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ABSTRACT: We report the synthesis of 7-bonded ruthenium, rhodium, i : : —
and iridium o-benzoquinones [Cp*M(o-C4H,0,)]" [M = Ru (2), n = 1—; % N =
Rh (3), n = 0; Ir (4), n = 0] following a novel synthetic procedure. 0
Compounds 2—4 were fully characterized by spectroscopic methods and Q:o/

used as chelating organometallic linkers, “OM:-linkers”, toward lumino- _‘M LN;/Q -
phore bricks such as Ru(bpy),*, Rh(ppy),*, and Ir(ppy)," (bpy = 2,2"- _ﬁ"

bipyridine; ppy = 2.-phenylpyridine) for the design of a novel family of M= RLASTE) sl ]
octahedral bimetallic complexes of the general formula [(L-L),M(OM-  M=Rh.n=2(s) r %0 o P
linkers)][X],, (X = counteranion; m = 0, 1, 2) whose luminescent M=o 3=21f) Yekesstenit (r)
properties depend on the choice of the OM-linker and the luminophore

brick. Thus, dinuclear assemblies such as [ (bpy),Ru(2)][OTf] (5-OTf), [(bpy),Ru(2)][A-TRISPHAT] (5-AT) {TRISPHAT =
tris[tetrachlorobenzene-1,2-bis(olato) Jphosphate}, [(bpy),Ru(3)][OTf], (6-OTf), [(bpy),Ru(4)][OTf], (7-OTf), [(bpy),Ru-
(4)][A-TRISPHAT], (7-AT), [(ppy),Rh(2)] (8), [(ppy),Rh(3)][OT{] (9-OTf), [(ppy),Rh(4)][OTf] (10-OTf), [(ppy),Rh-
(4)J[A-TRISPHAT] (10-AT), [(ppy),1x(2)] (11), [(ppy),I(3)][OTE] (1-OTH), [(ppy)lr(#)][OTH] (13-OTf), and
[(ppy),Ir(4)][A-TRISPHAT] (13-AT) were prepared and fully characterized. The X-ray molecular structures of three of
them, i.e., 5-OTf, 8, and 11, were determined. The structures displayed a main feature: for instance, the two oxygen centers of the
OM-linker [Cp*Ru(0-C¢H,0,)]” (2) chelate the octahedral chromophore metal center, whether it be ruthenium, rhodium, or
iridium. Further, the carbocycle of the OM-linker 2 adopts a ;*-quinone form but with some catecholate contribution due to
metal coordination. All of these binuclear assemblies showed a wide absorption window that tailed into the near-IR (NIR)
region, in particular in the case of the binuclear ruthenium complex 5-OTf with the anionic OM-linker 2. The latter feature is no
doubt related to the effect of the OM-linker, which lights up the luminescence in these homo- and heterobinuclear compounds,
while no effect has been observed on the UV—visible and emission properties because of the counteranion, whether it be triflate
(OTf) or A-TRISPHAT. At low temperature, all of these compounds become luminescent; remarkably, the o-quinonoid linkers
[Cp*M(0-C4H,0,)]" (2—4) turn on red and NIR phosphorescence in the binuclear octahedral species 5—7. This trend was even
more observable when the ruthenium OM:-linker 2 was employed. These assemblies hold promise as NIR luminescent materials,
in contrast to those made from organic 1,2-dioxolene ligands that conversely are not emissive.
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Bl INTRODUCTION difficult.” The different redox states of dioxolene ligands
generally have distinct spectroscopic characteristics, and their
metal complexes show intense charge-transfer (CT) bands
appearing in different regions of the spectrum as the oxidation
state changes.4a For instance, ruthenium complexes show a
strong near-IR (NIR) absorption when the ligand is in the
semiquinone form [Ru"/sq”], due to a Ru(dz) — sq(7*)
metal-to-ligand CT (MLCT) band that disappears in the fully
reduced catecholate form [Ru/cat>™] or is moved to higher
energy in the visible region in the oxidized [Ru"/q] state.

A number of applications have been described, stemming
from fundamental studies on noninnocent ligands and their

Coordination chemistry of transition-metal complexes of the
redox-active 1,2-dioxolene chelating ligands, and their structural
analogues with other donor atoms, has been extensively studied
since the mid 1970s by the group of Hendrickson and
Pierpont," and later by the groups of Lever” and Ward and
McCleverty,” because of their intriguing electronic properties.*
These bidentate ligands show three oxidation states {[cat-
echolate]*™ (cat*™), [semiquinone]™ (sq~), and quinone (q)}
related to one-electron transformations, which in combination
with redox-active metal atoms provide complexes with rich
electrochemical and spectroscopic behavior.” In these com-
plexes, a strong degree of orbital mixing between metal d(x)
and ligand p(7) frontier orbitals renders conventional assign- Received: ~September 20, 2011
ment of the oxidation state, based on localized charges, Published: January 19, 2012
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Chart 1. OM-Linkers 2—4 and the Related Luminescent Assemblies 5—13
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M=Run=1,Y =N, X= OTf (5-OTf)
M=Run=1Y=N,X=AT (5-AT)
M=Rhn=0,Y=C(8)

M=1Ir, n=0,Y=C {11)

M=Ru,n=2Y =N, X= OTf (6-OTf)
M=Rh,n=1,Y =G, X= OTf {8-0Tf)
M=Ir, n=1,Y=C,X=0OTf (12-0Tf)

M=Ru,n=2Y =N, X= OTf {7-OTf)
M=Run=2Y=N X=AT (7-AT)
M=Rhn=1,Y=C,X=0Tf (10-OTf
M= Rh,n=1,Y=C X=AT (10-aTf)
M= I, n=1,Y=C, X=0OTf (13-0Tf)
M=Ir, n=1,Y=C X=AT (13-AT)

metal complexes; e.g., they have been proposed as redox-
switchable electrochromic dyes, for modulation of optical
signals and smart windows,® as magnetic materials,” as NIR
sensitizers® and anchors” to semiconductor surfaces in organic
photovoltaic cells and in applications related to solar energy
conversion,* as components of modified electrodes,'® and as
extended assemblies for electron and energy transfer incorpo-
rating both organic and coordination compounds.'’ Although
the spectroelectrochemical richness of this series of metal
dioxolene complexes has generated a number of fundamental
studies and technological applications, at the same time it has
prevented, until now, the observation of their luminescence
properties, which may pave the way to a number of new
applications. In fact, the redox-active substituents introduce
accessible low-energy electronic transitions, which lead to
quenching of the metal center luminescence by an electron-
transfer mechanism.

The research in this area has been focused mainly on d°
transition-metal complexes,12 such as ruthenium,>'® osmium,"
chromium,"® manganese,16 and rhenium,"”” and on the
properties of the electronic ground states of such compounds,
while there have been fewer reports on the properties of
rhodium,'® iridium,'® and platinum® complexes with dioxolene
ligands.

We previously reported the synthesis of organometallic
(OM) benzoquinone complexes [Cp*M(0-C4H,0,)] (M = Rh,
Ir; Cp* = pentamethylcyclopentadienyl)*' and, more recently,
the related thio->* and selenoquinone metal complexes.** These
metalated quinonoid compounds were found to be adequate
OM-linkers for the pre aration of unique types of supra-
molecular assemblies'®**'%** with useful luminescent proper-
ties.”> More recently, we discovered that the use of different
metals in the OM-linker allowed us to optimize the electronic
properties of an octahedral [Ru(bpy),(0-C4H,0,)]** complex,
giving rise to materials with panchromatic absorption with high
oscillator strengths and unprecedented luminescent behavior.*®
Because this complex-as-ligand approach proved to be very
effective in the modulation of the electronic properties of
ruthenium(II) polypyridyl complexes, it turned out to also be
useful for the preparation of a novel class of complexes with
metalated dioxolene ligands. In this paper, we report on the
synthesis and photophysical characterization of a series of
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bimetallic ruthenium polypyridine and rhodium and iridium
cyclometalated complexes (Chart 1) showing strong lumines-
cence in condensed media. Here n-bonded ruthenium,
thodium, and iridium o-benzoquinone complexes act as
chelating units for the [Ru(bpy),]*" or [M(ppy),]" moieties
(M = Rh, Ir). The properties of the relevant monometallic
sandwich complexes [Cp*M(0-CH,0,)]" (M =Ry, n=1—M
= Rh, I, n = 0) have also been reported for comparison
purposes, thus presenting the results of the studies on a series
of nine bimetallic and three monometallic complexes. Using
density functional theory (DFT) and time-dependent DFT
(TD-DFT) methods, we derived a range of physical properties
that can be tied to experimental data to help to elucidate the
origin of the peculiar electronic behavior of this class of
complexes.

B EXPERIMENTAL SECTION

General Experimental Methods. 'H NMR spectra were
recorded at 300 MHz in CD,Cl,, and data are reported as follows:
chemical shift in ppm from tetramethylsilane (TMS) with the solvent
as an internal indicator (CD,Cl,, § 5.33 ppm), multiplicity (s = singlet,
d = doublet, t = triplet, q = quartet, m = multiplet, or overlap of
nonequivalent resonances), and integration. *C NMR spectra were
recorded at 75.4 MHz in CD,Cl,, and data are reported as follows:
chemical shift in ppm from TMS with the solvent as an internal
indicator (CD,Cl,, § 53.84 ppm) and multiplicity with respect to
proton (deduced from DEPT experiments). Glassware was oven-dried
prior to use. All reactions were carried out under an argon atmosphere.
Tetrahydrofuran (THF) and diethyl ether were distilled from
sodium—benzophenone. CH,Cl, was distilled from CaH,. Other
reagents were obtained from commercial suppliers and used as
received. IR spectra were measured using a Tensor 27 (ATR diamond)
Bruker spectrometer. IR data are reported as characteristic bands
(cm™). The syntheses of the binuclear complexes [(bpy),Ru(3)]-
[OTf], (6-0Tf, [(bpy)Ru(4)J[OTH, (7-OTH, [(ppy),Rh(3)]-
[OTH] (9-OTf), [(ppy),R(4)][OTF] (10-OTH), [(ppy),1x(3))[OTT]
(12-0Tf), and [(ppy),Ir(4)][OTf] (13-OTf) were carried out
according to published procedures. ™ Elemental analyses were
performed by microanalytical services of ICSN at Gif-sur-Yvette on
a Perkin-Elmer 2400 apparatus.

Synthesis of [Cp*Ru(ij®-catechol)][OTf] (1). A Schlenk flask
under argon was charged with [Cp*Ru(CH;CN);][OTf]*’ (275 mg,
0.54 mmol) and CH,Cl, (10 mL) at room temperature. Once
dissolved, 1 equiv of 1,2-dihydroxybenzene (60 mg, 0.54 mmol) was
added to the solution. The reaction was stirred overnight at room
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temperature. After that, the reaction was evaporated to dryness. The
brown solid was crystallized from CH,Cl,/Et,O to afford an off-white
solid (232 mg, 86% yield). "H NMR (300 MHz, CD,CL,): & 7.99 (br's,
2H, OH), 5.80 (m, 2H, z-arene), 5.21 (m, 2H, z-arene), 1.90 (s, 15H,
Cp*). 3C NMR (74.5 MHz, CD,CL,): § 120.4 (C—OH r-arene), 95.7
(C=cC Cp*), 82.7 (C—H z-arene), 77.0 (C—H z-arene), 10.5 (CH,
Cp*). IR (ATR, cm™): 2921, 1548, 1480, 1435, 1384, 1354, 1293,
1216, 1156, 1073, 1014, 858, 760, 670, 632, 568, 515, 462, 400, 382,
359, 307, 249, 234. Anal. Calcd for C;,H,,F;0RuS (495.48 g:mol'):
C, 41.21; H, 4.27. Found: C, 41.02; H, 4.24.

Synthesis of [CsI[Cp*Ru(;*-CsH,40,)1 (2-Cs). A Schlenk flask
under argon was charged with Cs,CO; (65.2 mg, 0.2 mmol) in
CH,Cl, (5 mL). To this white suspension was added a light-yellow
solution of 1 (50.0 mg, 0.1 mmol) in CH,Cl, (5§ mL) kept under
argon. The reaction mixture turned immediately to clear yellow and
was stirred for 16 h, during which a gray precipitate was formed with a
yellow supernatant solution. The mixture was kept at low temperature
and then filtered, and the supernatant CH,Cl, phase was separated.
Subsequent evaporation under vacuum provided an off-white micro-
crystalline solid identified as [Cs][Cp*Ru(i7*-0-C¢H,0,)] (31.8 mg,
0.07 mmol). Yield: 70%. '"H NMR (300 MHz, CD,CL,): § 5.07 (m,
2H, diene), 4.74 (m, 2H, diene), 1.80 (s, 15H, Cp*). 3C NMR (75.4
MHz, CD,CL,): 6 131.5 (C=O0 diene), 91.5 (C=C Cp*), 79.4 (C—
H diene), 76.0 (C—H diene), 10.9 (CH; Cp*). IR (ATR, cm™): 3659,
3051, 2963, 2901, 1664, 1537, 1483, 1431, 1382, 1336, 1258, 1240,
1183, 1069, 1008, 876, 790, 752, 681, 637, 582, 520, 485, 457, 395,
352, 308, 240, 206. This compound was moisture-sensitive, and hence
no microanalytical data were obtained.

Synthesis of [(bpy),RuCp*Ru(y*-CsH,0,)I[0Tf] (5-OTf). A
Schlenk flask under argon was charged with [(bpy),RuCl,] (97.8
mg, 0.2 mmol) and dissolved in acetone (10 mL). Once dissolved, 2
equiv of AgOTf (103.7 mg, 0.4 mmol) was added to the dark-purple
solution. After 20 min, a white precipitate formed (AgCl) and the
solution turned purple. The reaction was stirred at room temperature
for 1 h. Meanwhile, in another Schlenk flask kept under argon, 1 (100
mg, 0.20 mmol) was dissolved in acetone (10 mL) and 2 equiv of
Cs,CO; (131.5 mg, 0.40 mmol) was added at once. The reaction was
stirred for 1 h. The filtered purple solution of [(bpy),Ru]** was added
to the catecholate ruthenium complex suspension and stirred for an
additional 1 h. Then the solvent was removed under vacuum, and the
residue was dissolved in CH,Cl, and filtered through alumina.
Evaporation of CH,Cl, under vacuum provided the bimetallic complex
as a dark-purple microcrystalline solid (167 mg, 91% yield). 'H NMR
(300 MHz, CD,Cl,): 6 9.33 (1H, d, J = 5.5 Hz, H bpy), 8.99 (1H, d, J
= 5.0 Hz, H bpy), 8.39 (1H, d, ] = 8.3 Hz, H bpy), 825 (2H, m, H
bpy), 8.09 (1H, d, ] = 8.1 Hz, H bpy), 8.07 (dt, 1H, J = 1.5 and 7.9 Hz,
H bpy), 7.90 (dt, 1H, J = 1.4 and 7.9 Hz, H bpy), 7.77 (m, 1H, H
bpy), 7.67 (m, 2H, H bpy), 7.59 (dt, 1H, ] = 1.4 and 8.2 Hz, H bpy),
747 (ddd, 1H, J = 1.3, 5.8, and 7.2 Hz, H bpy), 7.38 (d, 1H, ] = 5.8
Hz, H bpy), 7.05 (ddd, 1H, ] = 1.3, 5.9, and 7.2 Hz, H bpy), 6.98 (ddd,
1H, J = 1.4, 5.8, and 7.3 Hz, H bpy), 4.99 (dd, 1H, ] = 1.2 and 5.3 Hz,
H r-arene), 4.83 (dd, 1H, J = 1.2 and 5.4 Hz, H z-arene), 4.45 (m, 2H,
H r-arene), 1.64 (s, 15H, Cp*). *C NMR (754 MHz, CD,Cl,): §
160.7 (C=0 z-arene), 158.8 (C=C bpy), 158.5 (C=C bpy), 153.7
(C—H bpy), 152.9 (C—H bpy), 152.4 (C—H bpy), 151.3 (C—H bpy),
148.8 (C=C bpy), 143.3 (C=C bpy), 135.4 (C—H bpy), 134.3 (C—
H bpy), 133.5 (C—H bpy), 126.9 (C—H bpy), 126.1 (C—H bpy),
125.9 (C—H bpy), 125.4 (C—H bpy), 123.7 (C—H bpy), 123.6 (C—H
bpy), 123.5 (C—H bpy), 123.2 (C—H bpy), 90.4 (Cq Cp*), 78.5 (C—
H r-arene), 77.5 (C—H r-arene), 77.2 (C—H r-arene), 76.0 (C—H z-
arene), 11.094 (CH, Cp*). IR (ATR, cm™"): 3460, 3067, 2963, 2908,
1694, 1600, 1462, 1418, 1382, 1351, 1253, 1147, 1028, 1013, 866, 848,
818, 801, 762, 727, 656, 634, 603, 571, 539, 531, 515, 48S, 425, 381,
341, 328, 308. Anal. Calcd for CyH;F3N,ORw,S (906.90 g-mol™):
C, 49.00; H, 3.89. Found: C, 49.23; H, 4.09.

Synthesis of [(bpy),RuCp*Ru(r*-C¢H,0,)I[A-TRISPHAT] (5-
AT). The bimetallic ruthenium complex S-OTf (80 mg, 0.09 mmol)
was dissolved in CH,Cl, (8 mL). Then 1 equiv of [cinchonidinium]-
[A-TRISPHAT] (94 mg, 0.09 mmol) was added to the solution. After
1 h of reaction, the solution was evaporated to dryness and the dark-
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purple solid was passed through a flash chromatography column
(alumina/CH,Cl,). The A-TRISPHAT complex was obtained as a
dark-purple microcrystalline solid and recrystallized from CH;CN/
Et,O (94 mg, 70% yield). "H NMR (300 MHz, CD,CL): & 9.32 (m,
1H, H bpy), 8.98 (d, 1H, ] = 5.4 Hz, H bpy), 8.32 (dd, 1H, ] = 5.6 and
7.7 Hz, H bpy), 8.18 (m, 2H, H bpy), 8.09 (d, 1H, J = 8.1 Hz, H bpy),
8.01 (q, 1H, ] = 7.4 Hz, H bpy), 7.84 (m, 1H, m, H bpy), 7.75 (m, 1H,
H bpy), 7.65 (m, 2H, H bpy), 7.54 (m, 1H, H bpy), 7.45 (t, 1H, ] =
6.4 Hz, H bpy), 7.38 (d, 1H, J = 4.6 Hz, H bpy), 7.03 (m, 1H, H bpy),
6.98 (m, 1H, H bpy), 4.98 (d, 1H, J = 5.2 Hz, H z-arene), 4.83 (dd,
1H, J = 1.1 and 5.4 Hz, H z-arene), 4.45 (m, 2H, H 7-arene), 1.65 (s,
15H, CH, Cp *). IR (ATR, cm™'): 2921, 1695, 1596, 1446, 1387,
1351, 1290, 1256, 1235, 1009, 989, 820, 758, 717, 669, 619, 603, 583,
564, 551, 488, 455, 405, 370, 342, 329. Anal. Calcd for
Cy4H,sCl,,N,O4PRu,2CH,CN  (1608.53 gmol™"): C, 4331; H,
2.57. Found: C, 43.31; H, 2.80.

Synthesis of [(ppy),RhCp*Ru(iy*-C4H,0,)] (8). A Schlenk flask
was charged under argon with [(ppy),Rh(u-Cl)], (45.1 mg, 0.05
mmol) and dissolved in acetone (S mL). Once dissolved, 2 equiv of
AgOTf (25.9 mg, 0.1 mmol) was added to the green solution. After 20
min, a white precipitate formed (AgCl) and the solution turned yellow.
The reaction was stirred at room temperature for 1 h. Meanwhile, in
another Schlenk flask, 1 (50 mg, 0.10 mmol) was dissolved in acetone
(5 mL) and 2 equiv of Cs,CO; (65.8 mg, 0.20 mmol) was added at
once. The reaction was stirred for 1 h to form in situ [Cs][Cp*Ru-
(catecholate)]. The filtered yellow solution of [(ppy),Rh(solvent),]"
was added to the [Cs][Cp*Ru(catecholate)] suspension and stirred
for an additional 1 h. Then the solvent was removed under vacuum,
and the residue was dissolved in CH,Cl, and filtered through Celite.
Evaporation of CH,Cl, under vacuum provided the bimetallic complex
as a light-green solid (58 mg, 76% yield). '"H NMR (300 MHz,
CD,Cl,): §9.11 (d, 1H, ] = 5.8 Hz, H ppy), 8.69 (d, 1H, J = 5.7 Hz, H
pPY), 7.90 (m, 2H, H ppy), 7.78 (m, 2H, H ppy), 7.64 (d, 1H, ] = 7.6
Hz, H ppy), 7.57 (d, 1H, ] = 7.9 Hz, H ppy), 7.37 (dt, 1H, ] = 2.7 and
5.7 Hz, H ppy), 7.12 (m, 1H, H ppy), 6.88 (m, 2H, H ppy), 6.74 (m,
2H, H ppy), 6.20 (d, 1H, ] = 7.7 Hz, H ppy), 6.05 (d, 1H, ] = 7.7 Hz,
H ppy), 491 (d, 1H, J = 5.5 Hz, H m-arene), 4.82 (d, 1H, = 5.5 Hz, H
m-arene), 442 (m, 2H, H z-arene), 1.71 (s, 15H, CH; Cp*). IR (ATR,
cmﬁl): 3041, 2966, 2905, 1645, 1602, 1578, 1564, 1467, 1412, 1380,
1336, 1299, 1266, 1226, 1156, 1060, 1025, 866, 838, 793, 753, 729,
667, 649, 628, 612, 592, 528, 459, 416, 373, 349, 326. Anal. Calcd for
C;3H3sN,0,RhRu-H,0 (773.69 g:mol™!): C, 58.99; H, 4.82. Found:
C, 59.20; H, 4.93.

Synthesis of [(ppy),IrCp*Ru(ij*-CsH,0,)] (11). A Schlenk flask
was charged under argon with [(ppy),Ir(u-Cl)], (54.0 mg, 0.05
mmol) and dissolved in acetone (S mL). Once dissolved, 2 equiv of
AgOTf (25.9 mg, 0.1 mmol) was added to the yellow solution. After
20 min, a white precipitate formed (AgCl) and the solution turned
light yellow. The reaction was stirred at room temperature for 2 h.
Meanwhile, in another Schlenk flask, 1 (50 mg, 0.10 mmol) was
dissolved in acetone (S mL) and 2 equiv of Cs,CO; (65.8 mg, 0.20
mmol) was added at once. The reaction was stirred for 2 h. The
filtered light-yellow solution of [(ppy),Ir(solvent),]* was added to a
suspension of [Cs][Cp*Ru(catecholate)] and stirred for an additional
1 h. Then the solvent was removed under vacuum, and the residue was
dissolved in CH,Cl, and filtered through alumina. Evaporation of
CH,Cl, under vacuum provided the bimetallic complex as an orange
solid (51 mg, 60% yield). "H NMR (300 MHz, CD,CL,): 5 9.09 (d,
1H, J = 5.5 Hz, H ppy), 8.71 (d, 1H, ] = 5.0 Hz, H ppy), 7.89 (d, 1H, ]
= 8.6 Hz, H ppy), 7.78 (m, 2H, H ppy), 7.63 (m, 2H, H ppy), 7.52 (d,
1H, J = 7.3 Hz, H ppy), 7.31 (t, 1H, ] = 6.3 Hz, H ppy), 7.06 (t, 1H, J
= 6.3 Hz, H ppy), 6.79 (m, 2H, H ppy), 6.63 (m, 2H, H ppy), 6.22 (d,
1H, J = 7.5 Hz, H ppy), 6.08 (d, 1H, ] = 7.5 Hz, H ppy), 4.95 (d, 1H, ]
= 5.4 Hz, H n-arene), 4.87 (d, 1H, ] = 5.4 Hz, H m-arene), 442 (m,
2H, H z-arene), 1.70 (s, 15H, CH; Cp*). IR (ATR, cm™'): 3234,
3037, 2966, 2902, 1697, 1602, 1508, 1465, 1413, 1381, 1345, 1298,
1263, 1223, 1158, 1029, 992, 823, 792, 754, 728, 668, 629, 616, 597,
532, 472, 447, 420, 380, 350, 326. Anal. Calcd for C;3H;IrN,O,Ru
(844.98 g:mol™"): C, 54.01; H, 4.17. Found: C, 53.99; H, 4.65.
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X-ray Crystal Structure Determination of 5-OTf, 8, and 11. A
single crystal of compound 5-OTf, 8, or 11 was selected, mounted
onto a glass fiber, and transferred in a cold-nitrogen gas stream.
Intensity data were collected with a Bruker Kappa-CCD or Kappa-
APEX2 with graphite-monochromated Mo Ko radiation. Unit-cell
parameter determination, data collection strategy, and integration were
carried out with the EVAL-14"® or APEX2 suite of programs.
Multiscan absorption correction was applied.”® The structures were
solved by direct methods using the $ir92*° or SUPERFLIP*' programs.
Almost all non-H atoms were refined anisotropically. All H atoms were
placed at calculated positions. In 5-OTf, the triflate anions were
refined isotropically. One OT( anion is disordered over two positions
(0.6/0.4 site occupation factors), and its geometry was restrained. The
second anion showed quite important isotropic thermal parameters,
but no sensible model of disorder could be obtained. In 8, there is
nonnegligible (and nonmodelized) residual density near the Rh1 atom
(0.97 A) that prevented the anisotropic refinement of the neighboring
N atom.

These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.

Crystal data for 5-OTf (CCDC 790660): purple crystals,
C;,H;6F;N,O; (Rw,S, triclinic, P1, a = 14.337(2) A, b = 152172(11)
A, ¢ = 18279(3) A, a = 103.270(10)°, f = 92.249(12)°, y =
100.276(10)°, V = 3805.7(9) A3, Z = 4, T = 200(2) K, u = 0911
mm !, 66434 reflections measured, 17175 independent (R, =
0.0752), 9080 observed [I > 26(I)], 906 parameters, final R indices R1
[I>20(I)] = 0.0750 and wR2 (all data) = 0.2501, GOF on F* = 1.054,
max/min residual electron density = 1.85/—1.86 e-A3,

Crystal data for 8 (CCDC 810215): light green crystals,
CyssH,,ClNO Rh,Ru,, triclinic, PT, a = 12.9964(17) A, b =
23346(3) A, ¢ = 23.532(5) A, a = 99.441(10)°, 8 = 96.782(13)°, y =
95.373(10)°, V = 6947.2(19) A3, Z = 2, T = 200(2) K, u = 1.065
mm™, 106575 reflections measured, 30112 independent (R, =
0.0767), 16 028 observed [I > 26(I)], 1691 parameters, final R indices
Rl [I > 26(I)] = 0.0716 and wR2 (all data) = 0.2088, GOF on F* =
1.056, max/min residual electron density = 6.80/—2.99 e-A3.

Crystal data for 11 (CCDC 807111): orange crystals,
C4oH3,CLIrN,O,Ru, orthorhombic, P2,2,2;, a = 12.5121(3) A, b =
14.5305(4) A, ¢ = 21.4119(6) A, V = 3892.83(18) A%, Z =4, T =
200(2) K, p = 4114 mm™', 38729 reflections measured, 11659
independent (R, = 0.0230), 10538 observed [I > 20(I)], 456
parameters, final R indices R1 [I > 206(I)] = 0.0232 and wR2 (all data)
= 0.0600, GOF on F* = 1.013, max/min residual electron density =
0.88/—0.71 e-A>.

Optical Spectroscopy. Solvents used for photophysical determi-
nations were spectroscopic grade (C. Erba). Molar absorptivity values
(¢) were calculated by applying the Beer—Lambert law to low-
absorbance spectra (A < 1) of complexes recorded at successive
dilutions by using a Perkin-Elmer Lambda 950 UV-—visible—NIR
spectrophotometer. Steady-state photoluminescence spectra were
measured on sample solutions with A < 0.1 at the excitation
wavelength in right-angle mode by using a Spex Fluorolog II
spectrofluorimeter, equipped with a Hamamatsu R928 phototube.
Corrected spectra were employed throughout this work by applying to
the raw data a correction curve of the wavelength-dependent
phototube response between 280 and 900 nm obtained by using a
calibrated halogen-lamp source. Quartz capillary tubes immersed in
liquid nitrogen in a coldfinger quartz dewar were used for the
measurement of MeOH/EtOH (1:4) frozen glasses at 77 K.
Nanosecond laser flash photolysis experiments were performed by a
system based on a Nd:YAG laser (JK Lasers, 355 nm, 4.0 m]J/pulse, 18
ns pulse) using a right-angle analysis on the excited sample, previously
described.** The samples were bubbled with argon for ca. 15 min and
sealed in homemade 10-mm-optical-path-length cells. Luminescence
lifetimes were measured with an IBH SO00F time-correlated single-
photon-counting apparatus, by using a pulsed NanoLED excitation
source at A = 373 nm. Analysis of the luminescence decay profiles
against time was accomplished with the Decay Analysis Software
DAS6 provided by the manufacturer. Experimental uncertainties are
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estimated to be 2 nm on band maxima and 10% in the lifetime
determination.

Theoretical Calculations. The GAUSSIAN 09 program package
was used to perform DFT** and TD-DFT?® calculations. The singlet
ground-state geometries of the nine complexes 5—13 were optimized
using the exchange-correlation functional PBE0*® in vacuo. Effective
core potentials (ECPs) were used to account for the inner-shell
electrons of the transition metals. Particularly, the small-core
relativistic energy-consistent pseudopotentials (PPs) of the Stutt-
gart/Cologne group were employed, along with their correlation-
consistent basis sets of double-{ quality for the 4d Ru and Rh
(ECP28MDEF/VDZ basis set),” and 5d Ir (ECP60MDEF/VDZ basis
set)*® transition metals. The peculiarity of these PPs is that they
incorporate both scalar and spin—orbit relativistic effects and are
expected to be definitely more appropriate to describe the transition
metals, particularly when relativistic effects are large. The 6-31G* basis
set®® was employed for all of the other atoms. The accuracy of the
calculated geometries was tested by comparison with the X-ray
diffraction (XRD) available data for 5-OTf and 7-OTf,.'®* The
calculations of the Hessian matrices for all complexes confirm that the
geometries are those corresponding to the minimum on each potential
energy surface with harmonic frequencies ranging from 13 to 20 cm™.
To assign the spectral region above 300 nm, the first 33 singlet—singlet
excited-state transitions of 5—7 were calculated by TD-DFT using the
hybrid meta exchange-correlation functional MO06 of Zhao and
Truhlar.*® In the case of complexes 8—13, the calculation of only 24
transitions is enough to cover the investigated range of wavelengths. In
order to compare the calculated spectra with the absorption spectra in
a CH,Cl, solution, the default integral equation formalism (IEFPCM)
variant of the polarizable continuum model (PCM)*' was used to
account for solvation. The simulations of the electronic spectra were
obtained by summing up Gaussian functions centered at each
calculated wavelength with the high of the maxima related to the
oscillator strength. A full width at half-maximum (fwhm) of 60 nm was
found adequate to satisfactorily reproduce the low-energy region of the
spectra. The electron density plots of the lowest triplet states of 9 and
10, reported in the Supporting Information, were calculated using the
procedure followed in the case of the singlet state specified above,
accounting for the different multiplicities at every stage of the
computations. The electron density plots were drawn by using
MOLDEN.*

B RESULTS AND DISCUSSION

Synthesis and Characterization of the OM-Linkers 2—
4. The syntheses of o-benzoquinone complexes of rhodium and
iridium [Cp*M(o-benzoquinone)]: M = Rh (3); M = Ir (4)
were previously reported by us.'® They involve the x
complexation of catechol in acetone in the presence of excess
BF;2H,0 to give the 7-bonded catechol complexes [Cp*M-
(7°-C4H40,)][BF,],. Subsequent deprotonation with Cs,CO,
in acetone afforded the target z-bonded OM-linkers 3 and 4.
The presence of trifluoroborane is important to allow
placement of the metal center to the = ring and avoid OO
coordination of the catechol to the metal center, as observed
previously by Maitlis et al.** However, we note that 7-bonded
quinonoid complexes of “Mn(CQO);” were described.** As for
the o-benzoquinone complex of ruthenium 2, it involves a
slightly different procedure. The first step consists of the
treatment of catechol in CH,Cl, with air-sensitive [Cp*Ru-
(CH;CN),][OTA] to give the air-stable z-bonded catechol
complex [Cp*Ru(i7%-C¢Hs0,)][OTf] (1).* The 'H NMR
spectrum of 1 recorded in CD,Cl, showed a singlet at 6 1.90
assigned to the Cp*Ru unit and two sets of multiplets at § 5.21
and $.80 attributed to the 7 ring of the coordinated catechol.
The phenolic protons are also visible and appear as a broad
singlet at 5 7.99. Complex 1 was then treated with Cs,COj; for
16 h subsequent to the reaction workup, providing the OM-
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linker 2-Cs as an off-white microcrystalline powder, which is
very moisture-sensitive. The 'H NMR spectrum of 2-Cs
recorded in CD,Cl, showed an upfield shift relative to the
parent molecule 1 notably for the protons of the carbocycle
ring. For instance, complex 2-Cs showed two sets of multiplets
at 6 4.74 and 5.07, and the singlet for the Cp*Ru unit appears
now at 6 1.80.

Preparation and Characterization of the Coordination
Assemblies with OM-Linkers. The syntheses of the
binuclear assemblies (6-7)-OTf, (9-10)-OTf, and (12-13)-
OTf with the neutral rhodium and iridium OM:-linkers
[Cp*M(0-CiH,0,)] [M = Rh (3), M = Ir (4)] were recently
reported.l&"’46 The related salts 7-AT, 10-AT, and 13-AT with
A-TRISPHAT as the counteranion were obtained from anion
metathesis through elution of the starting material with CH,Cl,
in the presence of [cinchonidinium][A-TRISPHAT]" (Figure
1) on a neutral alumina column.

cl °
e
cl
cl o
cl O]LO
cl 0”0
0 cl
cycl
cl

Figure 1. Schematic drawing of [cinchonidinium][A-TRISPHAT].

In a similar approach, the novel homo- and heterobinuclear
assemblies 5-OTf, 8, and 11 were obtained by treatment of the
anionic ruthenium OM:-linker 2-Cs with luminophore bricks
such as “(bpy),Ru(I)*”, “(ppy),Rh(Il))*”, and “(ppy),Ir-
(I)*” (bpy = 2,2"-bipyridine; ppy = 2-phenylpyridine) in
acetone. For instance, the treatment of 2-Cs with the solvated
brick [(bpy),Ru(acetone),|[OTf], prepared in situ in acetone
for 1 h, followed by the reaction workup, provided a deep
burgundy microcrystalline material identified by spectroscopic
data and elemental analysis as $-OTf. The "H NMR spectrum
of 5-OTf recorded in CD,Cl, presented 14 multiplets in a
range of 0 6.98 and 9.33 corresponding to the two
nonequivalent bpy ligands, three multiplets at & 4.45, 4.83,
and 4.99, which are attributed to the z-coordinated 0-C;H,O,,
and a singlet at § 1.64 for 7°-Cp*Ru. Interestingly, the latter
signals are upfield relative to the free OM-linker 2-Cs. These
data are in contrast to those observed generally with the
binuclear octahedral assemblies (6-7)-OTf, (9-10)-OTf, and
(12-13)-OTf, displaying the neutral OM-linkers 3 and 4.

We then decided to prepare the related complex [(bpy),Ru-
(2)][A-TRISPHAT] (5-AT) with A-TRISPHAT as the
counteranion instead of triflate. The idea to study the
luminescent properties of a series of binuclear assemblies
with A-TRISPHAT is to probe whether a novel property might
arise from possible ion-paired complexes in solution or in the
solid state with the A-TRISPHAT. For instance, Thompson
and co-workers examined the photophysical properties of some
ion-paired iridium comgplexes and their applications in organic
light-emitting devices.* In our case, the chiral anion, “not the
OM anion as in the precedent example”, tends to form ion-
paired complexes as supported by several X-ray molecular
structures.*’ For instance, the X-ray molecular structure of the
dinuclear ruthenium complex trans-[(Sp,Sp)-bis(Cp*Ru)-
carbazolyl ][ A-TRISPHAT], which possesses a planar chirality,
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showed two 7—r interactions between one of the tetrachlor-
obenzene rings of A-TRISPHAT and the two 7°>-Cp*Ru units
of two cationic metal complexes with d; = 3.51 and d, = 3.66 A,
respectively. As a result, the A-TRISPHAT anion intercalates
between two cationic complexes, providing a one-dimensional
supramolecular chain.*® Complex 5-AT was prepared by
mixing S-OTf with an excess of [cinchonidinium][A-TRI-
SPHAT] and eluted on a column of neutral alumina with
CH,Cl,. The target compound 5-AT was obtained in 70% yield
as a dark-purple microcrystalline solid. The "H NMR spectrum
recorded in CD,Cl, showed a pattern similar to that of 5-OTf;
however, all signals appeared broad, reminiscent of the
presence of a mixture of the two diastereomers [A-(bpy),Ru-
(2)][A-TRISPHAT] (SA-AT) and [A-(bpy),Ru(2)][A-TRI-
SPHAT] (5A-AT). The elemental analysis is in accordance
with the proposed formula. The luminescence properties were
carried out on both species without separation of the two
compounds. To complete this series, we then decided to
prepare the neutral binuclear compounds with luminophore
bricks [M(ppy),]* (M = Rh, Ir). Thus, the treatment of 2-Cs
prepared in situ with [(ppy),Rh(acetone),][OTf] in acetone
for 1 h at room temperature provided a yellow-greenish
solution. Reaction workup allowed isolation of the target
compound 8 in 76% yield as a light-green microcrystalline solid.
The related heterobinuclear species 11 was obtained in 60%
yield as an orange microcrystalline solid. Spectroscopic data
(*H and C NMR and IR) were in accordance with the
proposed formulas (see the Experimental Section); moreover,
the X-ray molecular structure of 11 was identified without
ambiguity.

X-ray Molecular Structures of 5-OTf, 8, and 11. Suitable
crystals of the three compounds were grown at room
temperature by the slow diffusion of diethyl ether into a
CH,Cl, solution. Crystals of 5-OTf are purple, those of 8 are
light green, and those of 11 are orange. The molecular
structures of S, 8, and 11 are shown in Figure 2. Comparative
bond distances and angles are depicted in Table 1. The X-ray
structure of 5-OTf revealed the presence of two independent
molecules, a and b, and confirmed the O*O’ chelating mode of
the OM-linker 2 to the Ru(bpy), core via both O atoms. The
Ru" center is also coordinated to four N atoms of two bpy
ligands, which describe a distorted octahedral geometry around
the metal center. The structure also shows that the carbocycle
ring is coordinated to the “Cp*Ru” moiety via the four diene C
atoms in an #* fashion; the Ru2---C21 and Ru2---C22 distances
are 2.31 and 2.41 A, respectively, indicating the absence of
interaction. The two quinone functional groups are bent
upward relative to the Cp*Ru moiety with only 5.98°%; this
angle is smaller than that reported previously for the octahedral
assembly [(bpy),Ru(4)][OTf], (7-OTf), where 6 = 12.74°.
Further, the C21---O1 and C22---O2 bond distances are of
1.326 and 1.310 A. These data are consistent with the C---O
length found in the semiquinone form in a large number of
dioxelene complexes.”*>' The C21---C22 bond length within
the chelate ring is of 1.42 A, also suggesting the presence of a
semiquinone form of the carbocycle ring. The related neutral
iridium complex 11 featured only one single molecule in the
unit cell. The structure shows that the OM ligand 2 chelates the
Ir(ppy), moiety via both O atoms through a OO’ coordination
mode, as shown in the previous example. The Ir' center is also
coordinated to two phenylpyridine ligands with cis-metalated C
atoms and trans-metalated N atoms, as expected for these types
of L,Ir(ppy), complexes and thus describing a distorted
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Figure 2. Molecular structures of § and the neutral species 8 and 11 at 30% ellipsoids with atom labeling.

octahedral geometry. The Ir—N bond distances in the pyridyl
moiety of the two chelating CAN ligands are about 2.017 and
2.035 A, while those of the phenyl ring Ir—C are about 1.981
and 1.991 A. These bond distances are shorter than those
reported for L,Ir(ppy), compounds. The structure reveals that
the carbocycle ring is coordinated to Cp*Ru through only four
C atoms in an #* fashion; the Rul---C23 and Rul--C24
distances are 2.359 and 2.425 A, respectively, indicating the
absence of interaction. The two quinone functional groups are
almost planar relative to the Cp*Ru-ring moiety with only
6.29°%; this angle is comparable to that found for 5-OTf but
smaller than that reported previously for the octahedral
assembly 7-OTf, where 8 = 12.74°. Moreover, the C23---O1
and C24---0O2 bond distances of 1.311 and 1.295 A are similar
to those found for 5-OTf and 7-OTf'® and are consistent with
the C---O length found in dioxelene—metal complexes
displaying a semiquinone form. Moreover, the C23---C24 bond
distance is 1.442 A, comparable to that found in the previous
complex. The X-ray molecular structure of the rhodium
complex 8 revealed the presence of four independent
molecules. The structure of one of these molecules is depicted
in Figure 2 and showed similar features relative to the iridium
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congener 11. The structure shows that the anionic OM-linker 2
chelates the Rh(ppy)," luminophore brick via both oxygen
centers through O*O’ coordination mode. In this dinuclear
assembly, the two quinone functional groups form an angle 8 =
6.76° with respect to the rest of the carboxy ring. This value is
slightly bigger than that found for complex $-OTf but smaller
than that reported for 7-OTf and comparable with the
congener iridium species 11. Further, the C—O bond distances
of the two carbonyl functions C61---O3 and C62---O4 are 1.31
and 1.29 A, similar to those found for the iridium congener and
those found for the monocationic 5-OTf and dicationic 7-OTf
related complexes; moreover, the C61---C62 bond distance is
1.44 A. As in the case of the iridium congener 11, these bond
distances compare well with those found for dioxelene—metal
complexes displaying a semiquinone form. In summary, the
above structural comparisons among these novel families of
octahedral metal complexes displaying metalated quinonoid
ligands show that the quinone form of the coordinated OM-
linker loses its structure upon moving from a dicationic species
to a monocationic one and finally the neutral rhodium and
iridium species, which display more catecholate resonance
structures compared to these metalated dioxolene ligands.
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Table 1. Comparative Bond Distances (A) and Angles (deg)
for Complexes §, 8, and 11

S 8 11
Bond Lengths
C---0 C21---0O1: C61---03: C23---01:
1.326(8) 1.31(1) 1.311(4)
C22---02: C62---04: C24---02:
1.31(1) 1.29(1) 1.295(4)
C---C C21---C22: C61---C62: C23---C24:
142(2) 1.44(1) 1.442(4)
M---C(diene) Ru2---C23: Ru2---C63: Rul---C25:
2.24(1) 2.17(1) 2.236(3)
Ru2---C24: Ru2---C64: Rul---C26:
2.18(1) 2.17(1) 2.180(4)
Ru2---C25: Ru2---C65: Rul---C27:
2.17(1) 2.17(1) 2.168(4)
Ru2---C26: Ru2---C66: Rul---C28:
2.17(1) 223(1) 2.191(4)
M---X(bpy or ppy) Rul---N1: Rh2---N3: Irl--NI:
(X =C N) 2.054(8) 2.010(8) 2.035(3)
Rul---N2: Rh2---N4: Ir1---N2:
2.021(9) 2.050(8) 2.017(3)
Rul---N3: Rh2---C49: Ir1---C11:
2.026(6) 1.965(8) 1.981(4)
Rul---N4: Rh2---C60: Ir1---C22:
2.008(7) 1.97(1) 1.991(3)
Bond Angles
0-M-0O O1-Rul-02: 0O3—Rh2-04: O1-Ir1-02:
80.3(2) 77.0(2) 77.81(9)
N-M-N NI1-Rul—-N2:
79.3(3)
N3—Rul—N4:
79.2(3)
N-M-C N3—-Rh2—-C49: NI1-Ir1-Cl1:
81.0(3) 80.6(1)
N4—Rh2—-C60: N2—-Ir1-C22:
82.1(3) 81.2(1)

All in all, these examples are the first to be described for
metalated dioxelene ligands coordinated to luminophore bricks.
Lever et al. described the syntheses of a variety of dioxelene—
metal complexes displaying semiquinone form. The latter show a
typical NIR absorption in the 1000—1200 nm region related to
the semiquinone fashion. In contrast, our compounds, although
the solid-state structures argue in favor of a semiquinone form,
are not paramagnetic in solution and do not exhibit such an
absorption (vide infra). We propose that the presence of the
metal in these dioxolene ligands profoundly modifies the
electronic properties of the examined octahedral complexes
with OM ligands. Their absorption and luminescence features
are described in the next sections.

Absorption. The absorption spectra of the binuclear
complexes recorded in CH,Cl, and CH;OH solutions are
reported in Figure 3, and relevant data are collected in Table 2.
The absorption profiles of the investigated binuclear [Rh-
(ppy).(2—4)] and [Ir(ppy),(2—4)] derivatives, 8—10 and 11—
13, respectively, show a similar envelope of high-energy
electronic transitions (Figure 3) in the spectral region of
240-310 nm. They originate from spin-allowed 'z,7* ligand-
centered ('LC) transitions of the phenylpyridine ligands, with
some likely contribution from 3LC forbidden transitions,>*
enabled by the heavy-atom effect of the iridium and rhodium
nuclei (Cpy = 1259 em™); &, = 3909 cm ™).

The low-energy absorption bands present at 350—500 nm in
the spectra of 8, 10, 11, and 13 OTf derivatives are of less
straightforward attribution. In fact, the usual assumption used
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Figure 3. Absorption spectra of complexes 2 and 5—13 in a CH,Cl,
solution and of complexes 3 and 4 in a CH;OH solution.

to interpret the spectroscopic properties of inorganic
complexes, i.e., that both the ground and excited states can
be described by a localized molecular orbital (MO)
configuration, is less applicable in OM compounds, where a
large degree of covalency in the metal-C™ ¢ bonds exists. On
this basis, for the above-mentioned rhodium and iridium
binuclear complexes, it seems reasonable to consider for these
low-intensity absorption features (¢ ~ 10000 mol “L-cm™)
not only 'MLCT transitions related to the iridium(III) and
rhodium(III) phenylpyridyl moieties®** but also CT transitions
from the occupied d metal orbitals to the 7* MOs of the
metalated dioxelene moiety, either of ¢ bond to ligand charge
transfer ('SBLCT) or mixed '"MLCT/intravalent charge-tranfer
('ILCT) character.>* The 9-OTf and 12-OTf complexes,
instead, show a clearly defined low-energy absorption band
(peaking at 424 nm in 12-OTf and at 404 nm in 9-OTf; Table
2). This indicates an influence of the metal present in the OM-
linker on the distribution of the CT transitions originating from
the iridium and rhodium metals sitting in the octahedral

~
~

coordination environment. The bimetallic ruthenium deriva-
tives $S—7 exhibit quite different spectral shapes. Their
absorption spectra display three main features, in order of
decreasing energy: (i) an intense band in the UV region of the
spectrum, located around 290 nm, which is usually assigned to
bpy-centered 7,7* transitions;>® (i) a middle-energy band at ca.
360 nm, with absorption coefficients larger than 10*
mol "“L-em™’; (iii) a low-intensity, low-energy band, whose
energy is modulated by the metal in the OM-linker (2—4). This
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Table 2. Photophysical Parameters of the Examined Complexes

absorption (room temperature)®

emission (77 K)¥

Anae/DM (€0/ M) Amax/DM T/ps
5-OTf 247 (29 900), 297 (41 600), 363 (11 900), 578 (9000) 765 12
5-AT 299 (52400), 364 (11 800), 578 (9000) 765 1.1
6-OTf 248 (29 800), 296 (55 800), 362 (11 800), 517 (12 500) 692 1.1
7-OTf 245 (31500), 295 (50 300), 356 (10 600), 501 (9300) 698 13
7-AT 297 (73 900), 355 (10 100), 505 (12 700) 698 12
8 254 (45000), 288 (26 000), 346 (7400), 402 (4900) 466 96
9-OTf 253 (39000), 267 (43 900), 305 (22 100), 404 (14 100) 460 96
10-OTf 249 (41 600), 301 (17200), 336 (13 400), 378 (9800) 460 95
10-AT 239 (70 500), 301 (29 100), 332 (14 700), 381 (9900) 459 94
11 258 (39 100), 286 (30 100), 350 (7400), 474 (2400) 515 5.0
12-0Tf 268 (52 600), 424 (10 700) 486 5.1
13-OTf 261 (39800), 282 (31 900), 350 (11400), 450 (4300) 487 49
13-AT 280 (43 500), 356 (12 400), 455 (4300) 488 4.8
2 270sh (18 800)
3 272 (7500), 383 (3200)°
4 239 (11800), 321 (7700), 360sh (3700)°

“In a CH,Cl, solution. *In a MeOH/EtOH (1:4, v/v) mixture; excitation at 373 nm. “In a MeOH solution.

low-energy absorption band has been assigned to the dg,—7*y,,
transition of MLy, CT character with minor contributions from
=™y, transitions of Ly,qLy,, CT character.*® The mono-
metallic benzenedionecyclopentadienyl derivatives 3 and 4
show an envelope of moderate-intensity (¢ =~ 10000
mol "L-cm™!) absorption transitions in the UV portion of
the spectrum, centered around 240 and 270 nm for 4 and 3,
respectively, which are associated with the cyclopentadienyl—
metal subunit.>® The lower-intensity bands (¢ ~ 3000—7000
mol "L-cm ™) extending from 300 to 500 nm, which are absent
in complex 2, are most likely associated with the
benzenedione—metal subunit, and from the magnitude of the
extinction coefficient, the transitions are probably charge
transfer in character.

TD-DFT Calculation of Excitation Spectra. To gain
deeper insight into the character of the excitations that give rise
to the observed absorption spectra of 5—13, they were
calculated by means of TD-DFT using the M06 hybrid meta
exchange-correlation functional, recommended by Zhao and
Truhlar® for application in OM chemistry. PPs and basis sets
that account for the relativistic effects of the transition metals
were employed,®”® and the complexes were considered in a
CH,Cl, solution by means of the PCM.*' The geometries used
are those of the nine complexes calculated in vacuo by the
PBE0*® hybrid functional because preliminary tests and a
comparison with the XRD available structures of § and 11
indicated its adequateness in accurately calculating them. The
analysis of the absorption spectra relies on the information of
the excitations characterizing each transition and on the
electron density plot of the MOs of 5—13, which are reported
in the Supporting Information along with the calculated
energies/wavelengths and oscillator strengths of the singlet—
singlet transitions. An example of the calculated frontier orbitals
is reported in Figure 4 for 5—7. Examination of the electron
density distribution of these complexes indicates that it is ruled
by the kind of OM-linker within the complex. In §, 8, and 11,
where the OM-linker with ruthenium is present, the
benzoquinone ring significantly participates in the description
of the highest occupied MOs (HOMOs). On the contrary, the
OM-linkers with rhodium and iridium only contribute to the
HOMO-1 of 9, 10, 12, and 13, with the electron densities of
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Figure 4. Electron density plots calculated for the bimetallic
complexes 5—7.

the other HOMOs being largely localized on the Rh(ppy), and
Ir(ppy), moieties, whereas the HOMOs of Ru(bpy),
complexes 6 and 7 closely resemble those of 5 (Figure 4).
Moreover, the complexes with the Ru-linker (5, 8, and 11)
differentiate from the others because of their low-energy virtual
MOs, which are completely characterized by the bpy (5) and
ppy (8 and 11) ligands. In fact, in all of the other complexes,
the electron density distribution of some of these MOs is also
localized over the OM-linkers, besides the bpy and ppy ligands.
This and the fact that most of the calculated transitions have a
multiconfigurational character, describing excitations involving
both the ligands and OM-linkers, evidence that the assignment
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Figure S. Simulated absorption spectra (upper) and calculated oscillator strengths (lower) for the bimetallic complexes 5—13.

of the absorption bands performed in terms of excitations
characterized by MOs localized on the different moieties gives a
limited description of the character of the transitions of these
complexes.”” With this in mind, the assignment of the
absorption spectra focuses on the main contributions by
singlet—singlet excitations, relying on the familiar description
given by the localized MOs. More details of each calculated
transition are included in the Supporting Information.

The simulations of the absorption spectra, reported in Figure
S, satisfactorily reproduce the spectral features of the absorption
bands above 300 nm observed in the bimetallic complexes
(Figure 3). The absorption spectra of the Ru(bpy), derivatives
5—7 show a characteristic broad absorption band at low energy
followed by another absorption at higher energy. In the case of
S, the first absorption band (4 > SO0 nm) originated by
transitions to the first six excited states (S, = S;—Sg), which are
characterized only by excitations starting from the three
HOMOs to the three LUMOs, thus assigned to Ru — bpy
transitions. In the spectral region 300—420 nm, excitations
starting from the inner occupied MOs, largely characterized by
the OM:-linker, become more and more significant with
increasing energy. On the whole, these absorptions can be
assigned to OM-linker — bpy transitions. A similar assignment
is performed for 6 and 7, which feature the rhodium and
iridium OM:-linkers, respectively, where the low-energy
absorption band is blue-shifted with respect to that of 5 and
more transitions (up to Sy = Syo) contribute to its intensity.
Nevertheless, in this case, the description of the final states also
accounts for contributions by low-lying virtual MOs, whose
electron density is spread over the OM:-linker. The transitions
to the higher-energy absorption band (~320—420 nm) of 6 and
7 originate from the same set of MOs and end up to higher
virtual MOs. Besides, excitations starting from inner MOs with
electron density distributed over the OM-linker contribute to
the high-energy part of these bands. The low-energy absorption
bands of both Rh(ppy), (8—10) and Ir(ppy), (11—13)
derivatives are significantly blue-shifted with respect to those
of Ru(bpy), derivatives (5—7). All in all, the multiconfigura-
tional description of the first three excited states indicates that
the excited electron is initially delocalized all over the complex
and ends up on ppy-centered virtual MOs in the case of 8 and
11, which have the ruthenium OM:-linker. Thus, the low-energy
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band in both cases can be attributed to CT transitions toward
the ppy ligands, with mixed MLCT and LLCT character. In the
cases of 9, 10, and 12, the weak transition to the first excited
state is assigned to M(ppy), = OM-linker, while those to the
other low excited states contain contributions by OM-linker —
OM:-linker transitions. Among them, particularly intense are the
calculated S, — S; and S, — S, transitions. The first three
excited states of 13 of weak intensity are assigned to MLCT
transitions, while the intense S, — S, transition is mainly
characterized by HOMO—1 — LUMO excitation with OM-
linker — ppy character. In all cases, the MLCT and LLCT
character increases in transitions to higher excited states. More
difficult is the attribution of the higher-energy part of these
absorption bands in the examined range of wavelengths because
the calculated transitions are characterized by multiconfigura-
tional descriptions that include more and more excitations,
which account for electron densities widely delocalized on the
whole complex. Thus, the simple assumption frequently used to
interpret the spectroscopic properties of inorganic complexes,
i.e., that both the ground and excited states can be described by
a localized MO configuration, is not applicable for these kinds
of complexes. The low-energy tail observed in the Ir(ppy),
derivatives 11—13 and absent in [Rh(ppy),(2—4)]* is not
accounted for by the model. This includes direct singlet-to-
triplet excitations of spin-forbidden character, induced by the
large spin—orbit coupling constant of the Ir atom.

Emission. The normalized luminescence spectra obtained at
77 K in a 1:4 MeOH/EtOH mixture are reported in Figure 6,
and the relevant photophysical parameters are summarized in
Table 2. All examined complexes are poorly or nonemissive at
room temperature in deaerated solutions (¢ & 107*—107°). In
contrast with the room temperature behavior, all of the
binuclear complexes were found to intensely luminesce at 77 K.
The luminescence spectra of 11, 12-OTf, and 13-OTf almost
coincide with the low-temperature spectra of the parent
compound Ir(ppy);: in the cases of 12-OTf and 13-OTf, the
coincidence is complete,>** while the emission is red-shifted by
ca. 1100 cm™ in 11, which features the ruthenium OM-linker 2.
The registered lifetimes are all on the order of 5 us, and this
leads to the conclusion that the low-temperature emission
registered for 11—13 is the typical mixed *LC—MLCT
emission originating from the Ir'ppy moiety.>***® The
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destabilize the HOMOs and provoke the observed red shift
in the emission. In particular, the anionic OM-linker 2 is the
most efficient donor ligand, as observed in the luminescent
properties of the above compounds. As a general observation,
the examined binuclear complexes show, at low temperature,
luminescence of the respective metal-bpy or -ppy moiety, with
an influence of the attached OM:-linker, which depends on the
transition metal either in the octahedral environment or in the
OM-linker.

Transient Absorption. In order to gain a more detailed
description of the nature of the lowest triplet states involved in
the photophysics of the examined compounds, which turned
out to be nonemissive at room temperature, transient-
absorption experiments upon excitation with a 18 ns pulse at
355 nm have been performed for all of the bi- and
monometallic complexes of the series. Transient-absorption
spectra have been observed only in two cases: the two
Rh(ppy), derivatives 9-OTf and 10-OTf. Their end-of-pulse
spectra are shown in Figure 7, together with the decay kinetics
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Figure 6. Emission spectra of bimetallic complexes 5—13 in a MeOH/
EtOH glassy frozen solution at 77 K.

rhodium(III) derivatives 8, 9-OTf, and 10-OTf exhibit a very
intense and well-structured emission (Figure 6), typical of the
rhodium cyclometalated derivatives,”*® with lifetimes of around
95 us (Table 2). The same structured and long-lived emission
has been reported for the parent [Rh(ppy),(bpy)]* at 77 K and
has been attributed to ppy-based LC phosphorescence, induced
by the high spin—orbit coupling constant of rhodium.**® Even
in this series the emission intensity maximum of 8 with the
anionic ruthenium OM:-linker 2 is slightly shifted to lower
energies, but to a lesser extent (ca. 300 cm™') with respect to
the related iridium(III) series. Thus, OM-linker 2 has a stronger
effect on the excited-state properties of the Ir(ppy), moieties
than on the Rh(ppy), moieties. Remarkably, we have found
that ruthenium(II) derivatives 5-OTf, 6-OTf, and 7-OTf in a
frozen solvent show NIR phosphorescence with luminescence
spectra that are strongly red-shifted and less structured
compared to the spectrum of the reference Ru(bpy);Cl,
measured in the same conditions.> The observed lifetimes
(on the order of 1.2 us) are lower than those obtained for
Ru(bpy);Cl, (4.1 ps), as predicted by the energy gap law.> In
this series of complexes, the SMLCT emission of the
ruthenium(II) polypyridine fragment is strongly influenced by
the presence of the OM unit. It is noteworthy that NIR
phosphorescence is of prime importance for the development
of optical devices for biological applications, whereby such
compounds are capable of emitting with microsecond lifetimes
beyond 700 nm.*’

All in all, we found that our OM:-linkers 2—4 show strong
electron-donating ability compared to common polypyridines
such as bipyridine and phenanthroline and thus might
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Figure 7. End-of-pulse transient-absorption spectra of 9-OTf (black
dots) and 10-OTf (red dots) in an air-purged CH,Cl, solution.
Excitation at 355 nm, 4 mJ/pulse, A;55 = 0.86. Left inset: AA decay at
580 nm for 10-OTf. Right inset: AA decay at 740 nm for 9-OTf.

derived at selected wavelengths. The spectrum of 10-OTf
shows ground-state depopulation features between 310 and 400
nm, a positive band at 440 nm, and a significant absorption that
extends until 900 nm, with a lifetime of the transient species,
equally derived at any wavelengths, of 98 ns. The spectral
features closely resemble those reported for the lowest triplet of
rhodium(III) polypyridine complexes,**®' and also the
lifetime is in the same range but somewhat reduced [z = 250
ns for Rh(phen);* in aqueous solutions].*> The observed
spectrum can thus be ascribed to absorption of the lowest
triplet, mainly of LC nature, of the rhodium polypyridyl moiety,
slightly affected by the presence of the iridium-containing OM-
linker. In the case of 9-OTH, the transient-absorption spectrum
is rather different (Figure 7), with very low absorption until 650
nm, a clear and unique band centered at 740 nm, and a lifetime
of 3.6 us. To the best of our knowledge, there is only one
reported case where a similar spectrum has been observed for
Rh,(0,CCHj;),(L), complexes (with L = CH;OH, THF, or
PPh;).%® In that case, the observed transient species showed a
peak centered around 760 nm, invariant to the nature of the
axial ligand L, with a lifetime in the range of 3.5-5.0 us, and
was tentatively attributed to an excited state involving #*
orbitals of the metal and carboxylate. It can thus be deduced
that in 9-OTf the presence of the OM:-linker is strongly
affecting the nature of the lowest triplet state observable at
room temperature, leading to transitions that involve the
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benzoquinone orbitals. DFT calculations performed on the first
triplet excited state of 9-OTf and 10-OTf showed that in the
latter the LUMOs are mainly localized on the Rh(ppy), moiety
of the complex (see the Supporting Information). Conversely,
in the case of 9-OTf, a contribution from the benzenedione
fragment of the OM:-linker for the same virtual orbitals is
evident. The lack of detection of the lowest triplet state of the
other component of the Rh(ppy), family, ie, 8, can be
attributed to a shortening of its lifetime due to the presence of
the ruthenium OM counterpart or competitive electron-transfer
process. Detection of the transient-absorption spectra in the
nanosecond to microsecond time range only for Rh(ppy),
derivatives can be in accordance with the reported behavior of
the lowest triplet states of rhodium(III) polypyridine complex-
es,”®® which are poorly emissive at room temperature but
clearly identifiable by their transient-absorption features. In the
other complexes of the series, 5—7 and 11-13, the lowest
triplet states are probably quenched by competitive processes
that strongly reduce also their luminescence, with respect to the
normal room temperature emission features of the Ir(ppy); and
[Ru(bpy);]Cl, parent compounds, and are not detectable by
the employed transient-absorption spectroscopy.

B CONCLUSIONS

In this paper, we reported the synthesis of a novel family of
luminescent coordination assemblies of the general formula
[M(L),(OM:-linker)][X], (n = 0, 1, 2) where M = Ry, L = bpy
and M = Rh, Ir, L = ppy. In these binuclear compounds, the
luminophore brick adopts a distorted octahedral geometry due
to the two polypyridine ligands and to cis O2O coordination of
the OM-linkers [Cp*M(o-C¢H,0,)]" [M = Ry, n = 1— (2);
Rh, Ir, n = 0 (3 and 4)], as shown by the three X-ray molecular
structures of 5-OTTf, 8, and 11. These OM-linkers are based on
o-benzoquinone 7-coordinated to Cp*M moieties (M = Ru,
Rh, Ir). The UV—visible spectra of these binuclear complexes
showed remarkable absorption bands that extend through the
whole range of the visible spectrum and tail into the NIR
region, especially in the case of the binuclear ruthenium
derivative $-OTf, which confers to our complexes a
panchromatic character. The emission properties recorded at
low temperature show a red-shifted emission compared to
those of the parent [M(L-L);] (M = Ru, Rh, Ir) compounds
with polypyridine or phenylpyridine ligands. Remarkably, in
frozen media, the binuclear octahedral species 5—7 exhibited
NIR phosphorescence. Our OM-linkers 2—4 exhibit strong
donating ability compared to the common polypyridines such
as bipyridine and phenanthroline and thus would destabilize the
HOMOs and provoke the observed red shift. Remarkably, our
complexes display clear luminescent features, in contrast to that
reported for coordination compounds with a nonmetalated o-
quinone ligand. The latter are nonluminescent because of the o-
quinone ligand, which acts as a luminescence quencher. These
important results pave the way for the preparation of new
luminescent materials based on metalated quinonoid ligands for
future applications in optoelectronic, photovoltaic, and sensing
areas.

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic data in CIF format for 5, 8, and 11 and
additional computational data. This material is available free of
charge via the Internet at http://pubs.acs.org.
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