Hz, H,),7.27 (d, 1H,*] = 5.3 Hz, H,), 7.12—7.06 (m, SH,
Hy, Hy), 6.95 (d,2H, °] = 8.9 Hz, H,), 6.85 (d, 4H, °] = 8.2 Hz, H)), 6.66
(d, 1H, ] = 7.3 Hz, H,), 5.53 (d, 1H, *] = 7.6 Hz, H,), 4.19 (s, 3H, Hy),
3.94 (s, 6H, Hc), 3.80 (s, 6H, H;). HRMS (ESI): m/z 11932114 [(M) ]
(caled for CgHusF3NgOgRuS™: m/z 1193.2093). Anal. Caled for
CgHyF3N,O; RuS-2H,0: C, 57.67; H, 3.90; N, 7.59. Found: C,
57.85; H, 4.19; N, 7.27.

[Ru(L7)(L10)JNO; (7). Chromatographic conditions: SiO,; 9:1
CH,CL/MeOH; R = 0.56. Yield: 254 mg (0.22 mmol, 55.2%). 'H
NMR (400 MHz, CDCl;): 6 9.10 (s, 2H, Hg), 8.92 (d, 1H, ] = 7.3 Hg,
Hy),8.89 (d, 1H, %] = 1.4 Hz, H,), 8.87 (d, 2H, *T = 0.8 Hz, Hp), 8.27 (d,
1H, *J = 1.4 Hz, H,,), 8.17 (d, 1H, *] = 3.9 Hz, H;), 7.90 (dt, 1H, > = 7.6
Hz, *J= 1.0 Hz, H.), 7.67 (d,2H, *] = 5.4 Hz, Hy), 7.61 (dd, 2H, *] = 5.4
Hz, *T= 1.0 Hz, Hy), 7.55 (d, 2H, °J = 8.9 Hz, H,,), 7.54 (d, 1H, *] = 7.8
Hz, H,), 740 (d, 1H, *] = 3.9 Hz, H), 7.28 (t, 4H, ] = 8.3 Hz, Hy),
7.17—7.00 (m, 9H, H;, Hy, H,, H), 6.92 (d, 1H, °] = 5.3 Hz, H,), 6.81 (1,
1H,°]=7.8 Hz, H,),5.97 (d, 1H, *] = 7.8 Hz, H,), 4.19 (s, 3H, Hg), 3.94
(s, 6H, Hc), 2.74 (s, 3H, Hy). HRMS (ESI): m/z 10952125 [(M)™]
(caled for CgoHusNgO,RuS™: m/z 1095.2114). Anal. Caled for
CeoH4sN,O;oRuS-2H,0: C, 60.40; H, 4.14; N, 822. Found: C,
60.68; H, 4.24; N, 7.83.

[Ru(L8)(L10)]NO; (8). Chromatographic conditions: SiO,; 9:1 CH,Cl,/
MeOH; Re= 0.61. Yield: 313 mg (0.26 mmol, 66.4%). "H NMR (400 MHz,
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CDCLy): 6 9.10 (s, 2H, Hy), 8.90 (d, 1H, ¥ = 7.3 Hz, Hy), 8.87 (m, 3H,
H,, Hp),827(d,1H, = 1.4 Hz, H,,), 8.16 (d, 1H, > = 3.9 Hz, H;), 7.91
(dt, 1H, *J = 7.6 Hz, *] = 1.0 Hz, H.), 7.66 (d, 2H, *] = 5.4 Hz, H,), 7.61
(dd, 2H, %] = 5.4 Hz, *J = 1.0 Hz, Hy), 7.54 (d, 1H, > = 7.8 Hz, H,)), 7.51
(d,2H, ] = 8.9 Hz, Hy,), 7.38 (d, 1H, °] = 3.9 Hz, H,), 7.09 (d, 4H, °] =
8.3 Hz, H,), 7.06—7.00 (m, 7H, H,, Hy, Hy), 6.93 (d, 1H, *] = S.3 Hz, H,),
6.81 (t, 1H, *] = 7.8 Hz, H,), 5.97 (d, 1H, *] = 7.8 Hz, H,,), 4.19 (s, 3H,
Hg), 3.94 (s, 6H, Hc), 2.74 (s, 3H, Hy), 2.32 (s, 6H, H,;). HRMS (ESI):
m/z 1123.2434 [(M) ] (caled for Cg,H4oNO,RuS ™ : m/z 1123.2427).
Anal. Caled for C4,H4oN-OoRuS:2H,0: C, 60.98; H, 4.37; N, 8.03.
Found: C, 60.76; H, 4.51; N, 7.69.

[Ru(L9)(L10)]NOj (9). Chromatographic conditions: SiO,; 9:1 CH,Cl,/
MeOH; R; = 0.58. Yield: 356 mg (0.29 mmol, 73.5%). "H NMR
(400 MHz, CDCL,): 6 9.10 (s, 2H, Hg), 8.87 (s, 2H, Hp), 8.86 (d,
1H, °J = 7.3 Hz, Hy), 8.83 (d, 1H, *] = 1.4 Hz, H,), 8.26 (d, 1H, * = 1.4
Hz, H,,),8.13 (d, 1H, *J = 3.9 Hz, H), 7.90 (dt, 1H, > = 7.6 Hz, *J = 1.0
Hz, H.), 7.66 (d,2H, *] = 5.4 Hz, Hy), 7.61 (dd, 2H, *J = 5.4 Hz,*] = 1.0
Hz, Hg),7.54 (d, 1H, %] = 7.8 Hz, H,)), 7.48 (d, 2H, *J = 8.9 Hz, H,), 7.35
(d, 1H,* = 3.9 Hz, H,), 7.09 (d, 4H, *] = 8.3 Hz, Hy), 7.03 (dt, 1H, ] =
7.6 Hz,*] = 1.0 Hz, Hy), 6.93 (d, 3H, °J = 89 Hz, H,, H,), 6.85 (d, 4H, *] =
8.2 Hz, H;), 6.80 (t, 1H, °] = 7.8 Hz, H,), 5.97 (d, 1H, °] = 7.8 Hz, H,),
4.19 (s, 3H, Hg), 3.94 (s, 6H, Hc), 3.79 (s, 6H, H,), 2.74 (s, 3H, Hy).
HRMS (ESI): m/z 1155.2327 [(M) "] (caled for Cg,HyoNgOoRuS ™ :
m/z 1155.2325). Anal. Caled for Co,H,oN,O,RuS - 2H,0: C, 59.42; H,
4.26; N, 7.82. Found: C, 59.03; H, 4.39; N, 7.44.

[Ru(pbpy)(L10)INO; (10). Chromatographic conditions: SiO,; 9:1
CH,Cl,/MeOH; R; = 0.50. Yield: 148 mg (0.19 mmol, 46.4%). 'H
NMR (400 MHz, CDCls): 6 9.13 (s, 2H, Hg), 8.90 (s, 2H, Hp), 8.74 (d,
1H, *] = 8.0 Hz, H,), 8.70 (d, 1H, *] = 8.0 Hz, Hy), 8.23 (t, 1H, *J = 8.0
Hz, H,),8.14 (d, 1H, *J = 8.0 Hz, H,,,), 7.90 (dt, 1H, *J = 8.0 Hz, *J = 1.2
Hz, H.),7.70 (d, 1H, ] = 7.6 Hz, H,), 7.67—7.63 (m, 4H, H, Hy), 7.17
(d,1H,%* = 4.8 Hz, H,),7.03 (t, 1H, %/ = 7.2 Hz, H,,), 6.74 (t, 1H,*] = 7.6
Hz, H,), 6.44 (t, 1H, 3=7.8Hz, H,),5.33 (d, 1H, *J = 7.2 Hz, Hy),4.19
(s, 3H, Hg), 3.94 (s, 6H, Hc). HRMS (ESI): m/z 740.1087 [(M)*]
(caled for C3,H,gNsOgRu™: m/z 740.1083). Anal. Calcd for Cs,H,g-
NgOoRu-H,0: C, 54.21; H, 3.69; N, 10.25. Found: C, 54.56; H, 3.92;
N, 9.88.

Physical Methods. Elemental analysis (EA), electrospray ioniza-
tion mass spectrometry (ESI-MS), matrix-assisted laser desorption/
ionization mass spectrometry (MALDI-TOF), and electron impact (EI)
mass spectrometry data were collected at the Chemistry Instrumenta-
tion Facility of the University of Calgary. Electrochemical measurements
were performed under anaerobic conditions with a Princeton Applied
Research VersaStat 3 potentiostat using dry solvents, platinum working
and counter electrodes, a silver pseudoreference electrode, and a 0.1 M
NBu4BF, supporting electrolyte. Electronic spectroscopic data were
collected on MeOH solutions using a Cary 5000 UV—vis spectro-
photometer (Varian). Steady-state emission spectra were obtained at
room temperature using an Edinburgh Instruments FLS920 spectro-
meter equipped with a Xe900 450-W steady-state xenon arc lamp, a
TMS300-X excitation monochromator, a TMS300-M emission mono-
chromator, and a Hamamatsu R2658P PMT detector and corrected for
detector response. Lifetime measurements were obtained at room
temperature using an Edinburgh Instruments FLS920 spectrometer
equipped with a Fianium SC400 super continuum white light source and
a Hamamatsu R3809U-50 multichannel plate detector, and data were
analyzed with Edinbrugh Instruments FO00 software. Curve fitting of the
data was performed using a nonlinear least-squares procedure in the
F900 software.

Computational Methods. The Gaussian 03 computational
package® to perform ground-state geometry optimization calculations
employing Becke’s three-parameter hybrid exchange functional, the
Lee—Yang—Parr non-local correlation functional B3LYP,"*** and SDD
basis set®®® with an effective core potential, was used for the Ru atom

and a 6-31G* basis set was used for C, H, N, P, and Cl atoms.”’ Time-
dependent density functional theory (TDDFT) calculations were also
performed using this methodology, and the first 60 singlet excited states
were calculated. Calculations by the first-principles method were used to
obtain accurate excitation energies and oscillator strengths. We modeled
the solvent with the polarizable continuum model using MeOH as the

3
solvent.*>®

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. A modular
synthetic approach (Scheme 1) was used to isolate the library
of TPA-functionalized tridentate ligands in Chart 1. The synth-
esis of each of these donor ligands was achieved in reasonably
high yield on a large scale utilizing well-established synthetic
methods. Proligands P4—P6 were synthesized through Krohnke
condensations to yield the bromothiophene-substituted pbpy
platform, which were further reacted with Suzuki reagents
(e.g, P1—P3) to give the desired ligands, LIH—L9H, in high
yields.

Following previously established synthetic routes,>'° the
syntheses of the cyclometalated complexes were achieved
through reaction of the Ru(L10)Cl; synthon with the corre-
sponding ligand, producing the methyl ester complexes (1—9) in
high yields ranging between S5 and 70% after chromatographic
purification to remove the byproduct (Scheme S1 in the Sup-
porting Information). The structural identities of all ligands and
complexes were confirmed by a combination of NMR spectros-
copy, mass spectrometry, and/or EA. '"H NMR (1D and 2D)
spectroscopy is a particularly effective diagnostic tool for these
complexes because of separation of the aromatic signals and the
inherent asymmetry of the complexes. A collection of represen-
tative 'H NMR spectra are provided in Figure 2 to illustrate the
effect of substitution on the anionic ring of the pbpy chelate with
EWGs or EDGs (e.g., 2, 5, and 8). A signature of cyclometalation
of the TPA-substituted pbpy ligand is the upfield shift of the
signal corresponding to the proton ortho to the Ru—C bond (i.e.,
H,) that arises because of the proximity of the anionic carbon.
This signal is observed for compounds with either —H (e.g,, 2) or
—CF; (e.g, 5) on the anionic ring (Figure 2). The electron-
withdrawing nature of the —CF; group is revealed in the down-
field chemical shift of the proton ortho to the Ru—C bond, Hy, of
S (Hq = 5.53 ppm) relative to the —H-substituted analogue 2
(Hq = 5.35 ppm). Curiously, the most-upfield signal in the aromatic
region for —OMe-substituted complex 8 is not H, but is instead
a doublet corresponding to the resonance signal of the proton
meta to the Ru—C bond, H,, at 5.97 ppm. This signature
provides direct evidence that the —OMe group appears at
the R; position (i.e., ortho to the Ru—C bond) rather than at
the R, position (vide infra). Because the position of the
substituent on the phenyl ring of the pbpy chelate is found
to fluctuate in the series (i.e., at either R, or R3), H,, emerges as
a better spectroscopic handle to probe the electronic effects of
substitution for this particular series. In this regard, the
chemical shift of H follows the expected trend of electron
density on the anionic ring, e.g., 2 (6.47 ppm), 5 (6.66 ppm),
and 8 (5.97 ppm).

C—H activation takes place para to the substituent on the
anionic ring for the complexes bearing —CF; substituents
anionic (e.g, 5). Taking into account the electron-withdrawing
character of the —CFj; group, it is not remarkable that the C—H
bond para to the substituent is activated to form the Ru—C bond.
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Scheme 1. Synthesis of Precursors P4—P6 and Ligands LIH—L9H"
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?Reaction conditions: (a) ammonium acetate, formamide, 120 °C, 14 h; (b) Pd(PPh;),, K,COs, THF/H,0 (9:1); 65 °C, 14 h.
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Figure 2. 'H NMR spectra for CDCI; solutions of §, 2, and 8 at
ambient temperatures highlighting how substituents affect the elec-
tron density on the anionic ring. Color scheme: green, Hy; red, Hg;
blue, Hy; purple, H,,.

We anticipated that the —OMe substituent would also appear
para to the Ru—C bond due to steric considerations; however,
the C—H activation step is found to occur ortho to the —OMe
group. It appears that this anomaly is a result of the more
thermodynamically stable isomer being the favored product.
This hypothesis is corroborated by electrochemical data that
indicate that this isomer is more stable by ~130 mV (vide infra).

Electrochemical Data. The electrochemical properties of the
free ligands and the corresponding metal complexes were
examined in CH,Cl, by cyclic voltammetry. Relevant redox
values are collected in Table 1. The redox properties of similar
TPA-substituted ligands have been discussed previously.'>** In
brief, there is a single quasi-reversible one-electron oxidation
(E12™ = +0.98—1.22 V) localized to the TPA portion of the
ligand (i.e, TPA""/TPA®). The position of this oxidation wave
remains static after coordination to the ruthenium metal
(Figure 3); however, it is sensitive to the solvent medium (e.g.,
the TPA""/TPA° oxidation potential is shifted ~—70 mV in MeCN).

An anodic sweep of each of the solutions containing the
cyclometalated complexes typically produces two consecutive
quasi-reversible single-electron oxidation processes that corre-
spond to oxidation of the TPA unit and ruthenium (II) metal; the
differencesin E, ;and E, . (i.e, AE) are provided in Table 1. The
careful assignment of the oxidative behavior was aided by
references to previously reported compounds;'® however, in
certain cases, differential pulse voltammetry (DPV) was required
to resolve the closely spaced oxidation processes (e.g., 1, 2,7, and
8). As stated above, the TPA*"/TPA® oxidation potential is not
affected by ligation to the {Ru(L10)} core, nor is it affected by
substitution of the pbpy chelate; i.e., the oxidation potential is the
same for the free ligand and complex [e.g.,, ~+1.2 V for L1H and
1,~+1.1 Vfor LSH and 5 (Figure 3),and ~+1.0 V for LOH and
9]. Similarly, the Ru"/Ru" redox couple is not affected by
substitution of TPA at R, (e.g,, +1.17 V for 1-3, respectivelﬁr).
With installation of the —CFj group at the R, position, the Ru'"/
Ru" redox couple resides at +1.27 V, which is +100 and +170 mV
greater than the cases where R, = —H and R = —OMe, respecti-
vely. Note that a —OMe substitutent para to the Ru—C bond can
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Table 1. Summary of the Spectroscopic and Electrochemical Properties for Ligands LIH—L9H and Complexes 1—10

emission data’ Eyp, Vs NHE?

compound UV—vis absorbance data:* A, nm (& x 10>, M~ '-cm™") Aemy DM 7, ns;° @ Ru™/Ru" TPA""/TPA°
L1H 391 (26.7) 536 (390) 3.4 (0.99); 0.91 ¢ 120
1 681" (3.4), 584", 526 (26.7), 431 (39.4), 330 (42.4) 549 (429) 3.2 (1.02); 027 1.17 (72)7 121 (75)7
L2H 399 (31.2) 563 (397) 3.8 (1.04); 0.58 ¢ 1.10
2 681" (3.5), 584", 526 (28.4), 435 (39.3), 330 (42.5) 561 (433) 3.6 (1.00); 0.24 1.17 (87) ¢ 1.11 (89) ¢
L3H 404 (33.2) 616 (401) 0.6 (0.91); 0.16 ¢ 0.99
3 681" (2.9), 574", 527 (29.6), 437 (37.5), 331 (41.0) ¢ ¢ 1.17 (86) 0.99 (89)
L4H 420 (23.8) 545 (391) 3.3(0.94); 0.81 ¢ 1.20
4 664" (4.0), 572, 517 (33.0), 427 (43.1), 328 (50.7) ¢ ¢ 127 (o1) " 119 (92) "
LSH 402 (29.0) 573 (419) 3.4 (1.06); 0.52 ¢ 111
s 666™ (4.2), 571", 518 (37.6), 430 (44.1), 329 (54.3) ¢ ¢ 1.27 (80) 1.10 (78)
L6H 408 (25.0) 632 (403) 0.5 (0.97); 0.34 ¢ 0.99
6 666" (4.1), 571", 520 (39.1), 431 (41.5), 330 (52.6) ¢ e 127 (93) 0.98 (96)
L7H 391 (28.4) 535 (387) 2.9 (0.96); 0.55 ¢ 1.20
7 664 (4.3), S71°", 531 (29.1), 433 (45.9), 329 (51.2) ¢ ¢ 1.11 (76) 1.20 (74)
L8H 399 (31.2) 563 (396) 4.0 (1.09); 0.82 ¢ 1.10
8 667" (4.0), 571", 532 (29.2), 437 (43.4), 330 (48.6) ¢ ¢ 1.09 (77) 1.09 (77)
L9H 404 (33.5) 621 (401) 0.18 ¢ 0.98
9 668" (4.2), 571°", 532 (32.8), 439 (44.9), 330 (50.8) ¢ e 1.10 (88) 0.98 (90)
10’ 684" (3 0), 574", 523 (9.7), 433 (17.0), 329 (29.6) ¢ ¢ 1.12 ¢

“Data collected in MeOH. ” Data collected in MeCNj lex values indicated in parentheses with units of nm. x> indicated in parentheses; absolute
quantum yleld measured with an integrating sphere. “Data collected using 0.1 M NBu4BF4/ CH,Cl, solutions at 100 mV/s and referenced to a
[Fc]/[Fc]™ or [OFc]/[OFc]™ internal standard followed by conversion to NHE; [Fc]/[Fct] = +765 mV vs NHE in CH,Cl,; [OFC]/[OFC] =+4290
mV vs NHE in CH,Cl,; values in parentheses are the AE values of E,,, and E,, given in mV determined from DPV experiments. * Not observed.

f Oxidative sweep in DPV experiments produces two peaks resolved by 40 mV. ¢ Oxidative sweep generates two peaks resolved by 60 mV in DPV

experiments.
Superscript “sh” indicates shoulder.

" Oxidative sweep generates two peaks resolved by 80 mV in DPV experiments. ‘Benchmark complex: [Ru(pbpy)(L10)](NO3).

lower the Ru"'/Ru" oxidation potential by ca. ~200 mV;® thus,
the observation that this couple is only affected by ~70 mV is
primarily attributed to the —OMe substituent being positioned
ortho to the Ru—C bond. The stabilizing effect of this EDG
ortho to the organometallic bond (rather than para) is rationa-
lized by the suppressed donating ability of the O-atom lone-pair
into the aromatic ring due to hindered steric rotation about the
C—OMe bond.

Optical Properties. Electronic absorption and emission data
were collected to delineate the effects of substitution at the R;
and R,/R; positions (Table 1). Each of the free TPA-substituted
ligands displays a relatively broad intense absorption band
centered within the 390—420 nm range (Figure S2 in the
Supporting Information) that arises from a series of intramole-
cular 1 — 7r* transitions emanating from the TPA fragment to
the 77* system of the pbpy fragment. Ligation to the metal center
renders a broad and intense absorption envelope for each of the
complexes due to multiple intraligand charge-transfer (ILCT)
and metal-to-ligand charge-transfer (MLCT) transitions (Figure 4).

A general assignment of the principle electronic transitions for
the title complexes is made possible by the extensive library of
related compounds available to us within this study as well as our
prior work."® The optical spectra for 1—3 in Figure 4a show that
there are negligible changes in the intensities and positions of the
absorption spectra when different substituents are installed at the
R; position. The slight increase in the extinction coefficient at
~540 nm for complex 3 is ascribed to a higher transition dipole
induced by the electron-rich —OMe substituent on the TPA unit.

Figure 4b reveals a slightly more pronounced effect on the optical
properties when the pbpy chelate is modified. The position of the
lowest-energy maxima reflects a higher metal-based HOMO level
(involving the d,, orbital) with progressively greater electron
density on the anionic ring; e.g., A follows the trend 8 (532 nm)
>2 (526 nm) > 5 (518 nm). This trend is also consistent with the
lowest-energy absorption band containing a significant MLCT
contribution emanating from the occupied d,, orbital to the 7z*
orbital of the L10 ligand (vide infra). There are, however, ILCT
contributions within the low-energy band, as evidenced by the
slightly lower shoulder at ca. 570 nm that becomes more
prominent with substituents on the pbpy chelate. In the case of
S, for example, there appears to be an enhancement of the
transition dipole for the ILCT transition furnished by the elec-
tron-deficient CF;-substituted pbpy chelate (i.e., from szppy — 7
of the pbpy chelate). Consequently, the most intense low-energy
band is observed for $, followed by 2 and 3, respectively.

DFT. Ground-state optimization and TDDFT calculations
were performed to aid the assignment of the optical spectra. The
four major predicted transitions and the corresponding molec-
ular orbital diagrams are shown for 1 in Figure 5. The lowest-
energy transition, Ay, involves a transition from the HOMO—1
orbital containing significant Ru d,, character to the LUMO,
which contains st*-orbital character over the Mestctpy ligand. We
note that the shoulder may also have some contribution from the
direct population of a *MLCT state facilitated by the heavy-metal
ion.”® The transition A, at 599 nm contains two transitions of
approximately equal weight (i.e, HOMO—1 — LUMO+1 and
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HOMO—2—LUMO). The orbital character for the HOMO—2
is distributed over the Ru d,, orbital and the 7 system extending
over the thiophene spacer and TPA; the LUMO and LUMO+-1
orbitals are both localized over the 7* system of the anchoring
Mestctpy ligand. The orbital character for the HOMO —3 orbital,
which is involved in A4, is primarily Ru d,, in character, with some
minor contributions from the 77 system of the anionic portion of
the cyclometalating ring and the Mestctpy ligand. The spectral
analysis for 2—9 is provided as Supporting Information (Figures
§3—S10). In general, the first three low-energy transitions
(A,—A3) involve the promotion of electrons from molecular

0.8
V (vs. NHE)

0 0.4

Figure 3. Cyclic voltammograms for ligand LSH and the corresponding
metal complex § in CH,Cl, at ambient temperatures (scan rate =
100 mV/s). Dashed lines emphasize that E,, , and E, . of the TPA""/TPA°

orbitals localized over TPA and/or the ruthenium metal and
anionic ring to the 77* system of the Mejtctpy ligand. The highest-
energy transition (i.e., A,) involves a filled orbital with character
that is either localized to the TPA or over the d,, orbital. We note
that all four light-induced transitions 4;—A,4 involve the move-
ment of electron density toward Mejtctpy, which is ideal for
sensitization applications.

The predicted UV—vis spectra match well with the experi-
mental spectra; indeed, the oscillator strengths of the calculated
transitions match well with the molar extinction coefficients
derived from experiment. One curious result, however, is the
prediction that the HOMO resides on the TPA in all cases. This
finding contrasts the electrochemical data, which clearly indicate
that the first oxidation potential is not always TPA-based (e.g, 1 and
7). We ascribe this discrepancy to solvation of the TPA unit: the
oxidation potential of the TPA**/TPA° couple can shift to more
positive values in polar solvents (e.g, a ~—70 mV shift when the
solvent is switched from CH,Cl, to MeCN). Thus, in the
absence of an appropriate solvation model for the TPA unit,
we anticipate the predicted thermodynamic position of the
HOMO localized to TPA to be shifted to more negative
values.

B SUMMARY

The primary objective of this synthetic endeavor is to develop
a series of complexes where a direct correlation of the properties
to the molecular structure could be established to guide the
design of cyclometalated complexes for li§ht-harvesting applica-
tions. Building on our previous studies,'”** we have expanded
the development of the dual-chromophore scaffold, [Ru(TPA-
pbpy) (Mestctpy)], to show that we can systematically tune the
electrochemical behavior of both the ruthenium and TPA units.
We show that the electronic properties of each electrophore can
be manipulated to make the Ru""/Ru'" couple more or less
oxidizing than the TPA unit. This feature is possible because the
ground-state oxidation potentials of the each unit can be
modulated over a wide range of potentials: AE;,, = 180 and
230 mV for the Ru™/Ru" and TPA"*/TPA couples, respec-
tively. Consequently, the HOMO character can be positioned on
either the metal chelate or the TPA unit, with the latter scenario

couple are the same as those for the free ligand and complex. being optimal for sensitizing TiO,. 10471
a) 6 é b) 6
51 " e L 5 ,_come Lo
Sy Y
T N—Hi 0Me —Ril—N——CO:Me
T4 2 R = 4l
S3 8 x 3 x
> \ bz B Pt
x x
w 2 & 2
1 1
0 i L i —— 0 1 i g,
300 400 500 600 700 800 300 400 500 600 700 80a
A (nm) A (nm)

Figure 4. UV—vis absorption spectra demonstrating the (a) minor optical changes when R; = —H (1), —Me (2), and —OMe (3) and (b) the more
significant optical response to substituents at the pbpy chelate (e.g,, 2, R,/R; = —H; 5, R, = —CF3, Ry = —H; 8, R, = —H, Ry = —OMe). The spectrum of

N3 is also provided as a benchmark.
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Figure 5. Experimental UV—vis absorption spectrum of 1 overlaid with
calculated transitions represented by vertical bars (only the transitions
with contributions >40% are shown). Details of calculated transitions
(theoretical wavelength in nm, oscillator strength, % contribution to the
transition): ;, HOMO—1 — LUMO (709, 0.027, 85%); A,, HOMO—
2— LUMO (594, 0.11, 50%) and HOMO—1— LUMO-+1 (594, 0.11,
40%); A;, HOMO—2 —LUMO+1 (536,0.11,85%); A,, HOMO—3 —
LUMO-2 (447, 0.38, 64%).

In contrast to the rich electrochemical behavior, the relative
positions of the two redox units are found to have negligible effects
on the optical properties: substitution at both the R; and R,/R;
positions produces minor changes in both the intensities and shapes
of the absorbance profiles. This finding stands in stark contrast to
the significant spectral changes that occur when the position of the
organometallic bond in this platform is varied.'® Notwithstanding,
the differences in the optical spectra, however slight, remain con-
sistent with the dipole changes—and relative weighting—for both
the ILCT and MLCT transitions and harvest a significant amount of
light out to 800 nm (note that the optical profiles are superior to that
of N3; Figure 4). Thus, the ability to control the redox properties
without affecting the optical properties provides a distinct advantage
for inducing an electronic cascade and the thermodynamic driving
force for the reaction between the electrolyte and photooxidized
dye. Transient spectroscopic studies are underway to further unravel
the electron-transfer events that occur after light absorption.

This work adds further evidence that bichromic cyclometa-
lated ruthenium(II) complexes offer a number of benefits over
tridentate polypyridylruthenium(II) compounds for sensitizing
TiO,. Distortion of the ligand field by the anionic cyclometalat-
ing ligands leads to a broad absorption envelope while increasing
the 77* orbital of the LUMO, which will presumably lead to
enhanced rates of electron injection into the TiO, anode.”" The
incorporation of a secondary chromophore is shown to increase
the intensity of the absorption bands substantially compared to
analogous tridentate cyclometalated derivatives.”® Moreover,
previous studies have shown that the TPA unit can increase
the excited-state lifetime of the ruthenium chromophore and
spatial charge separation on TiO,.*****7* The device perfor-
mance for this entire suite of complexes in liquid-junction and
solid-state DSSCs will be disseminated in a future study.

B ASSOCIATED CONTENT

© Supporting Information. UV—vis absorption spectra
highlighting the optical affects of the position of the Ru—C bond

and ligands LIH—L9H in MeOH, a synthetic scheme for
compounds 1—9, comparative "H NMR spectra for 2, 5, and
8, and molecular orbital pictures and TDDFT spectra for 2—9.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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