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Transition Metal Complexes of

Bidentate and Tridentate Ligands: From
Optoelectronic Studies to Supramolecular
Assemblies
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Abstract: This article depicts an overview of some of the research in supramolecular chemistry performed by
the author over the past few years. This work includes the synthesis of building blocks, bidentate and tridentate
‘super donor’ ligands that are comprised of H-hpp (where H-hpp = 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]
pyrimidine) coupled with various N-heterocycles as well as the synthesis and characterization of the transition
metal complexes in self-assembled superstructures. The article also includes the studies of photophysical,
electrochemical and density functional theory calculation of the complexes. Thus, the work relies on a combination
of synthetic work and optoelectronic studies, and the results are relevant in the greater context of supramolecular
chemistry, solar energy harvesting, and its conversion to chemical energy, photovoltaics and inorganic light-
emitting device applications.
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1. Introduction

As climate change becomes an ever-in-
creasing concern, considerable research
has been targeting artificial photosynthetic
systems to duplicate natural photosynthetic
complexes. By mimicking the chromo-
phores used in light-harvesting complex-
es, e.g. carotenoids and chlorophylls,
synthetic molecules may be combined in
a fashion to harvest the excited-state en-
ergy. Thus, detailed studies of energy and
electron transfer reactions may help lead to
artificial photosynthetic devices. In this re-
gard, our research in this area has focused
on the design and synthesis of artificial
chromophores and their incorporation in-
to multinuclear arrays. One powerful new
ligand that we developed is based on sub-
stituted guanidines in which the carbon of
the central CN, unit is incorporated into a
bicyclic framework. They display favoura-
ble electronic and chemical characteristics
as compared to their acyclic analogues.!!!
Undoubtedly, the most widespread appli-
cations of these ligands centre around the
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negatively charged amidinate, [RC(NR'),]-
and guanidinate [R,NC(NR'),]" anions!?!
and a considerable amount of work exists
on the application of cationic amidini-
um and guanidinium salts,’! especially
with respect to their anion-binding prop-
erties. Bicyclic guanidines containing
two six-membered fused rings, such as
H-hpp (where H-hpp = 1,3,4,6,7,8-hex-
ahydro-2H-pyrimido[1,2-a]pyrimidine),
have also been studied as bridging units of
metal-dimers of general formula M, (hpp),
(where M =W(11), Mo(11)),!#! and have been
shown to act as powerful reducing agents,
with record low ionization energies (onsets
at 3.4 to 3.5 eV) and very negative oxida-
tion potentials in THF (-1.84 to -1.90 V
vs. Ag/AgCl).51 On a similar note, a pad-
dlewheel compound, [Os,(hpp),CL][PF ],
has been synthesized that contains a rare
M, species and it was shown by means of
EPR spectroscopy that the unpaired elec-
tron occupies a &*-metal-based molecular
orbital.[® In the vast literature of structural
diversity shown by the guanidinate back-
bone, hpp has also been used as chelating
units in its M -, M,-, (N, & M,)-mono and/
or bidentate forms with multivalent alka-
li/alkaline-earth and transition metals.”]
The linked bis(guanidine) ligand, such as
H,C{hpp},, has been shown to be an ex-
cellent proton acceptor by virtue of hy-
drogen-bonding8! and has been applied
to synthesize a coordinatively saturated
aluminium cation, whereas, when depro-
tonated at the bridging methylene group

to generate the corresponding carbanion,
[CH{hpp},I", the latter acts as a rare ali-
phatic N,C,N"-pincer ligand to coordinate
with silicon and tin.®! The ‘superbasicity’
of CH,{hpp}, (pK, of its conjugate acid
in MeCN ~ 29) has also been proven by
Coles et al. by means of a combination of
sophisticated analytical techniques, e.g.
solid-state CPMAS SN NMR spectrosco-
py, variable temperature high-resolution
X-ray data and computational analysis and
spectrometric titrations in MeCN.[10] Apart
from these structural and electronic modu-
lations of the complexes containing the hpp
unit, guanidinate ligands also find applica-
tions in (i) C=N bond metathesis,!'!] (ii) as
a base in C-N cross coupling reactions,[!2!
(iii) as an organocatalyst in aminolysis of
esters,[131 (iv) also in various organic trans-
formations, such as Michael reactions,
Wittig reactions, ring-opening polym-
erizations, Knoevenagel condensations,
deprotection reactions!'#l and Tishchenko
reaction for synthesis of esters.[!5]
Although the use of bidentate ligands
containing the hpp unit has been poorly ex-
plored in the literature, tridentate ligands
comprising of hpp units and the heavy tran-
sition metals of both bidentate and triden-
tate ligands have never been explored. Our
group recently started exploiting strongly
donating multidentate ligands containing
hpp units and studied their metal complex-
es in light of electrochemical, photophysi-
cal and DFT calculations and recent results
along this line are presented in this article.
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2. Bidentate Chelating Ligands
Containing hpp

In a recent article we demonstrated the
synthesis of alibrary of bidentate and triden-
tate chelating ligands capable of forming
six-membered chelate rings with transition
metal ions, such as Ru(ir) or Re(1), com-
pared to the formation of five-membered
chelate rings by bpy (bpy = 2,2'-bipyridine)
or tpy (tpy = 2,2":6',2"-terpyridine).!'%l The
ligands were synthesized by conventional
C-N bond forming reaction using different
N-haloheterocycles and H-hpp in presence
of Pd(OAc), and rac-BINAP (BINAP =
(2,2'-bis(diphenylphosphino)-1,1'-binaph-
thyl)) (Fig. 1). The incorporation of the
hpp moiety was shown to be equally ef-
fective with N-haloheterocycles containing
both electron withdrawing (such as -NO,,
—COCH,) and electron donating (such as
—Me, —-OMe) substituents as well as with
varying numbers of ring nitrogen atoms at
different positions, e.g. pyridine, pyrimi-
dine and pyrazine. The reaction was shown
to be sluggish in presence of carboxylic ac-
id group (ligand L13, Fig. 1) as the basic
H-hpp moiety (pK, of its conjugate acid ~
26 in acetonitrile) is easily protonated dur-
ing the progress of the reaction.

Ligands L1-LS were employed as an-
cillary ligands in the syntheses of complex-
es with cis-[Ru(bpy),CL] (Scheme 1).117]
The resulting complexes, 1-5, exhibited
approximately 500 mV less positive oxi-
dation potentials of the metals, which are
quasi-reversible in nature, compared to that
of [Ru(bpy),]** (1.27 V vs. SCE), whereas
the first quasi-reversible ligand-based re-
ductions for complexes 1, 2, 4 and 5 were ~
20-600 mV cathodically shifted compared
to that of [Ru(bpy),]** (-1.35 V vs. SCE).
These data clearly indicate very strong elec-
tron donation from the ancillary ligand as
compared to bpy. The 100 mV anodic shift
of the first reduction potential of complex
3, compared to that of [Ru(bpy),]**, was at-
tributed to the strong m-acceptance of pyra-
zine moiety as compared to that of pyridine
or pyrimidine moiety. The electrochemical
data were shown to be in good agreement
with the Density Functional Theory (DFT)
calculations. The higher energies calcu-
lated for the HOMO of [1]** (=5.51 eV),
[2]** (=5.64 eV), and [5]** (-5.72 V) in
comparison to that of [Ru(bpy)‘%]2+ (-6.11
eV) were in good agreement with the lower
anodic potentials measured for 1, 2, and §
in comparison with [Ru(bpy),]**. In UV-
vis spectroscopy, the lowest energy singlet
metal-to-ligand charge-transfer (‘MLCT)
absorption peaks of complexes 1-5 were
found at 530-560 nm, which is consider-
ably red-shifted by ~ 100 nm compared
to that of [Ru(bpy),]*, again indicating
strong donation from the ancillary ligand,
so that the metal highest occupied molec-
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Fig. 1. Different bidentate and tridentate chelating ligands with their yield and time of syntheses.[16]

ular orbital (HOMO) is higher in energy,
whereas the bpy-based lowest unoccupied
molecular orbitals (LUMO) remains unaf-
fected, resulting in a red-shift of the ab-
sorption band. Concomitant to the red-shift
in the 'MLCT absorption band, the lowest
energy emission bands of complexes 1-5
were also red-shifted by ~ 120 nm com-
pared to that of [Ru(bpy),]**. The spectro-
scopic data were also shown to be in line
with the time-dependent-DFT (TD-DFT)
calculations. The room temperature excit-
ed-state lifetime (T) and phosphorescence
quantum yield (@, ) values of complexes
1-5 were found to be significantly lower
compared to that of [Ru(bpy),]**, presum-
ably due to lower symmetric octahedral
geometry in complexes 1-5 and vibration-
al deactivation through the aliphatic C-H
bonds in the saturated guanidine backbone.

In search of transition metal complexes
that exhibit longer room temperature T and
higher @, , but not affecting the red-shift-
ed absorption and emission profiles, we
sought to develop a bis-bidentate ligand
which can give rise to a dimetallic complex.
In this context, ligand .14 was synthesized
by microwave heating and in neat condi-
tions using 1 equiv. of 4,6-dichloropyrim-
idine and 4.2 equiv. of H-hpp, such that
H-hpp acts as its own base.['8 Ligand L14

thus synthesized displayed parallel-coordi-
nation vectors to complex with cis-[Ru(b-
py),CL] and furnished a di-Ru(i1,ir) com-
plex, 6, that exhibited enhanced stereose-

cis-[Ru(bpy),Cl;] + ligands L1-L5

i) Butanol/reflux
ii) Aq. NH,PFg

1: LL = L1, 60%
2:LL=1L12,23%
3:LL=1L3, 76%

4:LL=L4,71%
5:LL = L5, 62%

Scheme 1. Syntheses of complexes 1-5
containing ancillary ligands L1-L5.17]
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lectivity as its meso-form over its homo-
chiral racemic-form [diastereoselectivity
of 1:13:1 (AA:AA (or AA):AA)] (Scheme
2). Similar selectivity of a AAA form in
a tri-Ru(1,15,l1) complex has also been
shown [AAA:AAA(= AAA):AAA = 4:9:1]
by Hanan and coworkers.[!] Due to strong
onset face-to-face m—m interactions involv-
ing two bpys, complex 6 was isolated as its
meso form without any chiral-column puri-
fication. Several other mono-ruthenium(ir)
complexes, 7-9, were isolated in modest
yields during the synthesis of complex 6
based on the solvolysis of the C-N bond
of ligand L14 as its mono-ruthenium(ir)
adducts, which may suggest that the ligat-
ed-hpp moiety can act as a leaving group
when protonated.[20! In cyclic voltammetry
complex 6 exhibited two quasi-reversible
Ru-based oxidations, as the HOMO and
HOMO-1 were predominantly centred on
the metal centres in its +4 and +5 oxida-
tion states respectively, as suggested by
DFT calculations. The first and second
oxidation potentials were ~ 400 and 260
mV less positive respectively, to that of
[Ru(bpy),]**, again indicating strong elec-
tron donation from the saturated aliphatic
guanidine backbone. The comproportiona-
tion constant (K ), which is the measure of
intermetallic-interaction in complex 6, was
found to be 506 and this value is very sim-
ilar to a diruthenium(iLir) complex con-
taining 4,6-di(2-pyridyl)pyrimidine as the
bridging ligand as observed by Keene et al.
and in other pyrimidine-based ligands.[?!]
The low value of K_indicated that the met-
al-ions were weakly interacting through
direct orbital overlap of metal-d orbitals
due to short internuclear separation of 5.9
A. As predicted, complex 6 also exhibited
red-shifted "MLCT and *MLCT maxima at
511 nm and 739 nm, respectively. Data of
more interest were the room temperature T
and @, values of complex 6, which were
almost two-fold enhanced compared to
those of complexes 1-5.

The mono-ruthenium(ir) analogues,

which were found to form as solvolysis
products of the Ru(bpy),-L.14 adduct, also
exhibited less positive oxidation potentials
than [Ru(bpy),]**. The butoxy adduct (8)
showed the lowest positive oxidation po-
tential at 0.70 V, followed by the ethoxy
adduct (7) at 0.89 V, whereas the least
donating -OCH,CH,OH adduct (9) ex-
hibited an oxidation potential at a value of
1.05 V. These values were found to be in
good agreement with the DFT-calculated
energies of HOMOs (E, ., = —5.58
eV, Ejovos = 356 eV, Ejy 104 = —5.65
eV) and the Hammert (G,) parameters of
different alkoxy-ether groups (G
_0'32’ GH(elhoxy) = _024 and G_H(elhy]ene lycoxy)
= -0.12). Complexes 7-9 again dlspfayed
red-shifted 'MLCT maxima (538-552
nm) and NIR emission (646-743 nm).
The effect of ¢-donation from the dif-
ferent alkoxy adducts were much more
pronounced in the red-shift of emission
maxima from complex 9 CMLCT at 646
nm), to complex 7 (MLCT at 695 nm) to
complex 8 CMLCT at 743 nm). Although
these complexes were electrochemically
appealing due to easy and quasi-reversible
metal-based oxidations, the photophysical
properties, i.e. the room temperature excit-
ed-state lifetime (t) values and photolumi-
nescence quantum yields (@, ) were much
lower than those of [Ru(bpy),]**, again pre-
sumably due to a break in octahedral sym-
metry in complexes 7-9 and higher values
of non-radiative decay constant (k ) in the
presence of aliphatic C—H bonds. However,
the phenomenon of solvolysis opens up a
new possibility of developing higher nu-
clearity complexes based on a dendrimer
approach using the alkoxy group.

Since the ruthenium complexes of bi-
dentate ligands were found to be devoid of
good T and @, values, even though they
exhibited red-shifted absorption and NIR
emission, a property much desired for
cell-culture in inorganic-biochemistry, 22!
we recently became interested in synthe-
sizing and exploring the optoelectronic

H(butoxy) =

properties of Ir(i)-complexes containing
bis-ppy (where ppy = phenylpyridinato)
and L1 and L3 as the ancillary ligands
(Scheme 3).[231 The heteroleptic Ir(1r)
complexes, 10-12, were synthesized in
good yields by cleaving the chloro-bridged
Ir(11L,11)-dimer in presence of the ancillary
ligands L1 or L3 in a mild reaction condi-
tion. Similar to their ruthenium analogues,
these complexes also exhibited easy oxi-
dation (0.99-1.21 V vs. SCE) compared to
their parent prototypes, such as [(ppy),Ir
(bpI[PF] (E > = 1.27 V vs. SCE) and
[(dFMeppy),Ir(bpy)I[PF] (E, > = 1.55 V
vs. SCE). These oxidations were assigned
to a concomitant removal of an electron
from both metal- and ligand-based orbitals
as the HOMOs of 10-12 were constituted
almost equally with iridium and the CAN
ligands, as suggested by DFT calculations.
Concomitant to the electrochemical data
the lowest energy absorption maximum
was also red-shifted by 23—41 nm com-
pared to that of [(ppy),Ir(bpy)][PF ] (A, =
420 nm). These complexes exhibited blue-
to-green emission (470-503 nm), a very
desirable feature for recent device appli-
cations in inorganic-LED and light-emit-
ting electrochemical cells (LEECs). Most
importantly, unlike the ruthenium com-
plexes 1-9, these complexes displayed
improved room temperature T (up to 2.6
us) and @, (0.2-61.8%) values, due to the
enlarged energy gap between the emissive
triplet state and non-emissive triplet met-
al-centred *MC) states, so that thermally
activated internal conversion (TAIC) from
emissive triplet state to *MC state is now
decreased.

3. Moving from Bidentate to
Tridentate Chelating Ligands
Containing hpp

Transition metal complexes of biden-
tate bpy or phen (phen = 1,10-phenanthro-
line) ligands are photophysically appealing

ROH, reflux

cis-[Ru(bpy),Clo] + L14

Ag. KPFg

R = Et, "Bu,
-CH,CH,OH

6, 65%

4(PFg)

_|2+

OR

2(PFg)

R = Et (7, 28%), "Bu (8, 32%),
-CH,CH,OH (9, 25%)

Scheme 2. Synthesis of a bis-Ru(i,i) complex (6) and some mono-Ru(i) complexes (7-9) as solvolysis products of complex 6 in different alcoholic

solvents.[18,20]



662

CHIMIA 2015, 69, No. 11

SUPRAMOLECULAR CHEMISTRY PART 2

DCM:MeOH, 50 °C
Aq NH4PF6

: =)
- Ire N
DCM:MeOH, 50 °C ‘\/N <
Aq. NH,PFg N\

(PFe)

11, 82%

Scheme 3. Synthesis of heteroleptic Ir(i)-complexes containing L1 and L3 as the ancillary

ligands.[23]

as they typically exhibit long Tand ®,, val-
ues. Enantiopure synthesis of these types
of complexes is rather cuambersome, as the
crude synthesis generally gives rise to a
racemic mixture of chiral-A or -A enanti-
omers, thus rendering these types of com-
plexes unsuitable for cell-culture as DNA
probes and vectorial energy transfer in ma-
terial chemistry, whereas transition metal
complexes of tridentate ligands as tpy or
dpt (dpt = 2,6-dipyridyltriazine) are attrac-
tive alternatives as (i) they are achiral due
to inherent C, symmetry, and thus devoid
of stereospecific syntheses, (ii) can exhibit
vectorial electron and energy transfer due
to their linear geometry. The tridentate
complexes, however, exhibit poor photo-
physical properties at room temperature
(t and @, values of [Ru(tpy)z]2+ are 0.25
ns and < 1x1073, respectively).[24] We, thus,
recently became interested in synthesizing
different tridentate ligands and exploring
their optoelectronic properties as well as
studying their self-assembly processes.
We started with the synthesis of li-
gand L17 or 3-PyTpy (where 3-PyTpy =
4'-(3-pyridyl)-2,2":6"2"-terpyridine)  and
synthesizing their metal complexes with
Fe (13), Ru (14), Co (15), Ni (16), Cu
(17) complexes, where the metal ions are
in their divalent states (Scheme 4).[25] The
one-pot synthesis of .17 included a cycli-
sation reaction involving a diketone and an
ammonia molecule.[?6! Complexes 13-17
were obtained using 2:1 stoichiometric
ratio of ligand:metal in a chloroform/eth-
anol/acetone solution at reflux for 1-2

h in good yields. The idea of having the
pendant 3-pyridyl groups is to use the 60°
coordination vectors of the two N-atoms to
form discrete metallo-triangles with neu-
tral frans-directing binders, such as PdCL,.
Complexes 13-17 were characterized by
various analytical techniques including
XRD. Complexes 13-15 exhibited qua-
si-reversible metal-based oxidations and
ligand-based reductions, whereas complex
16 exhibited an irreversible metal-based
oxidation, probably due to its fast adsorp-
tion at the electrode surface and slow ex-

change of electrons between the electrode
and Ni(ur) ions. In UV-vis spectroscopy,
complexes 13 and 14 exhibited charac-
teristically intense 'MLCT transitions,
whereas complexes 15 and 17 displayed
weak metal-centred d-d transitions in the
red and NIR region with very low molar
absorptivity (1040 M-cm™). Among
complexes 13-17, only complex 14 ex-
hibited an emission at ~695 nm at room
temperature, as the TAIC process occurs at
a very fast rate at room temperature for the
other complexes.

Complexes 13 and 14 were further
studied for self-assembly studies with
neutral frans-directing PdCl, binding
units using the 60° coordination vector of
the heteroatoms in the pendant 3-pyridyl
units, as mentioned above (Scheme 5).[27]
A diverse and sufficient number of supra-
molecular assemblies are already known
in literature,[28] but the uniqueness of this
self-assembly lies in the use of neutral
PdCI, units instead of cis-protected Pd(1n),
Pt(11) or Re(1)-corners.[291 The self-assem-
bly process gave rise to hexametallic dis-
crete structures that were shown to proceed
in polar, non-coordinating solvent such as
nitromethane, whereas acetonitrile and
dimethylsulfoxide were found to be com-
petitive against the metalloligands, i.e.
complexes 13 and 14. Similar syntheses of
triangular discrete assemblies with neutral
PdCl, binding units also used highly po-
lar non-coordinating solvent mixtures.3%
The resulting assemblies were studied by
solution NMR, HR-MS, elemental analy-
sis (EA), spectroscopic, electrochemical
and density functional theory calcula-
tions. A combination of supporting data
from NMR spectroscopy, HR-MS and EA
proved the formation of discrete triangular
species as expected. The UV-vis spectro-

(i) KOH pellets

Scheme 4. Synthesis
of 3-PyTpy and its
homoleptic M(i1)-
complexes.[25]

Ni (16, 80%), Cu (17, 61%)

| ~N (i) ag. NH3
N~ EtOH, reflux 16 h
o 40%
2eq 0.5 M(ll) salts

solvent, A
Ag. KPFg

ol

2(PFg)

M = Fe (13, 68%), Ru (14, 62%), Co (15, 81%),
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[Pd(CH3CN),Cl,]
_— >
CH;3NO,, reflux 48 h

72-85%

M = Fe (13), Ru (14)

M = Fe; 18, 85%
Ru; 19, 72%

Scheme 5. Synthesis of hexametallic triangular assembly (left) and DFT optimized structure of the triangle indicating inclusion of a hollow sphere

(right).[27]

scopic data suggested that the coordina-
tion of 3-pyridyl groups to neutral PdCI,
units barely affects the relative energies
of the HOMO and LUMO compared to
that of the uncoordinated metalloligands.
Preliminary DFT data suggested the pres-
ence of pseudo C,-symmetric cavities in
the metallo-triangles, where the volume
of the central cavity is ~ 268-310 A3. The
self-assembled products were found to be
non-emissive at room temperature; howev-
er, the presence of cavities may be useful
for inclusion of hosts (such as solvent, oth-
er neutral molecules with proper symme-
try) in drug delivery.

Since complexes of tridentate tpy li-
gands and their self-assembled products
were found to be mostly non-luminescent,
we sought a way to develop tridentate li-
gands containing strong electron-donating
guanidine moieties. A variety of methods
to increase the energy gap between the
emissive *MLCT state and non-emissive
3MC state are available in literature to in-
crease the room temperature Tand @, 124311
such as (i) stabilization of the MLCT state
by incorporation of electron-withdrawing
functionalities®? and co-planar aromatic
moieties,[33! (ii) introduction of an organic
chromophore to establish an equilibrium
between the *MLCT and chromophore tri-
plet 3LC (LC = ligand centred) states,34]
(iii) tridentate neutral or anionic ligands
that form six-membered chelate rings
with transition metal ions,3>! (iv) strongly
donating carbenel3 or (hetero)aromatic
NACAN type anionic ligandsl37 that dest-
abilize the SMC state. We recently adopted
a technique of introducing a new class of
tridentate ligands, following approach-
es (iii) and (iv), and synthesized ligands
LL15 and .16 (Fig. 1). Heteroleptic Ru(1r)-

complexes (20-23) were synthesized from
their Ru(um)Cl, precursors®8! in modest to
good yields (Scheme 6) and their optoelec-
tronic properties were studied in conjunc-
tion with solid-state structural determina-
tion and DFT studies.39 In the solid-state
structures of 20-23, the N-Ru-N trans bite

angles subtended by the ligand L1S were
found to be ~ 172°, which is substantially
increased compared to that exhibited by
the substituted tpy of dpt (~ 156°). This
fact is helpful in increasing the ligand field
around the metal centre, so that the MC
state is increased in energy, thus facilitat-

Scheme 6. Synthesis

R of heteroleptic
Ru(i)-complexes of
tridentate ligands
containing L15 and
| N substituted tpy or dpt
(_\N N7 N/_> X" Nx moieties. 39
N_\< >/_ N+ o | N X
¢ N N ) | |
L15 N | Nz
Ru
AN
ca” ! e
Cl

i) BUOH/ reflux/ N,

ii) Aq. KPFg

X=CH;R=H :20
X=CH; R=CHj:21
X=N; R=Br 122
X=N;R=Bu :23
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ing improved room temperature photo-
physical properties of the complexes. The
complexes exhibited metal-based quasi-
reversible oxidations at ~ 500-700 mV,
which were found to be significantly lower
than that of [Ru(tpy),]** (1.31 V vs. SCE)
and almost similar to the Ru**/Ru?**-couple
in [Ru(tpy)(NACAN)]** (where NA"CAN =
cyclometallating-1,3-di(2-pyridyl)ben-
zene). This fact suggested that the presence
of two hpp moieties in a pyridine heterocy-
cle rendered the ligand L.15 a strong donor
as a negatively charged cyclometallating
ligand. In UV-vis spectroscopy, the com-
plexes exhibited lowest energy absorption
at a far-red region (620-740 nm), which
were assigned as 'MLCT transition as
suggested by TD-DFT calculations of the
complexes. This value is considerably
red-shifted compared to the lowest ener-
gy absorption of [Ru(tpy),]** (A, = 474
nm). Complexes 20 and 21 displayed the
farthest bathochomically shifted *MLCT
emission, the nature of which was also sup-
ported by TD-DFT calculations, and these
complexes are the first set of examples,
to the best of our knowledge, to display
such a low-energy emission as mononu-
clear Ru(1r)-complexes containing triden-
tate ligands. Associated with the low-en-
ergy emission, the room temperature T and
@, values were found to be ~ 100 ns and
1x1073, respectively, for complexes 20 and
21, however complexes 22 and 23 were
found to be non-luminescent at room tem-
perature, but displayed *MLCT emission
at 77 K in an even lower energy (935-965
nm) region. These photophysical data were
shown to be due to strong donation and for-
mation of six-membered chelate rings by
the unsaturated hpp moieties.

Since the electrochemical and photo-
physical properties of complexes 20-23
were found to be unique and exciting, we
were also interested in synthesizing the ho-
moleptic complex of ligand L15. On this
note, a homoleptic ruthenium complex
of L15 was synthesized by microwave
heating of 1 equiv. of Ru(DMSO),CI,
and 2 equiv. of ligand L15 (Scheme 7).[40]
Complex 24 was isolated as an oxidized
Ru(1n)-complex, and surprisingly, in the
solid-state structure of complex 24, the
Ru(1ir) ion was found to be facially coordi-
nated byligand L15, unlike the typical me-
ridional coordination exhibited by tpy- or
dpt-type tridentate ligands. The complex
showed a ligand-based quasi-reversible
oxidation at ~ 1.2 V vs. SCE, and also dis-
played a metal-based (Ru* — Ru?*) qua-
si-reversible reduction at a low-negative
potential of —0.29 V. These values were
also supported by DFT calculations, as the
singly occupied molecular orbital (SOMO)
and singly unoccupied molecular orbit-
al (SUMO) were shown to be constituted
predominantly by the ligand L15 and the

metal centre, respectively. In UV-vis spec-
troscopy, complex 24 exhibited a transition
at 326 nm, which was found to be predomi-
nantly singlet ligand-to-metal charge trans-
fer ('\LMCT) in nature, borrowing energy
from higher energy LC transitions, as pre-
dicted by TD-DFT calculation of complex
24. The other lower energy transitions at
433 nm and 564(sh) nm (where sh = shoul-
der) were also found to be predominantly
'LMCT in nature. Unfortunately, complex
24 was found to be non-emissive at room
temperature due to the quenching of the
excited-state in presence of the unpaired
electron on the metal centre and also the
LMCT states are known to undergo deac-
tivation by radiationless decay.
Re(1)-complexes of tridentate ligands
have long been of interest due to their en-
riched photophysical activities.[*!] We thus
sought to synthesize Re(1)(CO), complex-
es of ligands L15 and L.16.[4% Complexes
25 and 26 were synthesized by refluxing a
mixture of [Re(CO),Br] and ligand L15 or
LL16 in toluene in good yields (Scheme 8).
In cyclic voltammetry, complexes 25 and
26 were found to be appealing as they ex-
hibit three successive oxidations at 0.73 V,
1.08 V and 1.43 V, the first two of which
were assigned to ligand-based oxidations,
whereas the third quasi-reversible oxida-
tion was ascribed to the oxidation of the
metal centre. This metal-based oxidation
occurs at 320 mV less positive potential

than in [Re(bpy)(CO),(Py)]*, suggesting
that ligands L15 and L16 are more elec-
tron-donating than bpy and Py. In the
cathodic region, ligand-based reductions
were observed at —1.99 V and -1.49 V,
respectively, for complexes 25 and 26.
Interestingly, due to broken m-conjugation
between the hpp and the saturated heter-
ocyclic moieties, as suggested by the sol-
id-state structures of complexes 25 and 26,
the metal-based oxidation was found to be
fairly invariant to the changes in electronic
properties of the pyridine or pyrazine unit.
The combined electron-donation from two
hpp units was, therefore, the dominating
factor in metal-based oxidation. This fact
allowed ligand-based reductions to be sep-
arately tuned by simple modification of the
electronic nature of the central aromatic
rings in ligands L15 and L16. In the elec-
tronic absorption spectra of these complex-
es, the lowest energy transitions at 346-377
nm were observed and they were assigned
as an admixture of LC (major) and 'MLCT
(minor) transitions as suggested by TD-
DFT of these complexes. At room temper-
ature complexes 25 and 26 were found to
be blue-luminescent (Kmax(MLCT) ~ 400 nm)
with associated excited-state lifetime of
~ 10 ns at room temperature.

N Bk
pN »
~ N N7/N
= !
ethylene glycol &’N\ : NJ
L15 + 0.5 [Ru(DMSO),Cl,] Ru/
pu-wave, 200 °C N\\\ ‘ "’N
Aq. KPFg N—= NONN
|
S
3(PFg)
24, 80%
Scheme 7. Synthesis of homoleptic Ru(i)-complex of ligand L15.140]
1+

it

[Re(CO)5Br]

)

N SN N”'N
X =CH; L15
X =N; L16

80 °C, 3-6 h, dark
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X =N; 26, 91%

Scheme 8. Syntheses of Re()(CO), complexes of ligands L15 and L1 6.142]
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4. Summary and Outlook

Research by the author incorporates
organic and inorganic synthesis with op-
toelectronic studies. In many cases, sol-
id-state X-ray structural determination is
also a valuable part of our analytical tools.
Aside from the synthesis and investigation
of optoelectronic studies of light-harvest-
ing complexes, a supramolecular approach
to the self-assembly of these chromophores
is also an active research area being pur-
sued. Other recent interests include reduc-
tion of proton sources and photocatalytic
production of future fuels, such as H,, and
also the development of novel dyes, that
emit in NIR, for practical applications in
dye-sensitized solar cells.
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