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ABSTRACT: The synthesis of a Ir(III)−Co(III) dyad with vectorial
electron transfer afforded a novel supramolecular system that
photocatalytically produces hydrogen in a range extending from the
blue region of the spectrum to the red region with higher turnover
number and frequency compared to other bimetallic dyads.

■ INTRODUCTION

With the view of developing a sustainable energy supply,
molecular hydrogen is a promising fuel.1−6 A sunlight-triggered
hydrogen evolution reaction (HER) would be an interesting
solution to the worldwide consumption of fossil fuels because
hydrogen is a noncarbon source of alternative energy.7 HER is
typically based on photoinduced electron transfer from a
photosensitizer (PS) to a catalytic center, where hydrogen is
produced.8,9 Such a process requires efficient charge separation
via vectorial electron transfer, and covalent and robust
assemblies are also highly recommended.10−12 Many of the
studies reported so far use transition-metal complexes as PSs
and transition-metal derivatives as catalysts.13−21 Co complexes
are widely used as catalysts for HER because they show
considerable improvement for electro- and photocatalysis
compared to later transition metals.22−30 Cobaloxime appears
to be one of the most studied molecular catalysts because of its
simple synthesis and high efficiency.31,32 For instance,
cobaloxime moieties have been tethered to Pt(II), Re(I),
Ru(II), and Ir(III) PS complexes.14,15,33 With respect to HER,
covalent linkage of the PS to the catalyst gives, in general,
enhanced hydrogen production compared to dissociated,
bimolecular systems,14,34 despite some exceptions, e.g., with
zinc porphyrin systems.35−37 More recently, in our group,
several Ir(III)−Co(III) dyads have been developed and were
shown to photoevolve hydrogen upon green-light irradiation.33

In terms of photophysical and electrochemical tunability, Ir(III)
complexes are excellent candidates for the development of
robust and efficient supramolecular coordination assemblies for
HER. In these assemblies, the archetypical bidentate [Ir-
(ppy)2(bpy)]

+ (termed hereafter Irppy-bpy) motif is often used

because it shows high stability and enhanced efficiency
compared to other transition-metal complexes. In this work,
we present a new Ir−Co dyad for HER that is efficiently
working at longer irradiation wavelengths including yellow and
red light. The dyad Irpiq-L-Co (Chart 1) displays cyclo-
metalated piq ligands (where piqH is 1-phenylisoquinoline),
with enhanced conjugation with respect to ppy ligands (where
ppyH is 2-phenylpyridine) inducing a higher and red-shifted
molar absorption. Furthermore, the ancillary ligand L (where L
is 2,2′;5′,4″-terpyridine) connects the PS unit to the Co(III)
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Chart 1. Structure of Bis-cyclometalated Ir(III) Complexes
Used for HER
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catalyst, allowing vectorial electron transfer. Substitution on the
4 or 5 position of 2,2′-bipyridine (bpy) did not give significant
differences in the properties of the complexes. Control systems,
i.e., Irppy-bpy (or Irpiq-bpy), coupled to [Co(dmgH)2PyCl]
(where dmgH is dimethylglyoximate) are described as well to
compare the efficiency of mono- and multicomponent Ir(III)−
Co(III) systems.
Synthesis of the dyad Irpiq-L-Co was achieved by replacing a

chloro ligand from [Co(dmgH)(dmgH2)Cl2] (where dmgH2 is
dimethylglyoxime) by the pendant pyridine of the trischelate
complex Irpiq-L (see the Supporting Information). Crystals
suitable for X-ray diffraction were obtained by the slow
diffusion of diisopropyl ether into an acetonitrile solution of
Irpiq-L-Co at room temperature (Figure 1). The Ir

coordination sphere in Irpiq-L-Co does not differ significantly
from those previously reported for Irppy-bpy38 and Irpiq-bpy39

(Table S5). The twist angle between the pendant pyridine and
the coordinated bpy moiety of L is approximately 31° and
corresponds to that reported for Ru34 or Ir33 derivatives. The
same angle was found to be around 34° in the optimized
geometry of Irpiq-L modeled by density functional theory
(DFT), using an acetonitrile continuum. The tethered
cobaloxime geometry is similar to that of the free cobaloxime,
as observed for other Ir−Co dyads.33 The two components
maintain their own distinct properties upon association in the
supramolecular dyad.
To better understand the electronic interaction between the

two components in the dyad, its electrochemical properties
were measured using cyclic voltammetry and compared to
those of reference compounds. The oxidation and reduction
potentials of Irpiq-L-Co and the other PSs are gathered in
Table 1, and voltammograms are displayed in Figures S9−S16.

Regarding the mononuclear complexes, the slightly more
positive oxidation potential of the Ir centers containing L
instead of bpy (1.43 vs 1.36 V) can be attributed to the
increased back-bonding to the extended 2,2′;5′,4″-terpyridine
ligand L. The same explains the less negative first reduction
wave (−1.09 vs −1.30 V) and is confirmed by DFT calculations
showing that the lowest unoccupied molecular orbital (LUMO)
is centered on the N^N ligand in all cases (Tables S6−S8).
Except Irppy-bpy, all complexes display a reduction wave at
∼−1.7 V vs Ag/AgCl, which is attributed to the reduction of
the isoquinoline moieties.
Irpiq-L-Co displays an irreversible one-electron reduction

wave at −0.43 V vs Ag/AgCl corresponding to the reduction of
Co(III) to Co(II). The irreversibility of the process is explained
by the loss of the chloride ion from the Co center upon one-
electron reduction.40 A subsequent reversible reduction of
Co(II) in Co(I) can be observed at −0.95 V vs Ag/AgCl. It is
worth mentioning that reduction values of the Ir−Co dyad are
slightly less negative compared to the parent complexes Irpiq-L
and [Co(dmgH)2PyCl] (Ered = −1.10 V vs Ag/AgCl in MeCN)
because of the electron-withdrawing character of both metal
centers in the assembly compared to separate compounds.41

Figure 2 displays the absorption and emission spectra for
Irpiq-L-Co and the related PSs (values are gathered in Table
S1) in acetonitrile. All of the complexes display intense
absorption bands in the UV region (ε > 104 M−1 cm−1 under
340 nm) tailing into the visible. It is worth mentioning that the

Figure 1. X-ray structure of Irpiq-L-Co: (a) view of the terpyridine-
bridging ligand; (b) view of the Ir coordination sphere. Ellipsoid at the
50% probability level. H atoms, PF6 counteranions, and cocrystallized
solvent molecules are omitted for clarity.

Table 1. Electrochemical Dataa of Irppy-bpy, Irpiq-bpy,
Irpiq-L, and Irpiq-L-Co in Acetonitrile

Irppy-
bpy Irpiq-bpy Irpiq-L Irpiq-L-Co

Eox +1.37
(129)

+1.36
(156)

+1.43 (irr) +1.43 (irr)

Ered −1.30
(111)

−1.30
(128),
−1.67
(104)

−1.09 (124),
−1.60 (173),
−1.75 (131)

−0.43 (irr), −0.95 (71),
−1.09 (75), −1.55
(110), −1.73 (77)

aPotentials are given in volts vs Ag/AgCl. The electrochemical data
were measured with 0.1 M Bu4NClO4 at 100 mV s−1 with a complex
concentration of 10−4 mol L−1. For reversible waves, the differences
between the anodic and cathodic peak potentials (mV) are given in
parentheses. irr = irreversible.

Figure 2. Absorption and emission spectra of Irpiq-L-Co and the
Ir(III) PSs Irppy-bpy, Irpiq-bpy, and Irpiq-L in CH3CN at room
temperature.
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absorption spectra of Irpiq-L-Co and Irpiq-L are almost
identical, showing that no strong electronic interaction occurs
between the metallic centers of the dyad. Because of the higher
conjugation of the cyclometalated piq ligands compared to ppy,
Irpiq complexes display more intense absorption bands in the
visible region than Irppy-bpy with an intense absorption band
centered at 438 nm (ε ∼ 7 × 103 M−1 cm−1). Furthermore, the
absorption bands for these complexes extend further than 525
nm, with contributions from 1MLLCT [metal/ligand-to-ligand
charge transfer; dπ(Ir−C) → π*(N^N)], 1MLCT [metal-to-
ligand charge transfer; dπ(Ir) → π*(C^N)], 3MLCT [dπ(Ir)
→ π*(C^N)], and 3MLLCT [dπ(Ir−C) → π*(N^N)] states
according to time-dependent DFT (TD-DFT) calculations (see
Tables S6−S11), matching what was previously reported for
the corresponding Ir(III) PSs.42

Interestingly, Irpiq-L-Co shows a residual emission close to
the emission of the parent PS Irpiq-L in acetonitrile, indicating
that coordination of Co(III) does not lower the LUMO of the
dyad, in agreement with the similar reduction potential of the
N^N ligand with or without Co. Nevertheless, the lower
lifetime and quantum yield of the dyad compared to the
separate units imply an intramolecular electron transfer from
the excited Ir(III) unit to the Co(III) unit, yet not with 100%
efficiency. Consequently, a major contribution of the Co(III)
center to the LUMO of the dyad, confirmed by the reduction
potential of Co(III)−Co(II), is considered, and residual
emission thus only results from LUMO+1, i.e., centered on
the N^N ligand of the resulting dyad. Similar observations have
been made by Sakai et al. with Ru−Pt dyads, in which efficient
hydrogen photoproduction is still observed.27 The emission
spectrum for both Irpiq-L-Co and Irpiq-L display structural
features, implying a mixed contribution of the 3LC (ligand-
centered) and 3MLCT excited states, referred to as 3MLLCT,
combined to 3LLCT (ligand-to-ligand charge-transfer) excited
states.39

The spectroscopic and electrochemical data suggest that
Irpiq-L-Co is an ideal candidate to evolve molecular hydrogen
under irradiation. First, photoinduced electron transfer occurs
from the cyclometalated Ir fragment toward the terpyridine
ligand through population of the 3MLLCT excited state, with
the electron then being transferred to the Co catalyst.
Furthermore, with extended absorption tailing up to 600 nm,
Irpiq-L-Co should allow hydrogen photoproduction to occur at
low energy. At this stage, it should also be mentioned that
hydrogen photoproduction via a reductive pathway, i.e.,
photoreduction of the excited Ir(III), which, in turn, leads to
hydrogen production, cannot be fully excluded. Further detailed
mechanistic studies are currently under investigation.
The Irpiq-L-Co dyad was tested for photocatalytic hydrogen

evolution. As control experiments, Irpiq-bpy and Irppy-bpy,
without pendant pyridyl rings, were also tested with free
[Co(dmgH)2PyCl] in the same molar ratio to compare the
activity of the dissociated systems in the same set of conditions.
All photoreactions were performed in acetonitrile with 0.5 M
triethanolamine as the sacrificial electron donor and 0.05 M
aqueous tetrafluoroboric acid as the proton source; the error
associated with the TOF and TON values is 10%. Acetonitrile
was chosen as a polar solvent to solubilize the dinuclear
complex and to better align our results with previous studies.
Other polar but less coordinated solvents could also be used.43

Four different types of light-emitting diodes (LEDs) centered
at 452, 525, 595, and 630 nm, respectively (see Figure S18),

were used to study the dependence of the rate of hydrogen
evolution at various irradiation wavelengths.33,34,44

For piq derivatives, extension of conjugation on a cyclo-
metalated ligand leads to a red-shifted absorption that requires
particular attention at longer wavelengths of irradiation (see
Table S1). Under blue irradiation, all PSs are efficiently excited,
and the photoredox process triggers hydrogen production (see
Table S3). The reference system Irppy-bpy/[Co(dmgH)2PyCl]
quickly reaches a TOFmax of 4400 mmolH2

mol−1 min−1,
followed by a rapid degradation to attain a modest TON of 30
after 30 min. The Irpiq-bpy/[Co(dmgH)2PyCl] system
behaves differently. It reacts slowly even under blue-light
irradiation: a TOFmax of 370 mmolH2

mol−1 min−1 is attained,
but the activity is more sustainable, yielding a TON of 70 after
7 h. Irpiq-L-Co is clearly superior, with a maximum rate of
activity of 16000 molH2

mol−1PS min
−1 and a final TON of 180

after 2.3 h (see Figure S19).
With green irradiation, the overlap of the absorption spectra

of the PSs and the emission spectra of the LED is smaller. As a
result, the activity is lower. For the dissociated system Irppy-
bpy/[Co(dmgH)2PyCl], a rapid decomposition occurs, result-
ing in a TON of only 16 after 4 h (Figure 3). Irpiq-bpy/

[Co(dmgH)2PyCl] is less active than that under blue
irradiation, reaching a TON of 30 after 22 h. Irpiq-L-Co was
again highly active with a TOFmax of 3500 mmolH2

mol−1PS
min−1 to reach a TON of 251 after 3 h (Figure 3). This
performance using green is superior to that of the Ru−Pt
system of Sakai et al., which displayed a TON of 4.8 after 10
h.44 A rapid degradation of the cobaloxime in the Irpiq-L-Co
system after 2 h was confirmed by the addition of a free dmgH2
ligand.
Using a yellow LED, the dissociated systems are no longer

photoactive, while Irpiq-L-Co generates a TON of 180 after 18
h with a TOFmax of 270 mmolH2

mol−1PS min
−1 (Figure S20),

which follows the slightly lower photon flux for yellow-light
irradiation (Table S2). From the absorption profile of Irpiq-L-
Co, we anticipated that hydrogen evolution could occur upon
red-light irradiation as well (Figure S21). Indeed, Irpiq-L-Co
exhibits a somewhat low but nonnegligible hydrogen photo-

Figure 3. Hydrogen evolution of 0.1 M Irpiq-L-Co (green) in CH3CN
and dissociated systems 0.1 M Irpiq-bpy/[Co(dmgH)2PyCl] (1/1;
blue) and 0.1 M Irppy-bpy/[Co(dmgH)2PyCl] (1/1; red) in CH3CN
with 0.5 M TEOA as the electron source and 0.05 M HBF4 as the
proton source: solid line, TON; dashed line, TOF. Irradiation centered
at 523 nm, green light.
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production (TOFmax = 15 mmolH2
mol−1PS min−1) sustained for

110 h, yielding a TON of 80 (Figure 4), although it is not as

efficient as a recently published Ru−Co6 system with a TON of
380 after 20 h using red light.34 Our system is, however, more
robust than the above system, functioning out past 100 h. Such
production with monocomponent systems under red light
compared to the inertness of the dissociated system confirms
the assessment that intramolecular electron transfer is favored.

■ CONCLUSION
A new covalent dinuclear system based on a tris-bidentate
Ir(III) cationic PS and a cobaloxime catalyst has been prepared
and characterized. Overall, the results show that the covalent
dyad is more efficient than the corresponding dissociated
systems and allows hydrogen photoevolution under low-energy
irradiation. The better performance of the dyad compared to
the dissociated system can be attributed to spatial interaction
between the PS and catalyst through a coordination bond that
enhances electronic transfer and stabilizes the system.33,34,45

Indeed, enhancing the probability of electron transfer from the
reduced PS to the catalyst will lower the probability of
decomposition via ligand dissociation.46 The stability of the
dinuclear compound is close to that of the reported Ir−Co
dyad in the literature;14,33 however, Irpiq-L-Co is the first Ir−
Co dyad to promote yellow- and red-light-driven hydrogen
photoproduction.

■ EXPERIMENTAL DETAILS
1H NMR experiments were performed on a Bruker AM-500 (500
MHz) spectrometer. The chemical shifts (given in ppm) were
measured versus the residual peak of the solvent as the internal
standard. Structures and 1H NMR attributions of the complexes are
displayed in the Supporting Information. High-resolution mass
spectrometry (HRMS) spectra were recorded on a Q-Extractive
orbitrap from ThermoFisher. Samples were ionized by electrospray
ionization (ESI; capillary temperature = 250 °C, vaporizer temperature
= 250 °C, and sheath gas flow rate = 20). UV−visible absorption
spectra were recorded on a Shimadzu UV-1700 spectrometer. Room
temperature fluorescence spectra were recorded on a Varian Cary
Eclipse spectrometer. Complexes were excited at 400 nm.
Luminescence lifetimes were measured with a modified Applied
Photophysics laser kinetic spectrometer by exciting the samples with a
Nd:YAG pulsed laser (Continuum NY 61-10). Emitted light as a

function of time was detected with a R-928 Hamamatsu photo-
multiplier tube whose ouput was applied to a digital oscilloscope
(Hewlett-Packard HP 54200A) interfaced with a Dell Dimension
DE051 computer. Signals were averaged over at least 16 shots and
corrected for baseline. Igor 6.1 software was used for the decay analysis.
Cyclic voltammetry was carried out in a one-compartment cell, using a
glassy carbon disk working electrode (approximate area = 0.03 cm2), a
platinum wire counter electrode, and an Ag/AgCl reference electrode.
The potential of the working electrode was controlled by an Autolab
PGSTAT 100 potentiostat through a PC interface. The cyclic
voltammograms were recorded with a sweep rate of 100 mV s−1 in
dried acetonitrile (Acros, HPLC grade). Tetrabutylammonium
perchlorate (0.1 M) was used as the supporting electrolyte, and the
samples were purged by Ar before each measurement.

X-ray Diffraction. Crystals suitable for X-ray diffraction analysis
were obtained by the slow diffusion of diisopropyl ether in an
acetonitrile solution of Irpiq-L-Co at room temperature. Two
morphologies of crystals were observed (block for structure 1 and
needle for structure 2), resulting in the two space groups P21/n and
C2/C (see Table S4). Structure 1 is based on a better quality data set,
and it was therefore chosen to discuss the structural parameters of
Irpiq-L-Co. Data were collected using a Bruker SMART diffractometer
equipped with an APEX II CCD detector, an Incoatec IMuS source,
using Cu Kα radiation (λ = 1.54178 Å), and a Quazar MX mirror. The
crystal-to-detector distance was 4.0 cm, and data collection was carried
out in a 512 × 512 pixel mode. The initial unit cell parameters were
determined by a least-squares fit of the angular setting of strong
reflections, collected by a 180.0° scan in 180 frames over three
different parts of the reciprocal space. The structure was solved by
intrinsic phasing using the program SHELX47,48 and refined on F2 by
full-matrix least squares using SHELXL.47,48 The non-H atoms were
refined anisotropically, using weighted full-matrix least squares on F2.
Mainly H atoms are treated as riding atoms using SHELXL47,48 default
parameters. Only H atoms implicated in the hydrogen-bonding
pseudomacrocycle of the cobaloxime were placed, and the chemical
occupancy was fixed to 0.5 for each of four protons. The disorder of
the position of the PF6 anion was treated by modeling two positions
that were refined with free variable occupancy. High residual electronic
densities were assimilated to disordered solvent molecules (diisopropyl
ether and/or acetonitrile). Modeling the identification and organ-
ization of the solvent was unsuccessful. They were removed using the
SQUEEZE routine from PLATON.49 As a result, an improvement of
the R1 factor with ∼2.6% was obtained. A solvent-accessible void of
2228 Å3 was calculated, containing 416 electrons. Graphical views were
produced with Mercury. CCDC 1515333 (structure 1) and 1515335
(structure 2) contain the supplementary crystallographic data for this
paper.

Theoretical Studies. Irppy-bpy, Irpiq-bpy, and Irpiq-L were
studied by DFT50−53 and TD-DFT54−56 using Gaussian 09.57 The
B3LYP58−60 method and two basis sets (6-31G*61 for C and H and
N/VDZ (valence double ζ) with the SBKJC effective core potential
basis set62−65 for Ir) were used. Geometry optimizations were
conducted without symmetry constraints. Frequency calculations on
each optimized structure confirmed that energy minima had been
reached in all cases. The energy, oscillator strength, and related MO
contributions for the 100 lowest singlet−singlet and 10 lowest singlet−
triplet excitations were obtained from the TD-DFT/singlets and TD-
DFT/triplets output files, respectively, for the S0-optimized geometry.
GaussView5.09,66 GaussSum3.0,67 and Chemissian4.4368 were used for
data analysis, visualization, and surface plots. All calculations were
performed in a MeCN solution by using the polarized continuum
solvation model, as implemented in Gaussian 09.69,70

Setup of Gas Chromatography (GC). Monitoring of hydrogen
evolution was performed with a PerkinElmer Clarus-480 gas
chromatograph with a thermal conductivity detector, Ar as the carrier
and eluent gases, a 7 ft. HayeSep N 60/80 precolumn, a 9 ft. molecular
sieve 13 × 45/60 column, and a 2 mL injection loop. Three distinct
solutions for the PS, catalyst and sacrificial donor and acid source
[HBF4 and 48% water or two solutions when Ir(III)−Co(III) dyads
are used] were mixed together to obtain 5 mL of sample solutions in

Figure 4. Hydrogen evolution of 0.1 M Irpiq-L-Co in CH3CN with 0.5
M TEOA as the electron source and 0.05 M HBF4 as the proton
source: solid line, TON; dashed line, TOF. Irradiation centered at 630
nm, red light.
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standard 20 mL headspace vials. Those vials were placed on the LED
panel in a thermostatic bath set at 20 °C. They were sealed with a
rubber septum pierced with two stainless steel tubes. The first tube
carried an Ar flow prebubbled into the solvent. The flow was set to 10
mL min−1, adjusted with a manual flow controller (Porter 1000), and
referenced with a digital flowmeter (PerkinElmer FlowMark). The
second tube led the flow through a 2 mL overflow protection vial, then
through an eight-port stream select valve (VICCI), and finally to the
GC sample loop. A microprocessor (Arduino Uno) coupled with a
custom PC interface allowed for timed injections. For a general
calibration of hydrogen production, certified Ar stock cylinders at 500,
100, and 50 ppm of hydrogen were set to deliver a specific flow
(inserted at the prebubbler to keep the vapor matrix consistent). The
measured results, independent of the flow rate (under the same
pressure), can easily be converted into the rate of hydrogen according
to the following equation:

μ =

×

−

−

H rate ( L min ) [H standard] (ppm)

Ar flow rate (mL min )
2

1
2

1

For a specific Ar flow, a syringe pump (New Era Pump) equipped
with a gastight syringe (SGE) and a 26s gauge needle (Hamilton) was
used to bubble different rates of 500 ppm H2 in Ar gas into the sample,
to a minimum of 0.1 mL min−1. This gave a linear fit for the peak area
of H2 versus the flow rates of H2 (see Figure S17)
Synthesis. 5-Bromo-2,2′-bipyridine was synthesized as previously

described.71 Precursors [Ir(ppy)2Cl]2 and [Ir(piq)2Cl]2 were obtained
according to Nonoyama’s procedure.72 The Co(III) precursor
Co(dmgH)(dmgH2)Cl2 was synthesized as previously described.73

Irppy-bpy and Irpiq-bpy were synthesized according to the same
procedure as that of Irpiq-L described below. All of the procedures
applied to synthesize the Ir(III) PSs and Ir(III)−Co(III) dyad were
performed in the dark under an Ar atmosphere.
2,2′;5′,4″-Terpyridine (L). To a Schlenk flask were successively

added 5-bromo-2,2′-bipyridine (60.1 mg, 0.256 mmol), 1,2-dime-
thoxyethane (5.3 mL), water (0.7 mL), K2CO3 (72.9 mg, 0.528
mmol), and 4-pyridylboronic acid (42.3 mg, 0.344 mmol). The
mixture was degassed and placed under Ar before [Pd(PPh3)4] (32.1
mg, 0.0278 mmol) was added. The reaction mixture was degassed
again and refluxed for 4 days. The mixture was poured into water (30
mL). The solid was filtered on Celite and washed successively with
water and ethyl acetate. The organic layer was separated, and the
aqueous phase was extracted with ethyl acetate (3 × 30 mL). The
organic layers were combined, dried over MgSO4, and concentrated
under reduced pressure. The product was purified by chromatography
column on silica using 95/5 CH2Cl2/MeOH as the eluent. The
fraction with Rf = 0.3 was collected and evaporated (m = 48.6 mg;
−81.5%). 1H NMR (CDCl3): δ 8.97 (d, 1H, H-6′, J6′‑4′ = 2.4 Hz, J6′‑3′
= 0.5 Hz), 8.73 (m, 3H, H-2″ + H-6″ + H-6), 8.55 (dd, H-3′, J3′‑4′ =
8.3 Hz, J3′‑6′ = 0.5 Hz), 8.46 (dd, 1H, H-3, J3−4 = 7.9 Hz, J3−5 = 1.1
Hz), 8.08 (dd, 1H, H-4′, J4′‑3′ = 8.3 Hz, J4′‑6′ = 2.4 Hz), 7.86 (dd, 1H,
H-4, J4−3 = 7.9 Hz, J4−5 = 7.6 Hz, J4−6 = 1.8 Hz), 7.60 (dd, 2H, H-3″ +
H-5″, J3″/5″‑2″/6″ = 4.5 Hz, J5″/3″‑2″/6″ = 1.7 Hz), 7.36 (1H, ddd, H-5, J5−4
= 7.6 Hz, J5−6 = 4.8 Hz, J5−3 = 1.1 Hz).
Irpiq-L. [Ir(piq)2Cl]2 (39.1 mg, 0.0307 mmol) and 2,2′;5′,4″-

terpyridine (17.0 mg, 0.0729 mmol) were suspended in ethylene glycol
(4.0 mL). The mixture was refluxed overnight. The solution was
cooled to room temperature, and a saturated aqueous solution of
NH4PF6 (5.0 mL) was added for precipitation. The solid was
centrifuged, washed with water (3×), dried under reduced pressure,
and washed again with diethyl ether (3×). HRMS (ESI). Calcd for
[C45H31

193IrN5-PF6]
+: m/z 832.21799. Found: m/z 834.21985. Calcd

for [C30H20
193IrN2-PF6-L]

+: m/z 601.12502. Found: m/z 601.12291.
1H NMR (CD3CN): δ 9.02 (m, 2H, H-f + H-f′), 8.65 (d, 1H, H-3′,
J3′‑4′ = 8.5 Hz), 8.59 (m, 3H, H-3 + H-2″ + H-6″), 8.41 (dd, 1H, H-4′,
J4′‑3′ = 8.5 Hz, J4′‑6′ = 2.2 Hz), 8.40 (m, 2H, H-g + H-g′), 8.14 (ddd,
1H, H-4, J4−3 = 8.0 Hz, J4−5 = 7.8 Hz, J4−6 = 1.2 Hz), 7.99 (m, 2H, H-c
+ H-c′), 7.96 (d, 1H, H-6′, J6′‑4′ = 2.2 Hz), 7.93 (dd, 1H, H-6, J6−5 =
5.4 Hz, J6−4 = 1.2 Hz), 7.83 (m, 4H, H-d + H-d′ + H-e + H-e′), 7.57
(m, 2H, H-a/b + H-a′/b′), 7.50 (ddd, 1H, H-5, J5−4 = 7.8 Hz, J5−6 =

5.4 Hz, J5−3 = 0.6 Hz), 7.43 (m, 2H, H-b/a + H-b′/a′), 7.24 (dd, 2H,
H-3″ + H-5″, J3″/5″‑2″/6″ = 4.5 Hz, J5″/3″‑2″/6″ = 1.7 Hz), 7.16 (m, 2H, H-
h + H-h′), 6.91 (m, 2H, H-i + H-i′), 6.34 (m, 2H, H-j + H-j′).

Irpiq-L-Co. To a suspension of Co(dmgH)(dmgH2)Cl2 (6.6 mg,
0.0183 mmol) in methanol (2.5 mL) was added Et3N (2.4 μL, 0.0172
mmol). The mixture was stirred at room temperature for 15 min until
a brown solution was obtained. A solution of Irpiq-L (16.8 mg, 0.0172
mmol) in dichloromethane (2.5 mL) was slowly added to this
solution, and the mixture was stirred at room temperature for 1 h 30
min. A stream of air was passed through the solution for 15 min, and
diethyl ether was added for precipitation. The orange precipitate was
centrifuged and washed with diethyl ether. The product was dissolved
in acetone to remove impurities. The crude product was purified by
column chromatography on SiO2 (95/5 CH2Cl2/MeOH). HRMS
(ESI). Calcd for [C53H45

37Cl59Co193IrN9O4-PF6]
+: m/z 1158.22388.

Found: m/z 1158.22415. Calcd for [C45H31
193IrN5-PF6-Co-

(dmgH)2Cl]
+: m/z 834.22032. Found: m/z 834.22024. 1H NMR

(acetone-d6): δ 9.10 (m, 2H, H-f + H-f′), 9.03 (d, 1H, H-3′, J3′‑4′ = 8.6
Hz), 8.96 (d, 1H, H-3, J3−4 = 8.1 Hz), 8.66 (dd, 1H, H-4′, J4′‑3′ = 8.6
Hz, J4′‑6′ = 2.0 Hz), 8.45 (m, 2H, H-g + H-g′), 8.32 (ddd, 1H, H-4, J4−3
= 8.1 Hz, J4−5 = 8.0 Hz, J4−6 = 1.5 Hz), 8.17 (dd, 2H, H-2″ + H-6″,
J2″/6″‑3″/5″ = 5.6 Hz, J2″/6″‑5″/3″ = 1.4 Hz), 8.13 (d, 1H, H-6′, J6′‑4′ = 2.0
Hz), 8.05 (m, 3H, H-6 + H-c + H-c′), 7.92 (m, 4H, H-d + H-d′ + H-e
+ H-e′), 7.75 (m, 3H, H-5 + H-a/b + H-a′/b′), 7.54 (m, 2H, H-b/a +
H-b′/a′), 7.42 (dd, 2H, H-3″ + H-5″, J3″/5″‑2″/6″ = 5.6 Hz, J5″/3″‑2″/6″ =
1.4 Hz), 7.18 (m, 2H, H-h + H-h′), 6.94 (m, 2H, H-i + H-i′), 6.39 (m,
2H, H-j + H-j′), 2.30 (s, 12H, −CH3dmgH).
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