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Luminescent complexes [fac-Re(CO);(YnX)(ph-imz)] where (YnXH)= H,-PBI = 2-(2’-hydroxyphenyl)-
1H-benzimidazole, H-PBO = 2-(2’-hydroxyphenyl)benzoxazole for 2, and H-PBT = 2-(2’-hydroxyphenyl)
benzothiazole for 3 and ph-imz = 2-phenylimidazole) were synthesized using Re;(CO),0, Ho-PBI/H-PBO/
H-PBT and ph-imz via one-pot approach. All the three complexes were characterized using FT-IR, 'H
NMR, and single crystal X-ray diffraction analysis. The two coordinated, twisted ligand motifs are ar-

ranged closely parallel to each other and interacts through - - -7 stacking interactions in the solid state.
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The photophysical properties of the complexes were studied. All the complexes display moderate to
strong emission both in the solution and solid state at room temperature.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Tricarbonylrhenium(I)-based complexes possessing chelating
NnN units (2,2’-bipyridine (bpy), 1,10-phenanthroline and their
derivatives) and monodentate neutral donors (pyridine, phosphine
and their derivatives) have been gaining much interest in materials
and biology [1—3]. The key properties associated with these com-
plexes are kinetic inertness, photo-stability [4], and metal-to-
ligand charge-transfer absorptions and emissions [5]. Research
has been intensely focusing on the area to increase absorption and
emission towards the red region. To achieve these properties, both
chelating ligands and monodentate ligands are tuned by either
introducing the substituted groups on the ligands or using struc-
turally similar ligands like those of bpy but possessing different
electronic properties [6]. In this category, 2-(2’-hydroxyphenyl)-
1H-benzimidazole (H,-PBI)/2-(2’-hydroxyphenyl)benzoxazole (H-
PBO)/2-(2'-hydroxyphenyl)benzothiazole (H-PBT) are used to
enhance the absorption in the visible region (350—450 nm). The
complexes display emission at room temperature, both in solid and
solution state. Recently, attempts have been made by incorporating
nitrogen atom(s) in the anionic chelating ring and substituting

* Corresponding author.
E-mail address: msathi@uohyd.ac.in (M. Sathiyendiran).

https://doi.org/10.1016/j.jorganchem.2019.05.014
0022-328X/© 2019 Elsevier B.V. All rights reserved.

various alkyl groups on the neutral monotopic nitrogen donor to
enhance the photophysical properties [7]. The arrangement of
these two ligand cores in the complexes is crucial for the solid state
photophysical properties. The intra and inter molecular - -7
stacking interactions between these two organic units in the
complexes in the solid state play a significant role in photophysical
properties. Up to now, tricarbonylrhenium(I) complexes with Hy-
PBI/H-PBO/H-PBT motifs were centered on pyridine/pyridine de-
rivatives. These complexes were synthesized using two steps syn-
thetic approach [8a]. Attempt to use other monodentate
heterocyclic donors like imidazole in place of pyridine motif in the
complexes is also scarce. Similarly, one-step synthetic approach for
the complexes, surprisingly, scarce [8]. Herein, we report three fac-
Re(CO)3-core based complexes [Re(CO)3(YnX)L] ((YnXH)= HN-NNnO
for 1, O-NNO for 2, and S-NnO for 3) and L = 2-phenylimidazole)
which were synthesized using Re,(CO)y9, H,-PBI/H-PBO/H-PBT and
2-phenylimidazole (ph-imz) via one-pot approach. Complexes 1-3
were characterized using various analytical and spectroscopic
methods. The molecular structures of the complexes were deter-
mined using single crystal X-ray diffraction methods. The photo-
physical properties of the complexes were studied both in the
solution and solid state.
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Scheme 1. Synthetic approach for 1-3.

2. Results and discussion
2.1. synthesis of complexes 1-3

The treatment of Re,(CO);9 with H,-PBI/H-PBO/H-PBT and ph-
imz in toluene resulted crystalline products 1-3 (Scheme 1). The
complexes are air and moisture stable and soluble in polar organic
solvents. The FT—IR spectra of the complexes display three carbonyl
stretching bands in the range 2014—1856 cm ™, corresponding to
the fac-tricarbonyl rhenium (I) motif [9a]. The 'H NMR spectrum of
complex 3 in DMSO-dg shows two types of pattern which are
assigned using 'H—"H COSY spectroscopic methods. The presence
of two sets of peaks may be considered to correspond for major and
minor isomers due to the rotation of the phenyl ring in ph-imz
motif in solution. In particular, triplet and doublet were observed
for the protons (H>~% and H*7) in the high-field region (Electronic
supporting information, ESI Fig. S1-S3). The data clearly indicates
that moderate to strong intramolecular interactions exist between
the two aromatic ligand motifs. A similar kind of pattern was
observed for complexes 1 and 2.

2.2. molecular structures of complexes 1-3

Molecular structures of 1—3 were determined using single
crystal X-ray diffraction analysis. The geometry around the
rhenium core, and the arrangement of two organic ligands in the
complexes are similar to each other. The rhenium is in distorted
octahedral geometry in the complexes. Two chelating atoms (NnO
atoms) and two carbonyl carbon atoms are in the square planar
geometry. The axial position of octahedral geometry is occupied by
N from imidazole and one carbonyl carbon. The Re—O(PBI)/Re—N
(ph-imz) distance is 2.137(5)/2.203(6) A for 1, 2.167(3)/2.214(3) A
for 2, 2.209(4)/2.202(4) A for 3, which indicate the ionic/coordi-
nation interactions between these two atoms. The Re—N (ph-imz)
distance is 2.202—2.214 A, which is in the expected range for Re—N
(neutral heterocyclic donor) [8—11]. It is noteworthy to discuss the
arrangement of the two organic donors in the complexes. Though
the stoichiometry and bonding parameters of 1—3 are very similar
to the complexes reported previously [8a], the two organic units are
twisted significantly in 1—3 resulting in the intramolecular 7w+« -7
stacking interactions (Fig. 1). Though NnO atoms are in the square
plane, the benzimidazole as well as phenolate motifs are not in the
square plane. The phenolate is above the square plane whereas
benzimidazole is below to it. The Re—N (imidazolyl) bond is bent
towards chelating unit. In particular, the imidazolyl unit is bent
with respect to Re—N plane. The dihedral angle between the
phenolate and the imidazole is (10.14°in 1, 5.06° in 2 and 6.81°in 3).
A similar kind of arrangement is found in those complexes pos-
sessing imidazole and phenanthroline units [11]. In general, the
phenyl unit and imidazole unit in 2-phenylimidazole are twisted
with respect to each other to avoid steric repulsion (H---H) [12].

The phenyl unit of ph-imz is positioned over the chelating unit in
1—3 with the distance of 3.6 A (centre of mass, COMpp- + -COMys;
No), Which indicates the strong ---m stacking interactions be-
tween these units. The intramolecular interactions found between
these units are slipped co-facial 7t- - - v stacking interactions (Fig. 1,
ESI Tables S2b, S3b and S4b). It is important to mention that the fac-
Re(CO)s core based complex (I) containing 8-hydroxyquinolate and
2-phenylimidazole motifs was recently reported by Tseng et al. [8d]
The dihedral angle between the 8-hydroxyquinolate and imidazole/
phenyl is 77.6/19° in I. The moderate intramolecular 7- - - v stacking
interactions were found between the edge of pyridine unit of the 8-
hydroxyquinolate and the edge of the phenyl motif of ph-imz in
complex I [8d].

Intermolecular interactions. In the crystal lattice of complex
1-3, each molecule is involved in intermolecular N—H---O
hydrogen bonding interactions between the imidazole N—H groups
and the metal coordinated O atoms of the phenolate motif in the
chelating unit. The N---O distances are in the range 2.697—2.742 A
and the N—H---O angles are within range 170°—176°. In each case,
self-assembly of the complexes through intermolecular N—H---O
hydrogen bonds result in the formation of a one dimensional chain
(ESI Fig. S4). Complex 2 and 3 are further stabilized by intermo-
lecular C—H- - -7 interactions between the two adjacent molecules
(imidazole unit to benzoxazole/benzothiazole unit, dihedral
angle = 54°/64°, distance = 5.049/5.296 A) (ESI Tables S3c and S4c).
However, these kinds of interactions are not observed for 1. Hy-PBI/
H-PBO/H-PBT based Re(CO); complexes with pyridine/pyridine
derivatives adapt the structure in which the NnO chelating ligand
and pyridyl unit are arranged orthogonally [8]. In the complexes
1-3, though the imidazole unit is similar to pyridyl unit, based on
the structure and coordinating ability, the presence of phenyl in ph-
imz motif alter the arrangement of these two units. In the com-
plexes, the Hy-PBI/H-PBO/H-PBT and ph-imz ligand motifs are
twisted significantly, thereby, lying closely parallel to each other.

2.3. photophysical studies of 1-3

The absorption properties of complexes 1—3 were studied both
in dichloromethane (DCM) and dimethylsulfoxide (DMSO) at room
temperature (Fig. 2, Table 1, and ESI Fig. S5). The UV—Vis spectra of
1-3 in DCM closely match with those of 1-3 in DMSO. The intense
absorptions in the range of 200—350 nm can be assigned to pre-
dominantly ligand-based electronic transitions (w—m* including
NnX ® NnX and NnX ® ph-imz) (ESI Fig. S5). The higher energy
absorption (~300—350 nm) may also contain significant amount of
MLCT electronic transitions (Re — NnXRe — NnX) [9a]. The
moderate absorptions in the visible region of 350—500 nm can be
attributed to the metal-to-ligand charge-transfer (MLCT) electronic
transitions with small contribution of intraligand charge-transfer
(ILCT) electronic transitions [10a].

All the complexes display emission both in solution and solid
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Fig. 1. Molecular structures of 1—3, ball and stick (1a-3a) and space-fill model (1b-3b) showing 7 - -7 stacking interactions. (C = gray, H = white, N = blue, O =red, S = yellow,
Re = orange). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

state. The emission properties of the complexes in DCM/DMSO
were studied with and without nitrogen purged solution (Table 1,
Fig. 3—5, ESI Fig. S6-S18). Complex 1 displayed poorly structured
emission band in DCM (ESI Fig. S6). The emission intensity of 1 is
slightly enhanced in nitrogen purged solution with red shift by
4nm (ESI Fig. S7). Excitation spectrum of 1at 516 nm displayed
three structured bands below 350 nm (ESI Fig. S8). The broad band
with maximum at 388 nm for 1 in the UV-Vis absorption spectrum
is absent in the excitation spectrum of 1. The emission of 1 from the
IMLCT/MLCT excited state is omitted/less because the main ab-
sorption maxima for MLCT electronic transition is absent in the
excited state spectrum. The results indicate that the emission of 1 in
DCM is mainly originated from the ligand centered (LC) excited
state or intra ligand centered (IL) excited state. The emission
spectrum of 1 in DMSO showed structured emissions which are
blue shifted by 40 nm compared to those emission in DCM. The
excitation spectrum of 1 in DMSO at 476 nm displayed bands
similar to those of 1 in DCM except intensities. This can be
explained that the emission of 1 in DMSO is also originated from
the LC or IL excited states. However, the population of these two
excited states is reversed in DMSO as compared to those in DCM.
The blue shifted emission of 1 in DMSO by 40 nm may be due to
rigidochromic effect [13]. The solvent DMSO molecules may
interact with ligand motifs of 1 through hydrogen bonding in-
teractions [N—H---O=S(CH3s),] which provides rigidity to the ligand
centered excited state [14].

Single crystal/powder 1 displays well-structured emission spec-
trum, which is red-shifted as compared to that in DCM/DMSO
(Fig. 3). It is noteworthy to mention that the free H,-PBI in solid state
displays poorly structured emission with emission maximum of 443/

470 nm [15]. The results clearly indicates that crystal 1 emits from
three different excited states which may be assigned as LC-, >MLCT-,
and metal-to-ligand-ligand charge transfer (*MLLCT) excited states
[16]. The slipped co-facial - - - 7w stacking interactions caused due to
conformational rotation of phenyl motif in phenylimidazolyl ligand
in the complexes plays a major role for the red-shifted emission in
the solid state. A similar kind of red-shifted emission was observed in
helicate containing Re(CO); core, anionic PBI motif, and benzimi-
dazolyl core [9a]. Closely looking the crystal structure of 1 indicates
that two neighbouring PBI motifs interact each other through weak
- - -1 stacking interactions (ESI Table S2c).

Compound 2 in DCM/DMSO is emissive (Fig. 4, ESI Fig. S9/S15).
Similar to the absorption spectrum, the emission maximum of 2 in
solution is red shifted as compared to complex 1 (Fig. 4, ESI Fig. S6).
No significant shift in the emission pattern as well as life-time data
of 2 was observed while changing solvent from DCM to DMSO.
Crystal 2 displays poorly resolved emission pattern (Fig. 5). The
emission pattern is different from that of crystal 1. The emission of 2
is red-shifted as compared to crystal of H-PBO (free ligand) [17].

The emission pattern of 3 in DCM is almost similar to that in
DMSO. Complex 3 displays broad emission, the emission maximum
is red-shifted as compared to 1 and 2 in DMSO and DCM (Fig. 4, ESI
Fig. S6). The life-time data of complex 2 and 3 were studied both in
DCM and DMSO and were found to be similar (Table 2, ESI
Fig. S19—-S22). The emission decays of both complexes are biex-
ponential. From the data, it can be inferred that the complexes emit
from two different excited states denoted by t1 and 1, (Table 2).
Similar emission decays with shorter lifetime were observed for
other rhenium complexes [9].

In addition, the crystal emission of 3 is identical to that of crystal
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Fig. 2. Absorption spectra of 1-3 in DMSO.

2 (Fig. 5). The results reveals that complexes 2 and 3 display
emission which may be originated from the 3MLCT and *MLLCT
excited states because changing the anionic unit in the complexes
from H-PBO to H-PBT did not alter the emission pattern in the solid-
state. It is noteworthy to mention that the photophysical properties
of complexes with similar anionic ligands (HPBI/PBO/PBT) but
different neutral donor (pyridine) at low temperature (77 K) are
blue shifted [8a]. However, the complexes 1—3 shows red shifted
emission in the solid state. The results clearly indicate that tuning of
the coordinating donor motif can shift the emission properties to-
wards the red region.

3. Conclusion

The three luminescent heteroleptic mononuclear fac-Re(CO)s3
core containing complexes were synthesized using H,-PBI/H-PBO/
H-PBT, 2-phenylimidazole and Rey(CO)jp via one pot synthetic
approach. The molecular structures of the complexes indicated the
parallel arrangement of the two organic motifs which are coordi-
nated to metal core and twisted significantly, resulting in slipped
co-facial - - - v interactions between the phenyl unit of ph-imz and
benzimidazolyl of chelating motif in solid state. The photo physical
properties of the complexes display strong emission both in the
solution and solid state at room temperature. The synthesis of
various acyclic and cyclic Re(I) based complexes using different
nitrogen donors (phenyl benzimidazole/phenylnaphthyl benz-
imidazole) is under progress.

4. Materials and methods
4.1. General data

Starting materials such as Rey(CO)y9, 2-(2’-hydroxyphenyl)
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Fig. 3. Emission spectra of 1 in DMSO, DCM, and crystal (solid state).
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Fig. 4. Emission spectra of 1—3 in DMSO.

benzoxazole (H-PBO), 2-(2’-hydroxyphenyl)benzothiazole (H-PBT),
2-phenylimidazole (ph-imz), toluene and spectroscopic grade sol-
vents such as dimethylsulfoxide (DMSO, Finar), dichloromethane
(DCM, Finar) were obtained from commercial sources and used as
received. 2-(2’-hydroxyphenyl)-1H-benzimidazole (H,-PBI) was
synthesized by previously reported method [7a]. Elemental ana-
lyses were performed on Flash EA 1112 series CHNS analyser. FT-IR
spectra were recorded on a Nicolet iS5 FT-IR spectrometer. NMR
spectra were recorded on Bruker Avance IIl 400 and 500 MHz in-
struments. Absorption spectra were recorded on UV-3600 Shi-
madzu UV-Vis—NIR spectrophotometer. Fluorescence spectra
were measured on Horiba FluoroMax 4 fluorimeter. Solid State

Table 1
Absorption and Emission data for 1-3 in solution and solid state (Crystal).
Xabsmax, nm (e, M Cmil) 2 max (A max) nm Gem
DMSO DMSO crystal
H,-PBI [15] 464 (320, 334) 443 (350) -
1 290 (19641) 382 (4831) 440, 474 (380) 535 (405) -
H-PBO [17] 370 481 (320) -
2 292 (28607) 403 (7240) 547 (400) 556 (405) 0.0212 + 0.0007
H-PBT [18] 525 (345) -
3 315 (11598) 426 (5576) 594 (425) 556 (405) 0.019 +0.003
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Fig. 5. Normalized emission spectra of 1-3 in solid state (crystal) at room temperature (Aex = 405 nm). Right: Photograph of the emission under irradiation from a 405 nm excitation

source.
Table 2 4.3. Synthesis of [Re(CO)3(H-PBO) (ph-imz)] (2)
Emission lifetime (7, ns) of 2 and 3 in solution.
Complex Solvent Amon T T 1> Brown coloured needle shaped crystals were obtained using
2 DCM =26 10670 1160 0.99 Rez(CO)?o (100.4 mg, 0.154 mmol),.H-PBO (65.1 mg, 0.397 mmol)
DMSO 526 1730 11890 0.99 and ph-imz (44.1 mg, 0.306 mmol) in toluene (~10 mL). Yield: 32%
3 DCM 572 1730 11890 0.99 (30.4 mg). Anal. Calcd. For C;5H16N305Re: C, 48.07; H, 2.58; N, 6.73.
DMSO 576 1730 11890 0.99 Found: C, 48.15; H, 2.52; N, 6.68. FT-IR (Vmax (KBr)/cm™1) 2012, 1902
and 1866 (CO)-'H NMR (500 MHz, DMSO-dg): & 7.95—7.92 (m, 3H,

Amon = Monitoring wavelength, t = lifetime for each component, %2 = indicating the

goodness of the fit to the data.

emission spectra were recorded on WI-Tec confocal Raman spec-
trometer with 405 nm as the excitation source. The lifetime of the
complexes was measured using a time-correlated single-photon
counting (TCSPC) fluorescence spectrometer (Horiba JobinYvon
IBH). The relative quantum yield for the complexes was calculated
using [Ru(bpy)3](PFg); as standard in acetonitrile solution. The
formula used for the calculation is as follows: fs/fg = (ns/ng)* (ms/
mg), f: Quantum yield efficiency m: Slope of the line obtained from
integrated fluorescence intensity vs absorbance plot. n: Refractive
index of the respective solvents. Subscript R refers to the reference
of known quantum yield and S refers to the sample [19],
General Synthetic Approach for 1—3. Rey(CO)qg, 2-(2'-hydrox-
yphenyl)-1H-benzimidazole (H,-PBI)/2-(2’-hydroxyphenyl) ben-
zoxazole (H-PBO)/2-(2’-hydroxyphenyl)benzothiazole (H-PBT) and
2-phenylimidazole (ph-imz) in toluene (~10 mL) were kept in a
Teflon vessel. The vessel was kept in the stainless steel sol-
vothermal bomb and placed in an oven programmed at 160 °C for
48 h and cooled to room temperature. Crystals or powder obtained
in the bomb were filtered, washed with hexane, and air dried.

4.2. Synthesis of [Re(CO)3(H,-PBI) (ph-imz)] (1)

Yellow coloured needle shaped crystals were obtained using
Re;(CO)10 (100.5 mg, 0.154 mmol), Hp-PBI (64.4 mg, 0.306 mmol)
and ph-imz (44.1 mg, 0.306 mmol) in toluene (~10 mL). Yield: 51%
(48.5 mg). Anal. Calcd. For Co5H17N404Re: C, 48.15; H, 2.75; N, 8.98.
Found: C, 48.23; H, 2.72; N, 8.91. FT-IR (Vinax (I(Br)/cm’l) 2009, 1864
(CO)-"H NMR (400 MHz, DMSO-d): § 7.94—7.91 (m, 3H, H&%7), 7.80
(dd, 1H, J = 8 Hz, H%), 7.60—7.58 (m, 1H, H%), 7.44 (t, 3H, J=7Hz,
HfY), 739-7.23 (m, 6H, H*P4), 7.14 (s, 2H, H>®), 6.82 (dd, 1H,

J=8.4Hz, H*), 6.70—6.66 (m, 1H, H>").

H&<7),7.89(d,] = 8 Hz, 1H, H*), 7.74 (dd, ] = 8 Hz, 1H, H®), 7.62—7.53
(m, 2H, H%%), 7.46—-7.43 (m, 3H, HM), 7.41-737 (m, 1H, H>),
7.35-7.32 (m, 2H, H), 7.22—7.15 (m, 3H, H*Y), 6.90—6.86 (m, 2H,

H*), 6.77—6.70 (m, 2H, H>).

4.4. Synthesis of [Re(CO)3(H-PBT) (ph-imz)] (3)

Yellow coloured crystals were obtained using Rey(CO)qg
(100.6 mg, 0.154 mmol), H-PBT (70.1 mg, 0.307 mmol) and ph-imz
(44.2 mg, 0.307 mmol) in toluene (~10 mL). Yield: 31% (30.2 mg).
Anal. Calcd. For C;5H16N304ReS: C, 46.87; H, 2.52; N, 6.56, S, 5.00.
Found: C, 46.79; H, 2.56; N, 6.51, S, 4.92. FT-IR (Viax (KBr)/cm™)
2013, 1904 and 1864 (CO). 'H NMR (500 MHz, DMSO-dg): d 8.30 (d,
1H,J = 8.5 Hz, H?), 8.19 (dd, 1H, J = 8 Hz, H%), 7.94 (dd, 2H, ] = 8.5 Hz,
H&C), 7.73—7.68 (m, 2H, H>" %), 7.54—7.53 (m, 3H, Hf ¢ 6), 7.39-7.33
(m, 4H, H® %), 7.23 (s, 2H, H* ®), 6.86—6.83 (m, 1H, H*), 6.70—6.67

(m, 1H, H*).

4.5. X-ray crystal data for complexes 1-3

Crystallography intensity data of crystals of 1—-3 were collected
on a Bruker D8 QUEST diffractometer [A\(Mo Ka)=0.71073 A]. The
structures were solved by direct methods using SHELXS-97 [20a]
and refined using the SHELXL-2018/3 program (within the WinGX
program package) [20b,c]. Non-H atoms were refined anisotropi-
cally. The crystallographic data of 1-3 are provided in ESI
Tables S1—S4c. The crystallographic data for 1 shows higher value

of RI™ due to poor crystal quality.
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Supplementary data to this article can be found online at
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