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Fig. 1 Coordination modes of 7,8-
dine to Ir(III) in presence of pyridine-
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o C–H bond activation in
coordinated 7,8-benzoquinoline: synthesis and
characterisation of heteroleptic Ir(III)-7,8-
benzoquinoline complexes†

Kahnu Charan Pradhan, Hemanta K. Kisan and Satyanarayan Pal *

Two iridium(III) complexes were isolated via the reaction of pyridine-2-aldoxime (Hpyrald) with 7,8-

benzoquinoline (benzq)-derived iridium starting material, namely [(benzq)2Ir(m-Cl)2Ir(benzq)2] (1). Among

the two complexes, [IrIII(benzq)2(pyrald)] (2) and [IrIII(benzq-kN,kC10)(benzq-kC2)(Hpyrald)(Cl)] (3), the

later displayed unusual ortho C–H bond activation in one of the coordinated 7,8-benzoquinoline rings.

The complex (2) presented a usual structure as expected.
C–H bond activation has long been explored fruitfully in the
formation of carbon–carbon1,2 and metal–carbon3,4 bonds
during the synthesis of fascinating organic compounds and
organometallic complexes. The C–H bond, though inert in
nature, can be activated through the catalytic power of different
metal-based catalysts.1,3 Among the several catalysts designed
and synthesised so far, the platinum group metal-derived
catalysts are well-known for their facile C–H bond activation
in a vast range of organic molecules.3 A judicious choice of
organic ligands in metal complex preparation and C–H bond
activation therein could lead to the metal–carbon bond forma-
tion. The cyclometallating ligand, such as phenyl pyridine (ppy),
is one such class of ligand, which binds the metal through
pyridine-N and a benzene ring-C (kN, kC8) in the cyclo-
metallated way (Fig. 1; complex (4)) involving the C–H bond
activation by the coordinated metal ions.3 Iridium is well known
for its cyclometallating properties, which causes C–H bond
benzoquinoline and phenyl pyri-
2-aldoxime.
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activation in the cyclometallating class of ligands. A vast range
of phosphorescent Ir(III) complexes were prepared from cyclo-
metallating ligands and were studied for their application in
numerous elds, such as organic light emitting diodes
(OLEDs),5,6 solar light harvesting devices,7,8 and anticancer
agents.9,10

7,8-Benzquinoline (benzq) resembles phenyl pyridine in its
structural and complexation behaviour (Fig. 1, complex (2)) to
iridium and coordinates through N1 and C10. Nonoyama
prepared the famous [(benzq)2Ir(m-Cl)2Ir(benzq)2] (1) in 1974.11

The C–H bond activation of 7,8-benzoquinoline by iridium was
observed at the C10 position and led to the formation of
a dichloro bridged dimeric complex, where each iridium centre
was coordinated to two 7,8-benzoquinolines in the cyclo-
metallated form (kC10, kN). Since then numerous heteroleptic
Ir(III)-7,8-benzoquinoline complexes were reported with very
same coordination mode.12–18 The Ir-benzoquinoline complex-
ation could be viewed as the formation of initial Ir–N(quinoline)
bond, which selectively induces the C10–H bond activation and
leads to Ir–C10 coordination. This results in a stable ve-
membered chelation by 7,8-benzoquinoline. Till date no other
types of coordination modes including the ortho C–H activated
Ir–C2 coordination in the Ir-7,8-benzoquinoline complex have
been found. Moreover, ortho C–H bond activation as reported in
7,8-benzoquinoline in the Minisci type reaction needs designed
synthesis to activate the ortho C–H bond19–26 and metalation
with ortho-carbon reported only with Sc27 and Zr.28 Till date,
literature lacks on any such ortho-carbon coordinated Ir(III)-7,8-
benzoquinoline complex. Although no special design/reaction
condition was adopted for the synthesis of complex (3), a coor-
dinated 7,8-benzoquinoline (kC10, kN) ring in complex (2) dis-
played ortho C–H bond activation in the presence of ancillary
ligand pyridine-2-aldoxime. The reaction yielded the expected
complex with usual 7,8-benzoquinoline coordination,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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[Ir(benzq)2(pyrald)] (2) (Fig. 1), along with the ortho-carbon
coordinated complex (3). Herein, we report the rst iridium(III)
complex with ortho-carbon coordination in a 7,8-benzoquino-
line ring.

The reaction was designed to synthesize the complex
[Ir(benzq-kN, kC10)2(pyrald)] (2) (pyrald ¼ deprotonated pyri-
dine 2-aldoxime) (Fig. 1) by employing pyridine-2-aldoxime with
[(benzq)2Ir(m-Cl)2Ir(benzq)2] (1) in the presence of triethylamine
in ethanol under reux conditions (see ESI†). Beside the
complex (2), the reaction resulted in complex (3) with lesser
yield than the former.

The formulation of complexes (2) and (3) were consistent
with the molecular ion peaks found in the ESI mass spectra
(Fig. S3 and S6†). The peaks at 670.86 (cald 670.13) of complex
(2) and 706.83 (calcd 706.11) of complex (3) conrmed the
presence of entire molecular frameworks.

The 1H NMR spectrum of complex (2) in DMSO-d6 (Fig. S4†)
conrmed the presence of 21 aromatic protons and matched
with the structural formula of (2). The 1H NMR spectrum of
complex (3) in DMSO-d6 (Fig. S7†) clearly depicted all aromatic
protons and supported the structure of complex (3). The oxime-
OH proton however could not be located, which might be due to
the involvement of the –N–OH group in strong intramolecular
hydrogen bonding interactions29 with quinoline-N (Fig. S8 and
Table S3†).

The formation of complex (3) was further conrmed via
single crystal X-ray structure determination (Fig. 2). The slow
evaporation of the dichloromethane hexane mixture of (3)
afforded single crystals at room temperature for structural
analysis. The selected bond lengths and bond angles associated
with the metal centre and other crystallographic parameters
(Tables S1 and S2†) are provided in the ESI.† The structure
displayed a distorted octahedral arrangement of ligands around
the iridium centre. The C11, C14, N4 and N3 atoms of coordi-
nated ligands were arranged in a square plane with positioning
of N1 and Cl1 in the axial positions. This arrangement of
ligands was supported with equal bond lengths of corre-
sponding Ir–C14 and Ir–C11 (2.023(5) and 2.031(5)�A) and Ir–N3
Fig. 2 Ortep diagram of complex (3). Thermal ellipsoids are drawn at
40% probability level. Hydrogen atoms are omitted for clarity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
and Ir–N4 (2.124(4) & 2.118(4)�A) in the square plane. The Ir–N1
bond (2.043(3) �A) at the axial position was found to be shorter
compare to the Ir–N3 and Ir–N4 bond lengths. This could be the
result of strong trans effects exerted by coordinating C11 and
C14 on Ir–N4 and Ir–N3 bond lengths30 respectively.

In the axial positions, N1–Ir1–Cl1 was found to be lying
almost linearly with an angle of 173.44(10)�. This structural
arrangement of ligands was consistent with the reported Ir-
pyridine-2-aldoxime complex, [Ir(ppy)2(pyrald)] (4),31 where the
pyridine-2-aldoxime and two carbon atoms of phenyl pyridines
(ppy) arranged on the square plane. The Ir–C, Ir–N and Ir–Cl
[2.3683(12) �A] bond lengths in complex (2) were in good agree-
ment with the values reported for several similar Ir(III)
complexes.13,32

The structure of complex (3) displayed two benzoquinoline
ligands in different coordination modes. One of them had the
ortho C–H bond activation and coordinated in a monodentate
way through C14 to the iridium centre, whereas the other
benzoquinoline had acted as a bidentate ligand and chelated
the Ir(III) centre through N1 and C11. The different coordination
modes did not have noticeable effects on Ir–C11 and Ir–C14
bond lengths, which appeared to be indifferent with the values
of 2.031(5) and 2.023(5) �A, respectively.

The monodentate benzoquinoline ring and the pyridine-2-
aldoxime moiety were oriented in the same direction and
appeared to be planar with each other with a dihedral angle of
2.829(114)�. This caused the two benzoquinoline rings to orient
near the perpendicular plane with a dihedral angle of
84.752(74)� between them. The oxime-OH group exhibited
strong intramolecular hydrogen bonding interactions33 with the
bare N2 of the monodentate benzoquinoline ring with the O1/
N2 distance measured at 2.609(5) �A and O1–H1A/N2 angle at
156.88� (Table S3†). Such interactions were expected as N2 with
a free lone pair of electrons acted as a Lewis base and the
hydrogen of oxime-OH is acidic in nature. The lone pairs of
oxime-O1 are involved in the formation of another weak intra-
molecular hydrogen bond34 with C24–H24. The formation of the
O1/H24–C24 hydrogen bond was found with O1/C24
distance at 3.211(7)�A and C24–H24/O1 angle of 159.61�. These
two hydrogen bonding interactions might be the reason to
orient the benzoquinoline ring along with the plane of coordi-
nated pyridine-2-aldoxime.

The lone pairs of the oxime oxygen atom (O1) are also found
to be involved in weak inter molecular hydrogen bonding
interactions with C1–H1 and C2–H2 of a neighbouringmolecule
in the crystal lattice (Fig. S8†). The C1/O1 and C2/O1
distances were found to be 3.201(6) and 3.259�A along with the
C1–H1/O1 and C2–H2/O1 angles of 127� and 121.45�,
respectively. Thus, the oxime oxygen atom (O1) was crowded
with three weak O/H–C interactions and its two lone pairs got
involved in the formation of trifurcated hydrogen bonds.34

The C1–H1/O1 and C2–H2/O1 hydrogen bonding inter-
actions between two neighbouring molecules completed an
inversion dimer via R2

2(12)/R
2
2(14) rings (Fig. S8†). Each pair of

dimeric units were further connected to each other through
inverse C3–H3/Cl1 hydrogen bonds35 (Fig. S9†) expanding to
a one-dimensional molecular assembly. The C3/Cl1 distance
RSC Adv., 2021, 11, 12578–12582 | 12579
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Scheme 1 Proposed reaction mechanism for ortho C–H bond acti-
vation process.
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and C3–H3/Cl1 angle were found to be 3.677(5) �A and 165�,
respectively. Further inspection revealed that chloride lone
pairs were involved in the formation of another weak hydrogen
bonding interaction with the C21–H21 of neighbouring 1D
chain (Fig. S8 and S9†). The donor–acceptor (C21/Cl1)
distance of 3.647(8)�A and the C21–H21/Cl1 angle of 155� were
consistent with the C3–H3/Cl1 hydrogen bond.35 Thus, each
chloride atom displayed bifurcated hydrogen bonds between
the inverse dimeric unit and the ID molecular assembly
(Fig. S10†). The one dimensional molecular chains in the crystal
lattice were further stacked with C–H/p and p/p interactions
to complete a two dimensional molecular network (Fig. S10†).
The centroid to centroid (Cg–Cg) and C–H/p distances are
tabulated in Table S4.†

Till date the available structural reports of Ir(III)-7,8-benzo-
quinoline complexes12–18 displayed similarity with complex (2),
where the benzoquinolines chelated iridium centre through N1
and C10 in the cyclometallated form. The formation of the Ir–
C10 bond resulted with C–H bond activation during the prep-
aration of the starting material (1) from IrCl3. 3H2O and 7,8-
benzoquinoline in 2-methoxy ethanol under reux conditions.11

The subsequent reaction of starting material (1) with ancillary
ligand, pyridine-2-aldoxime resulted in the opening up of one of
the 7,8-benzoquinoline chelation and a new coordination of Ir–
C(2) appeared as a result of ortho C–H bond activation at C2.
This observation of the opening up of Ir(benzq-kN, kC10) chelate
and formation of only Ir–C2 bond were highly unusual.

As mentioned hitherto Ir(III)�7,8-benzoquinoline complexes
of same design, [Ir(benzq)2(bidentate ancillary ligand)], re-
ported till date have not adopted such ortho C–H bond activa-
tion. A range of different bidentate ancillary ligands have been
employed in the synthesis of arrays of Ir(III) complexes.12–18 We
have employed pyridine-2-aldoxime as a bidentate ancillary
ligand and expected the formation of a heteroleptic complex
having the formula [Ir(benzq-kN, kC10)2(pyrald)] (2). We have
already reported a phenyl pyridine-Ir(III) complex with pyridine-
2-aldoxime having the formula [Ir(ppy)2(pyrald)] (4)31 (Fig. 1)
(ppy ¼ phenyl pyridine), where such ortho C–H bond activation
in the phenyl pyridine (ppy) ring was not observed. It was found
to be a bis-heteroleptic Ir(III) octahedral complex, where the two
ppy ligands produced expected cyclometallation (kN, kC) to
iridium along with the pyridine-N and oxime-N coordination of
pyridine-2-aldoxime (Fig. 1). Compared to the other known
complexes of Ir(III)�7,8 benzoquinoline, it appeared a denitive
involvement of pyridine-2-aldoxime in causing ortho C–H bond
activation as found in complex (3).

Alongside the role of pyridine-2-aldoxime, the reaction
temperature factor was also taken into consideration and
reactions were carried out in different temperatures. First the
complexation reaction was carried out in the 2-methoxy ethanol
medium at about 120 �C and isolation of complex (3) was linked
to the high reaction temperature, which might have caused the
modication of chelation of the 7,8-bezoquinoline ring in the
starting material [(benzq)2Ir(m-Cl)2Ir(benzq)2] (1) or complex (2)
to induce ortho C–H bond activation.

Though the starting material (1) was obtained under the very
same reaction conditions11 without causing any such ortho C–H
12580 | RSC Adv., 2021, 11, 12578–12582
bond activation in 7,8-benzoquinolines. Considering the above
fact, the reactions were carried out comparatively at a low
temperature. The synthesis of complex (2) was carried out in
methanol and ethanol at the temperature range of 70–80 �C
aiming to prevent the ortho C–H bond activation. The purica-
tion of the reaction mixture on the neutral aluminium oxide
column always produced [Ir(benzq-kN, kC10)(benzq-kC2)(Hpyr-
ald)(Cl)] (3) along with [Ir(benzq-kN, kC10)2(pyrald)] (2). It was
also found that the latter always had higher yield than the
former.

To further explore the possibility of conversion of complex
(2) to (3), the former was heated in ethanol in the presence of
LiCl and was found with the partial transformation of complex
(2) to (3).

Thus, it appeared that the complexation reaction of pyridine-
2-aldoxime with starting material (1) led to the formation of
complex (2) rst, which subsequently had undergone ortho C–H
bond activation and formed (3). A plausible reaction mecha-
nism for the formation of (3) from complex (2) is depicted in
Scheme 1. It is suggested that the C10 atom of the one coordi-
nated benzoquinoline ring got protonated by ethanol/pyridine-
2-aldoxime/[NEt3H]Cl, which led to the formation of a ve-
coordinated intermediate Ir(III) complex (2.1) (Scheme 1).
[NEt3H]Cl was formed in situ as NEt3 was used as the base to
deprotonate the oxime-OH group of pyridine-2-aldoxime and
was combined with the chloride obtained from the dichloro-
bridged starting material (1). The geometry of the interme-
diate (2.1) brought –C2–H (ortho –CH) of benzoquinoline and]

N–O� of pyridine-2-aldoxime to a close proximity. The interac-
tion of deprotonated oxime-O with C2–H in the intermediate
(2.1) caused the C–Hbond activation and led to the formation of
intermediate (2.2). On further progress, chloride from [NEt3H]
Cl coordinated (2.2) to produce complex (3).

Recent report on visible light induced ortho C–H bond acti-
vation in 7,8-benzoquinoline36 was also considered. The reac-
tion of complex preparation thus carried out in dark without the
alteration of other reaction conditions. It was found with an
unaffected reaction, which yielded both the complexes (2) and
(3) as before.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The UV-Vis spectra of complex (2) and (3) are depicted in
Fig. S12† and the data are tabulated in Table S6.† Both the
complexes displayed several bands and shoulders in the range
of 258–500 nm with a similar pattern of spectra.

The highest energy band at 258 nm of complex (2) and bands
at 282 nm for both the complexes were assigned to spin-allowed
intra-ligand (1IL) p–p* transitions. Except these bands, all other
absorptions appeared as shoulders in the absorption spectra.
The band positions at 355 and 384 nm of complex (3) were
attributed to the mixture of MLCT (metal to ligand charge
transfer) and LLCT (ligand to ligand charge transfer) transi-
tions. This was supported from the theoretically predicted
electronic transitions from HOMO�3 and HOMO�1 to the
LUMO+1 level at 355 nm and 384 nm, respectively (Table S5†).
Both the HOMO�1 and HOMO�3 constituted with orbitals of
iridium, chloride and carbons of two 7,8-benzoquinoline rings
(Fig. S11†). LUMO+1 is mainly constituted with the orbitals of
the bidentate benzoquinoline ring (Fig. S11†). Therefore, the
shoulders at 355 nm and 384 nm originated from 1MLCT, 1LLCT
and Cl(dp) to L(p*) transitions in complex (3). A similar
assignment of the electronic transitions (except Cl(dp) to L(p*))
for the observed band at 382 nm of complex (2) was quite
feasible. The observed shoulder at 425 nm of complex (3) did
not have a good agreement with the predicted theoretical bands
at 407 nm and 443 nm. The difference of observed and calcu-
lated bands positions appeared at �18 nm, which is in the
range of typical accuracy of the TDDFT calculation of MLCT
bands for transition metal complexes. The calculated bands at
407 nm and 443 nm predicted the transitions of HOMO�2 and
HOMO�1 to LUMO, respectively. Unlike HOMO�1, HOMO�2
is largely constituted by d-orbitals of iridium and chloride
atoms, whereas the LUMO orbital is found to be mainly
constituted by the p* molecular orbitals of the pyridine-2-
aldomixe moiety (L0) with the minimal contribution of iridium
d-orbitals. Thus, the observed 425 nm band constituted with
bigger contribution of 1ML0CT (L0 ¼ pyridine-2-aldoxime, L¼
7,8-benzoquinoline) transition compared to that of inter ligand
transitions (LL0CT), Cl(dp) to L0(p*) transition along with a part
of d–d transition originated from iridium. The band at 428 nm
of complex (2) could be considered for the similar electronic
transitions except the chloride centre transition, as described
for complex (3). Further the HOMO to the LUMO transition
band in complex (3) was calculated to be at 452 nm, which
largely differed with the observed lowest energy band at 500 nm.
This band with low extinction coefficient was assigned to spin
forbidden transitions (3MLCT, 3ML0CT, 3ILCT, 3LLCT, 3IL0CT
and 3LL0CT) facilitated by the strong spin orbit coupling of the
iridium centre.37 The complex (2) also presented a weak
absorption at 500 nm and assigned to the transitions of similar
origin as described above.

The photoluminescence spectra of these complexes were
recorded in the degassed dichloromethane solution. The exci-
tation of the 425 nm band of complex (3) resulted in the
emission with two peaks positioned at 594 nm and 641 nm
(Fig. S13†). A similar pattern of spectrum was observed for
complex (2) with peak positions at 539 nm and 591 nm. Both
complexes were found to be very weakly luminescent in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
solution medium. The quantum yields were found to be 0.097
and 0.0077 for complex (2) and (3), respectively. This could be
due to the nature of electronic transitions involved in the
emissive decay in these complexes. As stated above, the band at
425 nm was due to the combined transitions of 1ML0CT, and
1LL0CT and metal centred d–d transitions. On excitation, the
excited electron could nd several radiative and nonradiative
decay pathways due to the presence of several suitable low-lying
energy levels arising out of these transitions.38 The dominant
emissive decay from 3IL0CT and 3ILCT compared to that from
3MLCT and 3ML0CT levels could have led to the weak phos-
phorescence emission.37,39 The presence of dual peaks in the
photoluminescence spectrum was also supportive of more3 p–
p* character in the emissive decay process.39 The above expla-
nation also suited to the observed weak luminescence behav-
iour of complex (2).

The cyclic voltammetry of the complexes (2), (3) and
pyridine-2-aldoxime were investigated in an acetonitrile solu-
tion containing 0.1 M TBAP. Complexes (2) and (3) displayed
two irreversible oxidation responses each (Fig. S14†). The rst
oxidation responses at 0.94 V of complex (2) and 1.27 V for
complex (3) were assigned to the ligand centred oxidation.
These oxidation potentials appeared in the vicinity of oxidation
potential (1.06 V) of pure pyridine-2-aldoxime (Table S6†) under
similar conditions. The peaks at 1.35 V of complex (2) and 1.59 V
of complex (3) could be assigned to the metal centred IrIII–IrIV

redox couple. The assignment is consistent with the reported
values of similar Ir(III) complexes.30 The reduction peaks at
�1.41 V and �1.32 V were assigned to the reduction of the
coordinated pyridine-2-aldoxime moiety. These values were
quite close to the reduction potential of free pyridine-2-
aldoxime value at �1.14 V. The DFT calculations of complex
(3) also predicted the large distribution of LUMO over pyridine-
2-aldoxime making it susceptible to reduction and which was
reected from the observed low reduction potential.
Conclusions

In summary, we have rst noticed the ortho C–Hbond activation
in a coordinated 7,8-benzoquinoline in an Ir(III) complex. The
activation process was facilitated by an ancillary ligand, namely
pyridine-2-aldoxime. The phenomenon was conrmed via the
crystal structure analysis of the new complex and other related
analytical data. The activation process was even taken place well
below 100 �C. This interesting observation has instigated for
further investigation to garner more insight into the role of
pyridine-2-aldoxime in causing the C–H bond activation. A
detailed theoretical study is currently underway to reveal the
mechanism of ortho C–H bond activation in complex (2).
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