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SYNOPSIS

The thesis entitled “Rhenium(l)/Manganese(l)-based Supramolecular Cages, Tubes
and Acyclic Complexes™ consists of six chapters.

Chapter 1: Introduction

Chapter 1 contains brief literature overview on rhenium(l)/manganese(l) tricarbonyl-based discrete
cyclic supramolecules and acyclic systems. Based on different shapes, sizes and nuclearity, the
rhenium(l) complexes are subdivided into four classes i.e., tetranuclear, trinuclear, dinuclear and
acyclic complexes. The general overview describes the significance of Re(l) and Mn(l) complexes
and their potential utility in material and medicinal sciences. The chapter mainly highlights the
imidazole/benzimidazole scaffold containing ligands and their self-assembly with rhenium metal
core. Further, the importance of photo-active units is discussed to assemble visible light absorbing
and emitting mono- and dinuclear acyclic complexes. The discussions on manganese (1) tricarbonyl
complexes describes the synthetic strategy and their use as photocatalyst and photo-CO releasing

molecules.
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Figure 1. Various known examples of M(l) core-based (M = Re/Mn) complexes and applications.
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Chapter 2: Flexible Coordination Cages with Polarized C—H Donors for
the Recognition of Spherical and Linear Anions

This chapter describes the design and synthesis of neutral heteroleptic flexible tetranuclear
coordination cages possessing flexible multiple electron deficient C—H donors self-assembled using
Re,(CO)yo, carbonyldiimidazole/1,2,4—triazole and bis(benzimidazol-1-yl)methane via one pot
solvothermal approach. The cages were characterized using various analytical and spectroscopic
techniques such as ATR-IR, NMR spectroscopy, mass spectrometry, single crystal X-ray
diffraction analysis, and fluorescence spectroscopy. The molecular structure of the cages reveals
that it consists of a butterfly-like cyclic core capped with two neutral N-donor ligands lying above
and below the cycle. The semi-flexible neutral donor and bridged imidazolate/triazolate units
imparts flexibility to the cages. The dynamic behavior of the cage 1 was studied using variable
temperature *H-NMR spectroscopy. The ability of cage 1 to interact with anions of different shapes
and sizes was further investigated using "H-NMR and fluorescence spectroscopy. The thermally
stable, flexible cage 1 transforms into restricted cage in the presence of spherical and linear anions,
and has more binding affinity for fluoride. The extent of association of anions with cage 1 was
determined using fluorescence spectroscopy. The binding constant values were calculated using

Benesi-Hildebrand equation for 1:1 host-guest stoichiometry.

PN Re2(COo F-, CI, Br, I
+ .
Rigid Flexible Solvent N5, SCN-
bidentate bidentate High temp.
H-L L ML,L'>-type cage

® =\ = fac-[Re(CO)3]

Scheme 1. Self-assembly of ML4L',—type cage and its interaction with various anionic guests.
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Chapter 3: Fluorine Assisted Self-assembly Approach for Tubular
Architecture of Cyclic Trinuclear Rhenium(l)-Fluorothiabendazolate
Complex

Chapter 3 describes the synthetic strategy, structural aspects and properties of three neutral
trinuclear rhenium(l)-organic cyclic complexes, fac-[{Re(CO)s(L)}s] (1-3), self-assembled from
Re,(CO);p and thiabendazole/thiazolylnaphthanoimidazole/difluorothiabendazole in a one-pot
approach. The molecular structures established by X-ray analysis revealed that all three complexes
adopt MsLs-type metal-organic triangular tube structure which consists of alternatively arranged
three fac-[Re(CO);] cores and three anionic ligand motifs. All three metal-organic tubes possess
uncoordinated sulfur atoms from thiazolyl motif that are directed along the tube axis. Metal-organic
tube 3 additionally possesses six C—F bonds, four at one end and two at rear, lateral to the tube axis
and further self-organizes into 1D supramolecular tubular architecture via fluorine assisted
noncovalent C—F---S contacts. The photophysical properties of 1-3 were studied using UV-Visible
and fluorescence spectroscopy and further validated using time-dependent density functional theory

(TDDFT) calculations. The electrochemical properties of 1-3 were studied using cyclic

v

v
v

voltammetry.
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Scheme 2. Synthetic approach for discrete tube 3 and its self-organization into 1D-tubular

architecture via fluorine assisted C—F---S non-covalent contacts.
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Chapter 4: Luminescent [fac-Re(CO);-NNO-phenylimidazole] Complexes
with Parallel Arrangement of Twisted Ligand Motifs

In chapter 4, Luminescent complexes [fac-Re(CO)s(YNX)(ph-imz)] where (YNXH) = H,—PBI = 2-
(2'-hydroxyphenyl)benzimidazole for 1, 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, H—PBI/H-PBO/H-PBT and ph-imz via one-pot approach. All three
complexes were characterized using FT-IR, 'H-NMR, and single crystal X-ray diffraction
analysis. The two twisted coordinated ligand motifs are arranged closely parallel to each other and
interact through r---t stacking interactions in the solid state. The photophysical properties of the
complexes were also studied. All the complexes display emission both in the solution and solid

state at room temperature.
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Scheme 3. Synthetic approach for complexes 1-3.
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Chapter 5a: Rhenium(l) Complexes from 2-(2'-hydroxyphenyl)
benzimidazolyl Based Bis-chelating Ligand and 4-Aminopyridine/4-
Dimethylaminopyridine

In Chapter 5, two fac-Re(CO);z core based dinuclear complexes obtained from Rey(CO)io, 1,4-
phenylene-bis(2-(2'-hydroxyphenyl)benzimidazole) (H-L) and neutral N-donors (4-
(amino)pyridine for 1/4-(dimethylamino)pyridine for 2) are discussed. Both the complexes were
characterized using various analytical and spectroscopic techniques. The molecular structure of 2
obtained from single crystal X-ray diffraction analysis shows that two anionic
phenoxybenzimidazolyl motifs of L*™ are twisted, resulting in an acyclic dinuclear helical structure.

Both the complexes display strong emission in the solution state at room temperature.
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Scheme 4. Synthetic approach for dinuclear Re(CO)3 core-based complexes (1-2).
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Chapter 5b: Synthesis and Characterization of Binuclear Manganese
Carbonyl Complex of 1,4-Bis(2-(2’-hydroxyphenyl)benzimidazolyl)benzene
and Dimethylaminopyridine

Chapter 5b describes the design and synthetic approach for a neutral heteroleptic binuclear complex
fac-[{Mn(CO)3;(Py")}2(L)] synthesized using Mn,(CO)1y, 1,4-bis(2-(2'-
hydroxyphenyl)benzimidazolyl)benzene  (Ho—L'),  4-dimethylaminopyridine  (Py’),  and
trimethylamine-N-oxide (MesNO) via conventional one-pot approach. The complex was
characterized using FT-IR, 'H-NMR, *C-NMR, mass spectrometry and single crystal X-ray
diffraction analysis. The molecular structure of the complex reveals that it adopts a helical structure

in the solid state due to twisted arrangement of ligand framework.
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Scheme 5. Synthetic approach for binuclear manganese complex.
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Chapter 6: Conclusion and Future Prospects

This chapter provides a brief summary of the thesis along with future prospects of the performed
work. The thesis is mainly divided into two parts that discusses about Re(l) based supramolecules
and Re(l)/Mn(l) based mono- and dinuclear acyclic complexes. The structural aspects and
properties of the complexes are studied using various spectroscopic and analytical techniques. We
have developed new synthetic combinations for assembling metal-organic cages with better
adaptability using N-donor flexible ligand and anionic counterpart with Re;(CO)yo in a one-pot
solvothermal approach. The incorporation of flexible N-donor ligand facilitates the adaptive
behavior of the cage. The other part describes Re(l) based metal-organic tubes decorated with
chalcogen/halogen donor acceptor atoms that undergo self-organization to form 1D-tubular
architectures from discrete small molecular tubes. The study suggested that incorporation of
chalcogen/halogen donor acceptor groups in the ligand framework can provide a way to assemble
hierarchical superstructures from small SCCs.

The study on synthetic strategy and photophysical properties of mono and dinuclear Re(l)/Mn(l)
based acyclic complexes based on photo-active motifs, 2-(2'-hydroxyphenyl)benzimidazole and its
analogues have also been discussed. Considering the labile character of fac—Mn(CO)s;—core based
complexes upon irradiation of light and good photophysical properties of 2-(2'-
hydroxyphenyl)benzimidazole core, the research was directed towards combining these two units to
form a potential photo-CO releasing molecule. This is the first report on fac-Mn(CO); core
containing acyclic dinuclear complexes assembled using rigid bis-chelating ligand. This field is
ever growing with new synthetic combinations for assembling fac-Re(CO)3/Mn(CQ); based acyclic
and discrete cyclic complexes. The current research is directed towards modulating the building
units through functionalization or incorporation of biologically relevant or photo-active groups that

can be used to construct SCCs or acyclic complexes for wide range of applications.
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Chapter 1

Introduction

1.1. Overview

The self-assembly of supramolecular coordination complexes (SCCs) i.e., discrete metal-organic
cyclic complexes assembled using pre-designed metal ion sources and organic donors is among the
most explored classes in supramolecular chemistry.’” Various types of two and three dimensional
supramolecules have been constructed using this synthetic approach and explored for their potential
utility in different fields including material and medicinal sciences.”” The supramolecular metal-
ligand self-assembly can have various non-covalent interactions due to the presence of
functionalized ligand cores which can be helpful in biological applications and in building
superstructures or macrocycles. Among various types of metal precursors usually employed in the
synthesis of these SCCs, rhenium tricarbonyl core is one of the most promising metal cores for
constructing small to complex supramolecular architectures (Chart 1-2).>" Multiple types of metal
precursors including Re;(CO)1p, [Re(CO)3(DMSO0);3](OTf), Re(CO)sX (X = CI, Br, OTf) are
utilized for making these complexes. The rhenium tricarbonyl core offers three orthogonal vacant
sites for coordination by accepting [3+2] electrons. This chemistry have been growing since
decades and modifications of the coordinating units have provided numerous complexes possessing
intriguing properties and wide range of applications in diverse fields.>” Several robust architectures
including mononuclear cycles (ML); dinuclear cycles (helicates: double stranded (M,L, or M,LL")
and triple stranded (Mj,L3 or M,L,L") mesocates (ML, or M,LL"); trinuclear (metallacycles

(MsLsLl"), triangles or metallacalix[3]arenes (MsLs)); tetranuclear (squares or rhombus (MyL,),

rectangles (My4L,L,"), tetrahedrons (M4L;L,")); hexanuclear (trigonal prisms (Mgl,Ls"), spheroids

1



(MgLLg") and octanuclear prisms (MsL,Lg') (1-14) have been reported (Chart 1-2).>" The basic

coordination framework for SCCs consists of neutral rigid or flexible ligands with

pyridyl/imidazolyl/benzimidazolyl N—-donors and RX™ (where X~ = O/S, R = —H, aryl or alkyl) as

anionic counterparts.
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Chart 1. Different types of Re(l) based mono- and multinuclear complexes.®”’
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Chart 2. Chem draw representations of rhenium(l)-based di-, hexa- and octanuclear SCCs.

The interesting properties of Re(l) complexes including kinetic inertness, thermal and photo-
stability, long-lived excited states, large Stokes shift, presence of strong field CO ligands have
paved way for these complexes to be utilized for molecular recognition, bio-imaging, anti-cancer
activity, photosensitizers, photo/electro-catalysts for CO, reduction and drug delivery.®*° Both
acyclic and cyclic complexes have been explored for such applications and have provided
promising results (Chart 3). However, study on cyclic Re(l) complexes is still at a very nascent
stage. Recent study by Cohen and co-workers has shown activity of these mononuclear complexes

(15) towards SARS-COV virus.™
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Chart 3. fac-M(CO)3 (M = Mn, Re) core-based complexes with applications in material science

and biology.

The anti-cancer properties of both cyclic and acyclic systems have been explored by
several groups providing an insight on Re(l) and Mn(l) complexes as emerging class of bio-active
compounds (15-21). The typical arrangement of rigid ligands in Re(l) complex reported by Lu et
al., showcases the ability of cavity containing supramolecules to interact with suitable guest
molecules through non-covalent interactions (22).”

Along with Re(l), its congener manganese tricarbonyl complexes have also evolved

tremendously due to their ability to release CO upon irradiation of light. The highly labile character
4



of Mn(l) complexes have proved to be advantageous for their use in anti-cancer activity, as photo-
CO releasing molecules (photo-CORMs) and photo catalyst (16, 19, 20). One such report by
Manimaran et al., demonstrated the anti-cancer activity of tetranuclear Mn(l) complexes (20) and
several reports are available on acyclic Mn(l) complexes that have been tested for their ability to act
as photo-CORM s (16, 19).** Most of the literature reports use pyridine based flexible or rigid
ligands as building blocks for SCCs. The literature overview mentioned in this thesis primarily
focuses on synthetic combinations utilized for assembling Re(l) complexes using
imidazole/benzimidazole units and their functionalized analogues as ligands. Imidazole and
benzimidazole scaffolds are advantageous in terms of their biological relevance.** Thus,
incorporation of these scaffolds on ligand framework and its combination with rhenium tricarbonyl
core has yielded numerous 2D and 3D architectures which can have potential use as bio-active
molecules.>”

The major portion of rhenium tricarbonyl chemistry consists of mono and dinuclear
acyclic complexes and studies on their physico-chemical properties with relevant applications.
Most of these complexes contain N*N™ donor based anionic bis-chelating ligands i.e., bipyridine
and/or phenanthroline as the coordinating motifs. Some examples also include O"O~ and N*O~
chelating ligands as a part of their coordination framework.®***"*% Now, since these types of
complexes displayed good biological activity, the incorporation of biologically relevant scaffolds
and/or motifs which can exhibit absorption and emission properties in the visible-region becomes a
key factor for assembling such complexes. One such highly relevant motif is 2-(2'-
hydroxyphenyl)benzimidazole and its derivatives with rich photophysical and redox properties
which can serve as a building unit for making visible-light absorbing and emitting complexes.™
Hence, a portion of this thesis also describes the advantages of using such building blocks and their

use for constructing acyclic M(I) (M = Re or Mn) complexes using these photo-active units.
5



1.2. Tetranuclear SCCs from neutral benzimidazolyl/imidazolyl based ligands

Tetranuclear metallacycles having [Re(CO)s]” core and benzimidazolyl-/imidazolyl-based neutral
ligands are quite limited. Most of the tetranuclear complexes are either square or rectangle shaped
with rigid or flexible pyridine ligand framework. Only a few known examples of rhenium(l)-

tetranuclear metallacycles utilizes flexible ditopic ligands as ligand backbone (Scheme 1).
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Scheme 1. Possible dinuclear and tetranuclear metallacycles from flexible ditopic ligand (blue) and

rigid chelating ligand (red).
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Scheme 2. Self-assembly of tetranuclear metallacycles from flexible ditopic ligand."’
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The incorporation of methylene groups in ditopic ligand provides flexibility, thereby, resulting in
various conformers in the solution. Therefore due to flexible nature, the coordination angles of such
ligands are less anticipated in solution state. The flexible ligands in the metallacycles provide
several advantages including breathing ability in the solid state and better adaptability towards

guest molecules.

Lu et al., reported first synthetic strategy i.e., rigidity-modulated approach to incorporate
flexible ditopic ligands as one of the structural frameworks in making Re(l) metallacycles (23)
(Schemes 1-2).*" In this approach, rigid bis-chelating ligand fixes the distance of M---M core
which indirectly dictates the arrangement of flexible ditopic ligand in the final complex. For
example, flexible ligand o,o’-bis(benzimidazol-1-yl)-o-xylene (L1) containing two methylene
spacers and two terminal benzimidazolyl coordinating units can adopt minimum three conformers
i.e., syn, anti and intermediate in solution state. The reaction of L1 with Re;(CO);o and 6,11-
dihydroxy-5,12-naphthacenedione (H,-dhnq) yielded tetranuclear metallacycles (23) with anti-
conformation of L1, whereas treatment of L1 with 2,2'-bis-benzimidazolyl (H,—-BBim), and

Re,(CO)yo resulted in binuclear metallacycles in which L1 adopts syn-conformation.

This strategy was also used to control highly flexible tetratopic benzimidazole donor having
four methylene units attached to phenyl as spacer. The ligand 1,2,4,5-tetrakis(5,6-
dimethylbenzimidazol-1-ylmethyl)benzene (L2) can have various conformations in solution due to
the arrangement of four terminal benzimidazolyl motifs. Rigid ancillary bis-chelating ligand H,-
BBim and chloranilic acid (H,-CA) were used for controlling conformational dynamics of flexible

ligand during the self-assembly process (Scheme 3).*®
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Scheme 3. Synthetic approach for bicyclic metallacycles via rigidity modulated approach.®

The bridging bis-benzimidazolate ligand resulted in shorter Re:---Re distance leading to
syn,anti,syn,anti-conformation of L2 in the final metallacycle (24), whereas H,-CA as bridging
ligand provided longer Re---Re distance and directs L2 to adopt a different conformational mode in
the metallacyclic structure (25).*® Similar strategy was employed by incorporating a tetratopic
ligand possessing biphenylene spacer (L3) in the design of neutral metallacycles (Scheme 4). The
treatment of L3, H,-dhnq or H,-dhaq with Re,(CO)o resulted in a bicyclic metallacycle consisting
of two dinuclear metallacavitands (26—27) which are similar to calix[4]arene. This study not only
provides a way to fix the conformational dynamics of flexible ligand through appropriate anionic
counterpart but also to prepare metallacavitands with tunable properties in a simple one-pot

approach.*®
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Scheme 4. Synthesis of bicyclic metallacavitand from flexible tetradentate ligand.*®

Another tetranuclear metallacycle was constructed using rigid angular ligand 2-(4-pyridyl)-
1-ethyl-benzimidazole (L4) possessing a coordination angle of ~80°. The treatment of L4, H,-CA
and Re,(CO)yo resulted in neutral tetranuclear heteroleptic chair-shaped metallacycle (28) (Scheme
5).2° This study provided a new synthetic strategy for assembling chair-conformation based

tetranuclear metallacycles via orthogonal bonding approach.
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Scheme 5. Synthesis of tetranuclear molecular chair.?
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1.3. Tetranuclear SCCs from benzimidazolate/imidazolate-based ligands

Rhenium(l) tricarbonyl based tetranuclear rectangle shaped metallacycles consisting of ditopic
pyridine donor with different types of spacer units and RX (X = O/S) motif are well-known.
However, the use of imidazolate/benzimidazolate as anionic ligands for assembling such
metallacycles is scarce. One such example is bis-imidazolate bridged molecular rectangles (29-31)

self-assembled using bis-imidazole, 1,2-bis(4-pyridyl)ethylene motif and Re,(CO)1o (Scheme 6).
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Scheme 6. Self-assembly of molecular rectangles possessing bis-imidazolate ligands.*
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Scheme 7. Photo-responsive molecular rectangles having bis-imidazolate anionic ligand core.
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This method provided synthetic approach to assemble two double bonds in close-proximity with
each other in a photo-responsive metallacyclic structure. These discrete rhenium(l) based
metallacycles undergo [2+2] cycloaddition upon irradiation of light which provided one of the rare
example of metallacycles (32—34) undergoing interconversion via photo-cycloaddition (Scheme
7).22 A series of bis-benzimidazolate based neutral heteroleptic rectangles (35-42) with different
types of rigid ditopic donor were reported by Hupp and co-workers (Scheme 8). Functional spacer
such as naphthalimide, porphyrins and salen were also incorporated on structural framework of

molecular rectangle using similar approach.
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Scheme 8. Molecular rectangles (35-42) possessing bis-benzimidazolate ligand.*?
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The spectro-electrochemical properties of these rectangles suggested that complexes possess rich
redox chemistry and undergo intra-molecular charge transfer via through space mechanism upon
reduction. This class of rectangles having bis-benzimidazolate anionic ligand is a rare example of
complexes showing ligand-based mixed valence properties and hence, can further exhibit catalytic

activity. %

1.4. Trinuclear SCCs from rigid bidentate ligands

Rigid bidentate and tridentate pyridine-based bridging ligands are commonly used in the
construction of neutral or ionic trinuclear metallacycles (Chart 4).2>?® Generally, upon treatment of
Re(CO)sX where X = CI or Br, with rigid bidentate ligands, fac-[Re(CO)s;X]-based molecular
squares are formed. On the other hand use of angular spacers indirectly favours the formation of a

molecular triangle rather than square.
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CeH130 Cy2H250
L7 L8 L9
==~
CgH13 CeH13

L11

L12 L13 L14 R

Chart 4. Rigid bidentate ligands used for the synthesis of trinuclear metallacycles.?**®
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These molecular triangles (43-47) possess inner cavity suitable for accommodating guests of
different sizes and shapes. Rigid bidentate ligands with different types of spacer units were also

employed to construct molecular triangles.

43, L7; 44, L8;45, L9; 46, L10;47, L1

Scheme 9. Synthetic approach for assembling molecular triangles using pyridine-based bridging

ligands.?®

The rigid ditopic N-donors possessing alkoxy/alkyl chain substituted spacers i.e., 1,4-bis(4'-
pyridylethynyl)-2,5-dihexyloxybenzene for 43, 1,4-bis(4'-pyridylethynyl)-2,5-
didodecanoloxybenzene for 44 upon treatment with Re(CO)sBr under reflux conditions yielded
trinuclear metallacycles (Scheme 9). The long alkyl chains hinders the accessibility of cavity to the
small guest molecules.”® Similar approach was used to assemble trinuclear metallacycles (46-47)
using alkyl group substituted carbazole spacer based dipyridyl ligand and Re(CO)sCI. Lee and co-
workers introduced thiophene-ethyne spacer with pyridine coordinating motifs to build molecular

triangle (45) along with dinuclear metallacycles as the major product.”®
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Vazquez-Lopez et al., utilized thiosemicarbazone based ligand for assembling Re(l) based
trinuclear metallacycles (48). Upon incorporation of rhenium precursor, [-keto ester
monothiosemicarbazones undergo chain-ring tautomeric conversion (Scheme 10). This study
provides an insight on in-situ conversion of open-form of thiosemicarbazones to cyclic pyrazolane

form upon coordination to Re(l) metal centre. %
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Scheme 10. Self-assembly of trinuclear metallacycles.?*

Another type of molecular triangle was prepared using Re(CO)sX where X = Cl, Br and
tridentate bridging ligand either via two steps or single step approach. Severin and co-workers
prepared metallacyclic triangle (49) stabilized via [Ag(benzene)s] BF4 counter ion. The molecule
adopts bowl structure and accommodates BF,~ unit in its internal cavity. The initial reaction of
[Re(CO)sBrs](NEty) and 3-hydroxy-1,2,3-benzotriazine-4(3H)-one yielded a mononuclear
compound having labile bromide ancillary ligand, the addition of AgBF, induces cyclization

process to form a trinuclear metallacycle (Scheme 11). %
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Scheme 11. Two step approach for the self-assembly of trinuclear metallacycle.”®

Massi et al., reported a trinuclear metallacalix[3]arene using 2-pyridyltetrazolate ligand (2-
PyTz) serving as both anionic donor and a bis-chelating ligand. Using a conventional one pot reflux
approach, 2-PyTz and Re(CO)sX (where X = CI, Br) were reacted in presence of triethylamine as
base forming a trinuclear metallacalix[3]arene (50) which adopts partial cone conformation creating
a very small cavity (Scheme 12). The reduced conjugation and structural rigidity of 2-PyTz upon
coordinating with Re(l) centre provided a trinuclear metallacycle that exhibits good photophysical

and redox properties. %°
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Scheme 12. Self-assembly of trinuclear metallacalix[3]arene.?®
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Scheme 13. Synthetic approach for a trinuclear molecular stopper.?’%

Coogan et al., reported a synthetic approach to assemble trinuclear metallacycle (51-52)
with rigid tridentate ligands and three fac-Re(CO)s cores arranged alternatively (Scheme 13).
Interestingly, the metallacycles serve as stopper by coordinating to silver ion using free pyridyl
units. Upon irradiation of light (405 nm), the silver ion detaches from the complex and provides a
27,28

neutral system. Hence, such type of systems can be useful in transporting ions like silver.

Similarly, Thorp-Greenwood and co-workers utilized the same system to trap copper ions (52).

The previous synthetic approaches used to build trinuclear cycles utilized rigid ligand

framework due to its fix coordination angle in the final assembly. On contrary, use of flexible

ligands provides adaptability to the final architecture (Figure 1).
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Figure 1. Flexible tripodal ligands used for the synthesis of trinuclear metallacycles.”®

Our group reported a different synthetic approach for assembling trinuclear metallacycles
(53) using imidazolyl/benzimidazolyl/napthanoimidazolyl-based flexible tripodal ligands as
coordinating units and imidazolate/benzimidazolate/naphthanoimidazolate as anionic counterparts
(Scheme 14). The resulting metallacycles contains an exocyclic and an endocyclic cavity useful for

accommodating small ions/molecules. %°
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Scheme 14. Self-assembly of trinuclear metallacycle (53) with two types of cavities.?
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Recently, ability of these metallacycles to accommodate small ions was explored (Scheme
15). The arrangement of benzimidazolyl/napthanoimidazolyl pendants with electron deficient C—H
units pointing towards the cavity helps in stabilizing fluoride ion selectively via various non-

covalent interactions (54).
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Scheme 15. Trinuclear metallacycle with selective recognition ability for fluoride.*

Also, the anionic counterparts forming the base of metallacycles provide an exocyclic cavity
where DMSO solvent molecule was found interacting. The presence of recognition units facilitates
the interaction of the metallacycles with guest molecules and stabilizes it via multiple non-covalent
interactions. The modification of the ligand framework can tune the number of recognition sites that

can accommodate neutral or ionic guest molecules. *°
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1.5. Re(l)-based SCCs from phenoxybenzimidazolyl ligands

2,2'-bipyridine is one of the well-known chelating ligands widely used for making
Re(Dtricarbonyl based complexes. The derivatives of these complexes have found enormous
applications in medicinal and material sciences. More often such complexes display weak

absorption in UV-Vis region (Amax = ~ 350 nm).
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Figure 2. (A) Stereoelectronic requirement of rhenium(l)tricarbonyl core, (B) flexible neutral

bidentate and rigid bis-chelating ligands.

In order to make visible light absorbing and emitting complexes, chelating units can be
modified accordingly. One way to achieve this is to opt for the chelating ligand which absorbs and
emits in the visible region. Among various types of known chelating ligands, 2-(2'-
hydroxyphenyl)benzimidazole (H,—L) is an attractive candidate to construct Re(l) complexes due to
its interesting photophysical properties in solid and solution state and also potential utility as
photo-active unit for making fluorescent sensors, switches and dyes. In an attempt to prepare visible

light absorbing and emitting complexes, our group has synthesized a flexible bis-chelating ligand
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possessing two motifs of H,—L connected via p-xylene/mesitylene spacer and used it for the
construction of double stranded helicates and mesocates (55-56, Figure 2, Scheme 16). The spacer

unit and steric factors play an important role in dictating the final supramolecular architecture.®

o)
o I\
I os. & Z°
oy. ¢ & Sc kL C
\C\ :/ Re"

e
L22 L23

L24 L25
- Re,(CO)qq —_—
mesitylene mesitylene
reflux reflux

R N
\\“Ré é‘o/o
ZC I \C 40“‘ / \
AN 2
/// (0] I \\\
55 56

Scheme 16. Self-assembly of helicate (55) and mesocate (56).

The combination of p-phenylene spacer based bis-chelating ligand and neutral
benzimidazolyl flexible ligand with Rey(CO);o resulted in helicate (55) whereas m-phenyl spacer
and mesitylene spacer provided mesocate (56) structure (Scheme 16). The complexes exhibit dual
emission i.e., both fluorescence and phosphorescence in solution state while in solid state,
aggregation induced phosphorescence from two states (*MLCT and *MLLCT) were observed due
to aggregation between two adjacent molecules via n—nr stacking interactions. This work provides a
methodology to assemble unsaturated redox active helicates of varying shapes and sizes. Different

types of Re(l) based supramolecules including helicates, mesocates, bowls, square, rectangle,
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trigonal and tetragonal prisms, spheroids have been designed and synthesized

tricarbonyl based SCCs having tetrahedral topology were unknown.
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Scheme 17. Self-assembly of Re(l) tricarbonyl based tetrahedron.*?

Our group reported synthetic combination of 2-(2’-hydroxyphenyl)benzimidazole based

rigid bis-chelating ligand (H.-L), neutral flexible ditopic N-donor (L") and Re,(CO)y to yield

neutral heteroleptic tetrahedrons with two missing edges (Scheme 17). The arrangement of

coordination framework provides a scalene triangular face which can accommodate guest

molecules. Until now this is the only report on Re(l) tricarbonyl based tetrahedrons (57-61). *
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1.6. Re(l)-based acyclic complexes from phenoxybenzimidazolyl ligand

The acyclic systems with general formula, fac-[Re(CO)3(N~N)X] (where X = CI, Br, O, N) have
been explored enormously because of their interesting physico-chemical properties and
spectroscopic aspects. Such complexes find applications as sensors, photo-switches, laser dyes,
catalysts and therapeutic agents. Though countless examples of such complexes are known, this
section specifically highlights mononuclear and dinuclear complexes based on 2-
phenoxybenzimidazole (N~O") scaffold (Chart 5). The properties of 2-phenoxybenzimidazole and
its structural analogues show their ability to act as photo-active units which upon incorporation in
the coordination framework can provide complexes with absorption and emission in the visible
region which will be advantageous for biological applications and material sciences. The properties

of complexes can be altered by tuning either of the ligand core i.e., bis-chelating unit and/or anionic

ancillary ligand.**%
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Chart 5. Acyclic mononuclear complexes with N*O~ bis-chelating donor motifs. >

Kapturkiewicz and Sathiyendiran et al., used different types of bis-chelating N*O™ donors

with pyridine as ancillary ligand, studied their structural and photophysical aspects (62—66). The

mononuclear complexes reported by Kapturkiewicz and co-workers were synthesized using
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substituted 2-(2'-hydroxyphenyl)benzimidazole and its derivatives via two-step synthetic strategy.
The first step involves formation of a dinuclear complex with the O-atom serving as a bridge
between the two Re-centers and further upon addition of pyridine ligand, a mononuclear complex

consisting of both the coordinating units was obtained (62—64 and 67—69; Chart 6).
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Chart 6. Acyclic dinuclear complexes with NAN and NAO~ donor motifs.3 333

Similarly, Sathiyendiran and co-workers utilized N—fused ring-based N*O~ chelating unit
and pyridine derivative for making mononuclear complexes (70) and studied them using various

analytical and spectroscopic techniques. =** *** He and Pan reported two dinuclear phosphorescent
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Re(l) complexes using carboline containing ligands (71-72). Both the complexes displayed high
anti-cancer activity against various cancer cell lines and were also effective in generating singlet
oxygen useful in photo-dynamic therapy. Gomez et al., reported thiopyridine based dinuclear
complex (73) using monothiopyridine-based ligands and [Re(bpy)(CO);OTf] precursor. The
complex (73) displayed good photophysical properties. Some literature reports have also mentioned
about the better efficacy of dinuclear complexes over mononuclear counterparts indicating the

synergistic effect between the two metal ions.

1.7. Manganese tricarbonyl core containing SCCs and acyclic complexes

Rhenium is one of the most widely used 7" group element for making acyclic as well as discrete
cyclic complexes. The efforts are now being directed towards the use of manganese in design and
synthesis such complexes (74—78) (Chart 7). This congener of rhenium(l) offers high lability of the
coordinated ligands when prompted by internal or external trigger such as irradiation of light and

hence, can serve as suitable candidate as photo CO-releasing molecule with use in therapeutics.
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Chart 7. Examples of mononuclear manganese tricarbonyl complexes.
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The design of bio-active complexes requires crucial selection of ligand framework which can offer
good photophysical properties in the visible region. Some of the complexes reported so far have
utilized bipyridine or pyridine substituted ligand systems to serve the purpose. However, use of
such chromophoric ligands which have absorption and emission in the visible region is being

encouraged for building visible light absorbing complexes.®*%

Manimaran and co-workers reported a set of dinuclear supramolecules (79-82) by treatment
of aminoquinonato-bridged flexible pyridine ligands and anionic bis-chelating ligand with
Mn,(CO)1o under dark conditions (Scheme 18). The complexes displayed good anti-cancer activity
towards various cancer cell lines. * The increasing interest in Mn-based CO releasing molecules in
the research community is due to the possibility of controlled and targeted delivery of CO

molecules at specific sites of action in the biological targets.
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Scheme 18. Self-assembly of Mn(1) tricarbonyl based dinuclear complexes.*
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Mansour and co-workers reported fac-Mn(CO)3;Br and benzimidazole ligand containing mono- and
binuclear complexes bearing sulfonate and phosphonium groups (Scheme 19). Complex with N3~ as
ancillary ligand (83) undergo in situ transformation into triazole via [3+2] cycloaddition iclick
reaction and forms a triazole-based dinuclear complex (84). Further, the CO-releasing ability of this

complex was compared with other complexes containing Br~ and NCS™ ligands.*°
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Scheme 19. Self-assembly of Mn(l) tricarbonyl complex via cycloaddition iClick reaction.*’

26



1.8. Scope of the present work

The chapter provides an insight on rhenium(l) based acyclic and discrete cyclic metal-organic
complexes i.e., supramolecular coordination complexes along with brief literature overview on
manganese tricarbonyl complexes. The increase in the number of mononuclear/dinuclear acyclic
and simple to complex SCCs is due to their wide range of applications in material science and
biology. Among different metal ions-based SCCs, Re(l) tricarbonyl core containing complexes is
an important class of complexes with potential applications in catalysis, molecular recognition, bio-
imaging, sensors and as anti-cancer agents. The building units play a significant role in deciding the

properties and functions of final architectures.

The first part of the thesis describes the synthetic combinations used for making Re(l) based
cyclic complexes followed by study of their structural aspects and properties. The rhenium(l)
supramolecules with flexible ligands mostly contains arene spacer motif, herein, alkyl spacer have
been utilized in place of aryl spacer to provide breathing ability in solid state and better adaptability
in solution. The incorporation of these flexible units is fruitful in making flexible adaptive cages
containing multiple C—H polarized sites for molecular recognition of neutral/ionic guests.
Although various shapes of Re(l) tricarbonyl based SCCs including mononuclear/dinuclear cycles,
squares, rectangles, prisms are known, molecular tubular architectures having properly arranged
chalcogen(S)/halogen(F) donor/acceptor and multinuclear cages with multiple electron deficient
recognition sites are scarce. The incorporation of chalcogen/halogen donor on the cyclic framework
would result in functional metallacycles which can further self-organize into 1D-tubular
architecture or hierarchical superstructures via chalcogen---halogen interactions.

The other part of thesis describes design and synthesis of mono- and dinuclear complexes

using 2-(2'-hydroxyphenyl)benzimidazole motif and its analogues as chelating unit due to its
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remarkable photophysical properties which make them suitable building block for constructing
photo-active switches, sensors and dyes. Such units can be used to prepare flexible or rigid bis-
chelating ligands which can further be utilized for making dinuclear Re(1)/Mn(l) complexes. The
dinuclear Re(1)/Mn(l) tricarbonyl complexes holds potential utility to serve as photo-CO releasing
molecules with ability to release CO upon irradiation of light or other external trigger and also as

photocatalysts.

Therefore, the objectives of present work are as follows:

e Design and synthesis of metal-organic cages and study on their molecular recognition
properties towards various anions.

e Design and synthesis of metal-organic tubes functionalized with chalcogen and halogen
donor/acceptor groups, study of their photophysical and electrochemical properties.

e Design, synthesis, and photophysical studies of neutral acyclic mono- and dinuclear

heteroleptic Mn(1)/Re(l) tricarbonyl complexes.
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Chapter-2

Flexible Coordination Cages with Polarized C-H donors for the
Recognition of Spherical and Linear Anions

ABSTRACT: Neutral heteroleptic flexible tetranuclear coordination cages possessing flexible
multiple  electron deficient C—H donors was self-assembled using Rey(CO)y,
carbonyldiimidazole/1,2,4-triazole, and bis(benzimidazol-1-yl)methane via one pot solvothermal
approach. The cages (1-2) were characterized using various analytical and spectroscopic techniques
such as ATR-IR, NMR spectroscopy, mass spectrometry, single crystal X-ray diffraction analysis,
and fluorescence spectroscopy. The molecular structure of the cages reveals that it consists of a
butterfly-like cyclic core capped with two neutral N-donor ligands lying above and below the cycle.
The semi-flexible neutral donor and bridged imidazolate/tetrazolate units imparts flexibility to the
cage. The dynamic behavior of the cage was studied using variable temperature ‘H-NMR
spectroscopy. The ability of cage 1 to interact with anions of different shapes and sizes was further
investigated using *H-NMR and fluorescence spectroscopy. The thermally stable, flexible cage 1
transforms into restricted cage in the presence of spherical and linear anions, and selectively
recognizes fluoride. The extent of association of anions with 1 was determined using fluorescence
spectroscopy. The binding constant values were calculated using Benesi-Hildebrand equation for

1:1 host-guest stoichiometry.

PN Re2(CO)1o0 F-, CI, Br, I
N -
Rigid ~  Flexible Solvent Ny~ SCN-
bidentate bidentate High temp.
H-L L' ML,4L',-type cage

® = M = fac-[Re(CO)3]
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2.1. Introduction

The design and synthesis of coordination cages capable of accommodating anionic guests in
their inner cavities have been getting immense interest because of their importance in anion
sensing, separation, transport, catalysis, and material chemistry.® The nature of the cage
i.e., ionic or neutral; position of the N—H groups; the shape and size of the inner cavity play
a vital role in selective anion recognition. The choice of metal precursors and organic
ligands play a crucial role in getting the desired cage. Naked metal ions/partially protected
metal complexes and organic ligands containing N—H functional groups such as imine,
amide, urea, pyrrole are generally used for the self-assembly of ionic/neutral cages for anion
sensing.*® Cages possessing properly positioned multiple non-traditional electron deficient
C—H groups acting as hydrogen bond donors have been emerging parallelly as potential
hosts for anions.®® The C—H group is mostly from heterocyclic ring and acquires electron
deficient nature by coordination of its adjacent nitrogen to metal ion.” Recently our group
reported design strategy for neutral capped electron deficient bowl-shaped trinuclear
coordination cages fac-[{Re(CO)s3(im)}sL'] (1) (im = imidazolate; L’ = 1,3,5-
tris(naphthanoimidazol-1-ylmethyl)benzene and its derivatives) containing Cs-
symmetrically arranged three C—H donors directed towards the centre of small cavity for
fluoride recognition.®® Cage | was obtained by the combination of Re(CO)io,
carbonyldiimidazole (CO-im;), and L’. In order to increase the number of cavities in the
cage, flexible ditopic donor bis(benzimidazol-1-yl)methane (L) is chosen instead of L'. In
principle, L-type capsule—like cage with two separate electron deficient bowls, [{fac-
Re(CO)3(im)}s]., at each end connected by three L motifs was expected. However, the

above bonding combinations resulted in tetranuclear cage that possesses a cavity surrounded
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by eight or twelve electron deficient C—H groups as H-bond donor, capable of participating
in anion coordination. Herein, we report the self-assembly of flexible neutral heteroleptic
tetranuclear fac-Re(CO); core-based cages fac-[{Re(CO)s(im)}sL] (1) and fac-
[{Re(CO)3(1,4-t2)}sL] (2), where im = imidazolate and 1,4-tz = 1,4-triazolate. Further, the
flexible cage 1 was studied for molecular recognition of various anions. The cage 1
recognizes spherical halides and linear anions by transforming flexible structural framework

into restricted framework (Scheme 1).

PN Rez(CO)1o F-, CI, Br, I
_ —_—
Rigid = Flexible Solvent Ny, SON-
bidentate bidentate High temp.
H-L L ML4L',-type cage

® = \| = fac-[Re(CO)3]

Scheme 1. Schematic representation for the self-assembly of ML4L',-type cage and its interaction

with various anionic guests.
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2.2. Results and Discussions

Synthesis of complexes 1-2. The cages fac-[{Re(CO)s(im)}sL] (1) and fac-[{Re(CO)3(1,4-

tz)}sL] (2) were synthesized using Re,(CO)1o, carbonyldiimidazole (CO-im,) for 1/1,2,4-

triazole (H—tz) for 2 and L in mesitylene/toluene:acetone via one-pot solvothermal approach

(Scheme 2). The cages were air and moisture stable and soluble in DMSO and acetone upon

slight heating.

NQ N\\:@
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Scheme 2. Self-assembly of cages 1-2.
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The ATR-IR spectrum of 1-2 shows three distinct bands which confirms the

presence of [fac-Re(CO)s] motif (Figure 1).°
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Figure 1. ATR-IR spectrum of cages 1 and 2.
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The ESI-MS spectrum of 1-2 displays peak corresponding to molecular ion (m/z =
1847.0767 for [1 + H]"), and (m/z 1851.0789 for [2 + H]") which matches well with the

theoretical value (Figure 2).

[1+H"
1847.0767

1845.0734

1848.0784

1843.0708 1850.0817

1851.0851

1841.0686 1852.0784

1847.0978

1845.0948

1848.1003

1843.0918 1850.1034

1841.0890 1851.1060

18400 18425 18450 1847.5 18500 18525 miz

Figure 2. Experimental (top) and calculated (bottom) ESI mass spectra of [1 + H]" in positive ion

mode.

Molecular structure of 1. The single crystal X—ray analysis of 1-2 reveals that it adopts cage
structure (Figure 3). The cages are made up of four fac—Re(CO)3 cores, four imidazolate/tetrazolate
motifs, and two neutral L motifs. Four rhenium ions and four imidazolate/tetrazolate motifs acting
as bridging units are arranged alternatively, resulting in butterfly like cyclic structure. However,

there is no direct bond present between any two rhenium ions in the butterfly cyclic core. Each
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rhenium in the cyclic structure is surrounded by three facial carbonyl groups, which are directed
outward. The remaining coordination site of rhenium in 1-2 is occupied by neutral nitrogen donor
(L). The alternatively arranged two rhenium cores in the butterfly cycle are coordinated by ditopic
nitrogen donor L i.e., one L is capped on top of the cycle and another is capped at the bottom of the

cycle. This arrangement of the ligand motifs provides the cage structure to 1 and 2.

Figure 3. (A—C) Various views of molecular structure of 1 (H atoms and CO groups are removed
for clarity & yellow sphere indicates empty space in the cage). (D) One of L and all CO groups are
removed to show inner space of 1. (E) [Re(im)4] cycle in 1. (F) Skeleton of 1 (green = fac-

[Re(CO)3], red line = im and orange V = L).

The four Re' ions form a butterfly cyclic core with Re---Re distances of ~6.41 A. The two
N-CH-N units of the two imidazolate/tetrazolate motifs are above the plane and the other two

points below the plane. The imidazolate/tetrazolate units acquire alternate syn, anti-arrangement.
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The two benzimidazolyl motifs are arranged in a trans arrangement w.r.t each other. The overall
height of structure of 1-2 from the C-atom of methylene group of L from above to below the cyclic
plane of Re(im), is ~10.63 A. The distances of Re—N (2.196 A, 2.147 A), Re—C (1.894-1.905 A),
and C-O (1.136-1.174 A) are within the expected range found for complexes containing fac-

Re(CO)s, imidazolate and benzimidazolyl cores.®

Molecular structure for 1-(H,O)-(DMSO). Several attempts to grow crystals of 1 with various
anions proved to be fruitless. The single crystals obtained for 1 with TBACIO, resulted in

1.(H,0)-(DMSO) without TBACIO, (Figure 4).

Figure 4. Molecular structure of 1-(H,0)-(DMSO). Space filling view (A) and stick view (B)
without solvent molecules (hydrogen atoms are omitted in the cage B and C; carbon atoms of two L
motifs are shown in orange and white). Color code: [Re(CO);3] = green and im = C, pink, N = blue,

H = white.

However, the data provides information about the flexibility and stability of the cage in the

presence of anion. The main difference between molecular structure of 1 and 1-(H,0)-(DMSO) is
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the conformation of neutral ligand motifs i.e., anti-conformer of L and intermediate-conformer of
L. The benzimidazolyl motif almost acts as a portal for accessing the inner cavity of 1. The data
further supports that the benzimidazolyl hydrogen atoms are capable of acting as H-bond donor to
electron rich atoms. Non-covalent contacts were observed between 1 and DMSO solvent molecule,
present above the exocavity (shown as blue dotted line, Figure 4). The oxygen atom from H,O
molecule almost sits in the exocavity/portal, created upon rearrangement of the benzimidazolyl
motifs of L, of 1. The crystallographic parameters for 1, 1-(H,O)-(DMSO) and 2 are mentioned in

Table 1.
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Table 1. Crystallographic structural parameters of 1 and 1-(H,O)-(DMSO).

Crystal data 1 1-(H,0)-(DMSO)
Empirical Formula Cs4H36N16012Req CsH3sN16012Re4S
Formula Mass, M; 1845.79 1939.91

Crystal system Tetragonal Triclinic

Space group I-42d P-1

a(A) 14.4758 (7) 11.4283 (2)
b (A) 14.4758 (7) 13.9624 (4)
c (A) 39.543 (3) 23.2688 (5)
a(©) 90 105.171
£(°) 90 98.106
7(°) 90 95.298
V (A% 8286.1 (10) 3515.12 (15)
d (glcm®) 1.480 1.833
Z 4 2
T (K) 296 296
R factor (1 > 2o(1)) 0.0305 0.0871
WR; (1> 20(1)) 0.0723 0.2245
R factor (all data) 0.0373 0.1418
WR (all data) 0.0789 0.2978
GooF 1.156 1.074
CCDC 2216292 2216293

Dynamic behavior of cage 1. The *H NMR spectrum of 1 in de-DMSO at room temperature shows

one singlet, two triplets and four broad chemical resonances. The broad resonances are almost

merged with the baseline (Figure 5). The protons of the free ligands are well-separated. Comparison

of the 'H-NMR spectra of the free ligands with 1 clearly indicates that no impurity is present in 1

(Figure 6).
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Figure 5. '"H-NMR spectrum of cage 1 in DMSO-d; at 298 K.
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In order to understand the behavior of 1, variable high temperature *H NMR spectra were recorded.
The spectrum obtained at 373 K showed properly resolved chemical resonances for all the protons
(Figure 6-7). More importantly, the H* proton of L in 1 was upfield shifted significantly. The above
data indicates that the cage remains intact in the solution at both room temperature and high
temperature. The cage is flexible at room temperature i.e., possibly two or three conformers are

present and are interconverting slowly due to orientation of benzimidazolyl/imidazolate motifs.
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Figure 7. '"H-NMR spectrum of cage 1 in DMSO—-ds at 373 K (* mesitylene peak).

The *H-NMR spectrum of 2 displayed well-resolved pattern in DMSO-dg at room temperature
(Figure 8). The pattern is different from that of 1, no broad peaks were observed at room

temperature. The protons in the complex undergo slight upfield/downfield shift as compared to the

free ligand.
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Anion recognition studies using *H-NMR spectroscopy. Flexible cage 1 possesses small cavity
which is surrounded by multiple coordination induced electron deficient C—H groups from four
imidazolate (im) and four benzimidazolyl motifs (Figure 9).
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Figure 9. Cartoon representation of cage 1 with and without broken L motifs to show possible
coordination induced C—H units that act as H—bond donors.
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The steric and electronic environment of the flexible frameworks of 1 may make it a suitable host
for anions of specific shapes and sizes. To find the ability of 1 as a host for spherical halides, linear,
trigonal planar- and tetrahedral anions, the 'H-NMR studies of 1 with their respective
tetrabutylammonium salts (TBAX) in dg-DMSO were carried out. The addition of F~, CI7, Br, I,
Ns~ and SCN™ to 1 resulted in significant change in the 'H-NMR pattern whereas minor changes
were observed for ClO4 anion. No significant change was observed for NO3~ and HSO,. The *H
NMR spectrum of 1 + F~ (~ 0.8 eq) shows well-resolved sharp peaks for aromatic protons (H**&
HA™). No peaks for methylene (—CH,—) and H®“™ were observed. Further addition of F~ (~ 3 eq)

did not alter the signals of H® but a small singlet emerged near to H* (Figure 10).
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Figure 10. Partial "H-NMR spectra of 1, 1 (5.2 x 10~ M) with various equivalents of TBAF.3H,0
in comparison with L and L + TBAF in DMSO-dg at 298 K.

47



Upon increasing equivalents of fluoride, the intensity of H* (N-CH,—N of bim) decreases and
several tiny peaks in the region of 5.5-7.2 ppm appears. A doublet of doublet with a coupling
constant of ~18 Hz corresponding to methylene protons also appears. In the presence of excess F~
(~ 33.4 eq), the intensity of the singlet around 6.9 ppm increased (Figure 10). The data indicates
that the C—H groups of im in 1 interact with F~ initially. Multiple C—H groups (N-C*H-N of bim
and N—CPH—C®H-N/C*-H of im) of 1 may interact with F~ at higher concentration. Further, the
encapsulation of fluoride in the cavity of 1 is supported by the coupled *F-NMR studies. Free
TBAF.3H,0 in DMSO-ds displayed a singlet at —103 ppm and a triplet at —143 ppm, whereas 1 +
F~ shows upfield shifted singlet at —124 ppm and a pentet at —189 ppm, suggesting F~ interactions

with the cage (Figure 11).%%°
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Figure 11. a) Partial "H-NMR spectra of cage 1 (4.2 x 10~ M) with various equivalents of fluoride
in DMSO-dg at 298 K. b) **F-NMR spectra of cage 1 (4.2 x 10~ M) with various equivalents of
fluoride in DMSO-ds at 298 K.
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In order to check if any decomposition of the cage occurs in presence of F~, the 'H-NMR
spectrum of L + F~ was recorded and compared with 1 + F~. The singlet of H* disappears, whereas
the singlet of methylene becomes doublet (J = 6.5 Hz) without any significant upfield/downfield
shift for L + F~, in particular, no doublet of doublet was observed at 5 ppm. The *H-NMR patterns
of 1+ F and L + F are different (Figure 10). The data clearly indicates that the cage becomes rigid
after accommodating fluoride in its cavity without any decomposition. Further, no significant
changes in the chemical resonances of 1 + F~ (excess) were observed even at 353 K (80 °C) (Figure
12). The high temperature NMR spectra of 1 and 1 + F~ are different from each other, suggesting
the conformation of the cage changes after interacting with fluoride ion, which is different from the

conformation of free 1 at high temperature.
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Figure 12. Partial '"H-NMR spectra of 1 + F~ at variable temperature (bottom) and 1 at 353 K (top)

in DMSO—de.
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The encapsulation of fluoride to 1 is supported by ESI-MS spectrum, which displays peak for [1 +

F + Na] at m/z 1888.0168 that matches well with the theoretical values (Figure 13).
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Figure 13. Experimental ESI mass spectrum of [1 + F + Na] in negative ion mode.

The detailed recognition ability of 1 with other halides was also studied. The *H-NMR spectrum of
1+ X (X = CI'/Br/I) displayed well-separated peaks for the aromatic protons with pattern

different from that of 1 + F~ (Figure 13). The spectrum of 1 + CI™ displayed many small peaks in
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the region 5.5 — 7.2 ppm similar to that of 1 + F~ whereas 1 + Br /1 + I also show several small
peaks between 8 — 10 ppm (Figure 2.16-2.18). However, the *H-NMR spectra of L + X (X =
CI7/Br /) is different from 1 + X (Figure 14-16). The data suggests that the cage interacts with

halides and accommodates it either in its inner cavity or exocavity.
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Figure 14. Partial "H-NMR spectra of 1 and 1 with various tetrabutylammonium salts, TBAX (X =

F, Cl, Br, I) (bottom) in comparison with L + CI"/Br /I" (top) in DMSO-d¢ at 298 K.
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Figure 15. Partial ‘H-NMR spectra of 1 and 1 (4.4 x 10~° M) with various equivalents of TBACI in
DMSO-dg at 298 K.
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Figure 16. Partial ‘H-NMR spectra of 1 and 1 (5.74 x 10 M) with various equivalents of TBABr

in DMSO—dg at 298 K.
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Figure 17. Partial "H-NMR spectra of 1 and 1 (4.8 x 10> M) with various equivalents of TBAI in

DMSO-dj at 298 K.

The recognition of 1 for halides is supported by ESI-MS spectra, m/z = 1990.8531 for [1 +

3Cl + K] and m/z = 2004.4675 for [1 + 2Br — H] which matches well with the theoretical values

(Figure 18).
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Figure 18. Experimental (Top) and calculated (Bottom) ESI mass spectra of (a) [1 + F + Na]; (b) [1

+ 3CI + K]; (c) [1 + 2Br — H] in negative ion mode.
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The ability of 1 to interact with anions of other shapes and sizes was also investigated. Upon
addition of aliquots of azide (~ 0.85 eq), the *H-NMR spectrum of 1 + N3~ displayed two set of
chemical resonances, the major one closely similar to 1 + CI™ and the minor set may correspond to

free 1 (Figure 19). The above pattern did not alter much in the presence of excess of azide (~ 36

eq).
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Figure 19. Partial 'H-NMR spectra of 1 and 1 (4.8 x 10~ M) with various equivalents of TBANj3

in DMSO-ds at 298 K.

The pattern for L + N3 is different from 1 + N3 . The study indicates that the solution
contains rigid 1 + N3~ and flexible 1. However, addition of SCN™ (~ 0.45 eq) to 1 displayed the
pattern similar to that of 1 + N3~ but upon increasing the equivalents of SCN~, well-resolved

chemical resonances were observed (Figure 20).
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Figure 20. Partial "H-NMR spectra of 1 and 1 (4.76 x 10°® M) with various equivalents of

TBASCN in DMSO—-ds at 298 K.

No significant changes were observed in the *H-NMR pattern of 1 for NOs~ and HSO,
anions (Figure 21-22). The addition of CIO,™ does induce some changes in the conformation of 1
leading to the appearance of two sets of protons, major one corresponding to free 1 (Figure 23).
This suggests that the cage does not interact with NO3~ and HSO,4 but interacts very weakly with
CIO4 anions. From the above experiments it can be inferred that the cage favors interaction with

spherical and linear anions over other shapes.

56



1 +NOs”

33.1eq w\
20.2eq J\_LA_JN,‘
11.6eq -, .

6.4eq J\\_A_/\___L\‘\
3.0eq MJ\J«I\
1l.3eq %
O.4eq m
Oeq w,\u‘

T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 ppm

Figure 21. Partial '"H-NMR spectra of 1 and 1 (4.88 x 10~ M) with various equivalents of
TBANO; in DMSO-d; at 298 K.
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Figure 22. Partial *"H-NMR spectra of 1 and 1 (5.3 x 10 M) with various equivalents of
TBAHSO, in DMSO-dg at 298 K (* mesitylene solvent peak).
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Figure 23. Partial "H-NMR spectra of 1 and 1 (4.56 x 10> M) with various equivalents of

TBACIO,4 in DMSO-dg at 298 K.

Anion competing studies. The anion competing behavior was investigated by sequential addition
of various TBAX (X = CI, Br’, F) salts to the solution of 1 + I". The *H-NMR for 1 + I” + Br™ and
1+ 1"+ Br + CI” shows slight changes in the chemical resonances whereas the addition of F~ to 1
+ 1" + Br™ + CI results in the disappearance of HO: appearance of a new doublet at 7.01 ppm (J =
6.35 Hz), a doublet of doublet at 4.90 ppm for methylene protons and a multiplet at 5.8 ppm (Figure
24). Similarly, the addition of CI” to 1 + Br~ results in decreased intensity and splitting for H*“ and
HA™_ Both the protons are downfield shifted as compared to 1 + Br. The intensity of triplet at
9.65 ppm is increased w.r.t other aromatic protons. Addition of F~ to the same solution resulted in
the appearance of a very prominent doublet of doublet at 4.90 ppm along with a multiplet at 5.8

ppm as observed for 1 + F~. The peak intensity of H is enhanced whereas for H* is decreased. The
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small peaks in the region 8-10 ppm completely disappeared. Both the studies suggest that F~

interacts more strongly with 1 as compared to I'/Br7/CI".

1+ ‘+‘+‘+ F

| | 1) = -
[ ' a3 ,,ﬂ.,‘.‘m, J— 1#‘+‘+.
e @ ®

T T
100 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 ppm

Figure 24. Partial *"H-NMR of 1 + I” and 1 + |” with various tetrabutylammonium salts, TBAX (X

=Br7, CI, F) sequentially added in DMSO-d; at 298 K.

To further check the selectivity of the system, the competing experiments were carried out by
adding TBAX salts (X = N3, I, Br, CI", F") to the solution of 1 + NO3” and 1 + SCN". The
changes in the spectrum of 1 + NO3™ suggests that upon sequential addition of N3, I, Br~ and CI",
slight downfield shifts were observed for all the protons except H?, whereas the addition of F~,
results in a different pattern with the disappearance of H*" and H*™ and appearance of new peaks
at 4.9 ppm and 5.8 ppm as observed for 1 + F~ (Figure 25). Similar results were observed for the
addition of various TBAX salts (X = N3, I, Br, CI", F") in the solution of 1 + SCN™ with

prominent changes on addition of fluoride (Figure 26). The competing studies suggest that as the
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size of spherical anion decreases, the anion interacts more favorably with 1.
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Figure 25. Partial 'H-NMR of 1 + NO;™ and 1 + NO3~ with various tetrabutylammonium salts,
TBAX (X=Ngs, I, Br, CI', F) sequentially added in DMSO-d; at 298 K.
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Figure 26. Partial 'H-NMR of 1 + SCN™ and 1 + SCN™ with various tetrabutylammonium salts,
TBAX (X=Ngs, I, Br, CI, F) sequentially added in DMSO-dg at 298 K.
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Anion binding studies of 1 using fluorescence spectroscopy. To quantify the binding affinity of 1
towards spherical (F~, CI7, Br and I"), linear (N3~ and SCN") and anions of other shapes (NOs",
HSO,, ClO,"), fluorescence titration studies were performed in acetonitrile solution at room
temperature. During the titration host concentration was kept constant and addition of appropriate
aliquots of guest (F/CI"/Br/I'/N3/SCN") to 1 resulted in enhancement of the emission intensity
for both the bands (317 and 411 nm) (Figure 27). A slight red-shift of 2—4 nm was observed for
both the bands upon addition of fluoride anion. However, the addition of NO3~, HSO, and ClO,4 to
1 did not show any constant enhancement or quenching instead fluctuating emission intensities
were observed for each set. Thus, the value of binding constant cannot be determined for these

anions.

1600 - 1000+ T T
= 3 { .\ £
s &
2 1200 2 750
: 2
5 g
£ £
3 800 g 500+
] &
o Q
[ 7]
° o
S 400 S 250
[ o
o T T T o l‘. T T
300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)
1600 T
1000 1 (©) P (@
8 81200
2 2
"] [}
c c
2 ]
[ [~
. < 800
o Q
£ c
@ @
o o
o 0
2 2
3 g 400 4
L [
= T — 0= T T
300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)

61



1600

800 - T 1
1200 - 8 PR\
2 2
(7] 7]
c c
2 2
= 500 =
8 8
< <
8 8
] ]
5 400 S
3 S
[ [
300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 27. Fluorescence spectra of 1 (8.67 x 10 M) upon titration with appropriate aliquots of
tetrabutylammonium salts of spherical anions; (a) F~; (b) CI™; (c) Br™; (d) I" and linear anions; (e)

N3 ; (f) SCN™ in CH3CN at room temperature.

The binding constant values for spherical and linear anions were calculated using Benesi-
Hildebrand equation.** The linear regression analysis carried out at 411 nm suggested 1 : 1 host:

guest stoichiometry (Figure 28—33).
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Figure 28. Benesi-Hildebrand plot for the emission enhancement of host 1 (at 411 nm) with

increasing fluoride (F~) concentration in CH3CN at room temperature.
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Figure 29. Benesi—Hildebrand plot for the emission enhancement of host 1 (at 411 nm) with

increasing chloride (CI") concentration in CH3CN at room temperature.
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Figure 30. Benesi—Hildebrand plot for the emission enhancement of host 1 (at 411 nm) with

increasing bromide (Br) concentration in CH3CN at room temperature.
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Figure 31. Benesi—Hildebrand plot for the emission enhancement of host 1 (at 411 nm) with

increasing iodide (I") concentration in CH3CN at room temperature.
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Figure 32. Benesi-Hildebrand plot for the emission enhancement of host 1 (at 411 nm) with

increasing azide (N3~) concentration in CH3CN at room temperature.
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Figure 33. Benesi—Hildebrand plot for the emission enhancement of host 1 (at 411 nm) with

increasing thiocyanate (SCN™) concentration in CH3CN at room temperature.

Table 2. Binding constant, K, (M™) for cage 1 with various spherical and linear anionic guests

calculated using fluorescence titration in CH3CN at 298 K.

Anions Binding constant, K, (M™) with 1
F 5.84 x 10
cl 2.65 x 10°
Br- 8.69 x 10°
I” 3.52 x 10°
N3~ 1.14 x 10°
SCN~ 1.1 x10°

The values of binding constant for spherical and linear anions are in the range of 10°-10° M™
(Table 2). The studies suggest that host 1 interacts strongly with fluoride anion whereas moderate to

weak association was observed in case of other anions.
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2.3. Experimental Section
General Data
Re,(CO)yp, carbonyldiimidazole (CO-im,), 1,2,4-triazole (tz), NaH (55-60 %) in mineral oil,

TBAX-nH,O (X = F/CI/Br/l/N3/SCN/NO3/HSO,/CIO,4), mesitylene and spectroscopic solvents
DMSO and acetonitrile were purchased from commercial sources and used as received.
Bis(benzimidazolyl)methane ligand (L) was prepared by modifying the previously reported
method.”> ATR-IR spectrum was recorded on a Nicolet iS5 IR spectrophotometer. NMR spectra
were recorded on a Bruker AVANCE 111 500 MHz instrument. ESI-MS spectra were recorded on
Bruker—maXis mass spectrometer. Fluorescence spectra were recorded on a JASCO FP8500

spectrophotometer.

Synthesis of [{fac-Re(CO)s(im)}sL2] (1). A mixture of Rex(CO)1o (100.2 mg, 0.153 mmol), L
(28.5 mg, 0.115 mmol), CO-im;, (24.81 mg, 0.153 mmol), and mesitylene (10 mL) was taken in a
teflon vessel. The vessel was placed inside a stainless steel bomb and kept in an oven maintained at
160 °C for 48 h further allowed to cool up to 30 °C. The white crystals were obtained, washed with
hexane and air-dried. Yield: 27 % (37.7 mg). AT-IR (Vma, €M '): 2008, 1896 and 1854 (CO).
ESI-MS. Calcd. for CssH3sN16010Res [1 + H]': m/z 1847.0767, found: m/z 1847.0978. *H NMR
(500 MHz, DMSO-de, at 298 K): & 8.16-8.05 (br, 8H), 7.63-7.59 (t, 6H), 7.37-7.34 (t, 5H), 7.01
(s, 5H), 6.9-6.59 (br, 9H), 5.15-5.14 (br, 3H). At 373 K: § 8.12 (d, 4H, J = 8.3 Hz, H®), 7.94 (s, 4H,
H?), 7.62-7.59 (t, 4H, H°), 7.41-7.37 (t, 4H, H%), 7.05 (d, 4H, J = 8.3 Hz, H"), 7.02 (s, 4H, H"),

6.67 (s, 8H, H®), 5.39 (s, 4H, H".

Synthesis of [{fac-Re(CO);(tz)}4L2] (2). A mixture of Re,(CO);p (100.1 mg, 0.153 mmol), L

(38.05 mg, 0.153 mmol), 1,2,4-tz (21.2 mg, 0.306 mmol), and toluene : acetone (8:1 mL) was
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taken in a teflon vessel. The vessel was placed inside a stainless steel bomb and kept in an oven
maintained at 180 °C for 48 h further allowed to cool up to 30 °C. White powder was obtained,
washed with hexane and air-dried. Yield: 74 % (104 mg). ATR-IR (Vmax, €M '): 2020 and 1872
(CO). ESI-MS. Calcd. for CsoH3N201Res [2 + H]*: m/z 1851.0789, found: m/z 1851.0884. *H
NMR (500 MHz, DMSO- dg, at 298 K): J 8.76 (s, 4H, H?), 8.30 (s, 8H, H*®), 7.88 (d, 4H, J = 8

Hz, H°), 7.64 (d, 4H, J = 8 Hz, H®), 7.31-7.27 (m, 4H, H®), 7.22—-7.19 (m, 4H, H%), 6.87 (s, 4H, H".

NMR titration procedure for anion recognition. Complex 1 was dissolved in 0.5 mL DMSO-dg
and TBAX.nH,0 (X = F/CI/Br/l/N3/SCN/NO3/HSO,4/CIO,) stock solution was prepared in DMSO-
ds (0.6 mL). Aliquots of the anion solutions were sequentially added to the 0.5 mL host solution.
The solution was heated, allowed to cool at room temperature and then NMR spectra were recorded

at 298 K.

General procedure for the calculation of binding constants using fluorescence spectroscopy.
The anion binding ability of 1 with spherical (F~, CI, Br™ and I"), linear (N3~ and SCN") and anions
of other shapes (NO3;~, HSO,", ClO,") was determined using fluorescence spectroscopy. The stock
solution of cage 1 (1.73 x 10™* M) was prepared by dissolving 3.2 mg of 1 in a mixture of DMSO:
CHsCN (0.5/9.5 mL, v/v). The guest stock solutions (10 M) were prepared by dissolving
appropriate amount of tetrabutylammonium salts in CH3;CN (5 mL). During the titration, the
concentration of host was kept constant and the appropriate amount of guest was added
sequentially. The emission spectra were recorded for each set at an excitation wavelength of 265
nm and slit width of 5 nm. The value of binding constant was calculated using Benesi—Hildebrand

equation for a 1:1 host—guest stoichiometry.**
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[1/AL = 1/Alpax + (1/ K[G]AIma)]

Here, Almax = Imax— lo, AL =1—lg, lg is the emission intensity of free host 1,
| is the emission intensity after addition of guest to 1

Imax 1S the emission intensity after adding excess of guest

K is the binding constant, and [G] is the concentration of guest.

X-ray crystallography. The single crystal X-ray diffraction data were collected at 296(2) K on
Rigaku Oxford XtaLAB synergy and Bruker D8 quest diffractometer equipped with Mo-Ka
radiation (. = 0.71073A) source. Cell refinement and data reduction was performed using
CrysAlisPro and Bruker APEX 2 software programs. The structure solutions and refinements were
performed with OLEX and SHELX program package.*®> Non-hydrogen atoms were refined
anisotropically. Some of the lattice solvent molecules in 1-(H,0)-(DMSQO) could not be modelled.

The detailed crystallographic data of 1 and 1-(H,0)-(DMSO) are given in Table 1.
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2.4. Conclusion

Two flexible neutral heteroleptic tetranuclear coordination cages, [{fac—Re(CO)s(L")}4L2] (where
L’ = carbonyldiimidazole for 1/1,2,4-tetrazole for 2 possessing flexible multiple electron deficient
C-H donors were self—assembled via one pot solvothermal approach. The cages are thermally
stable and flexible in solution. The anion recognition and anion competing studies using ‘H-NMR
spectroscopy suggested that the cage 1 reorganizes itself on addition of spherical and linear anions.
However, it selectively recognizes fluoride in the presence of mixture of anions. The fluorescence
titration studies further suggested that among all spherical and linear anions showing moderate to
weak association, fluoride interacts more strongly with 1. The research provides a new approach
towards the synthesis of fac-Re(CO); core based flexible cages using semi-rigid linker motifs. The
research on cages of different shape, sizes and nuclearity by tuning the ligand motifs and/or by

incorporating long aliphatic linkers is under progress in our laboratory.
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Chapter-3

Fluorine assisted self-assembly approach for tubular architecture of

cyclic trinuclear rhenium(l)-fluorothiabendazolate complex

ABSTRACT. Three neutral trinuclear rhenium(l)-organic complexes, fac-[{Re(CO)s(L)}s] (1-3),
were self-assembled from Re,(CO)1p and
thiabendazole/thiazolylnaphthanoimidazole/difluorothiabendazole (H—L) via one-pot approach. The
molecular structures established by X-ray analysis revealed that 1-3 adopt MsLs-type triangular
structure which consists of alternatively arranged three fac-[Re(CQO)s] cores and three anionic
ligand motifs. All three complexes possess uncoordinated sulfur atoms from thiazolyl motif that are
directed along the complex axis. Complex 3 additionally possesses six C—F bonds, four at one end
and two at rear, lateral to the complex axis which further self-organizes into 1D supramolecular

tubular architecture via fluorine assisted noncovalent C—F---S contacts.

s F' ’
' Re,(CO)4 ' S' ' '
F
3
© = fac-Re(CO), '

1D Tubular arrangement of 3

H-Tzbim-F,

The photophysical properties of 1-3 were studied using UV-visible and fluorescence spectroscopy

and further validated using time-dependent density functional theory (TDDFT) calculations. The
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electrochemical properties of 1-3 were studied using cyclic voltammetry. The solution state studies
for the formation of tubular structure were elucidated using concentration dependent NMR and UV-

Visible spectroscopy along with low temperature NMR.
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3.1. Introduction

The design and synthesis of simple to complex supramolecular coordination complexes
(SCCs) are increasing tremendously due to their potential utility in various fields.® Among
various SCCs, fac-[Re(CO)s] core-based SCCs are one of the important class of complexes
having potential applications in molecular recognition, catalysis, sensors, bio-imaging and
as anticancer agents.*’ Due to their significance, different shapes and sizes of Re(l) SCCs
including mono-/di-/trinuclear cycles, helicates, mesocates, squares, rectangles,
tetrahedrons, spheroids, and prisms have been emerging continuously.*’ Currently, the
efforts are being directed towards incorporating functional groups on the cyclic framework
of SCCs to construct higher order superstructures and functional materials. The design of
ligand with precisely arranged donors and functional groups plays a vital role in deciding
the structure and properties of SCCs. Until now, the use of ligands possessing both
coordinating donors and properly embedded chalcogen/halogen donor/acceptor groups that
can be utilized to construct higher order superstructures from self-assembled Re(l) SCCs is
scarce. The literature reports show the increasing use of fluorine substituted ligands to
construct functional metal-organic materials owing to their interesting properties and utility
in various fields including catalysis, sensors, gas adsorption and drug delivery.® As a part of
current study, electron rich heterocycles, thiabendazole and its derivatives, which fulfil both
the criterion of possessing coordinating atoms and functional atom/groups (sulfur and
fluorine) were utilized to construct Re(l) based SCCs. The studies on supramolecular
architectures involving thiabendazole as coordinating ligand are limited.® This chapter
reports new synthetic combinations for self-assembling discrete neutral homoleptic
rhenium(l) core-based metal-organic triangular complexes possessing chalcogen

(S)/halogen(F) donors/acceptors, which further self-organize into 1D tubular structure via
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C—F---S contacts (Scheme 1).

M
o g;’ﬂ

1D Tubular arrangement of 3

Scheme 1. Synthetic approach for discrete complex 3 and its self-organisation into 1D-

tubular architecture via fluorine assisted C—F---S non—covalent contacts.
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3.2. Results and Discussions

Synthesis of complexes 1-3.

The discrete triangular complexes (1-3) with functional atoms on their cyclic framework are
constructed using Re;(CO);p and 2-(4-thiazolyl)benzimidazole (H-Tzbim) for 1/2-(4-
thiazolyl)naphthanoimidazole  (H-Tznim)  for  2/2-(4-thiazolyl)-5,6-difluorobenzimidazole
(H-Tzbim-F,) for 3 in a one-pot solvothermal approach (Scheme 2). The complexes 1-3 are

air, moisture stable and are soluble in DMSO, CH3;COCH3; and CH3;CN.

toluene/

chlorobenzene
Re)(CO)o + HL ————— 1-3
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< %)
: K (F
W _N C o o N 9
\ ~ cz W _N I
= e C -0
0=C—R¢ NN Re__ _ \/ \\\/C/
c \\‘S / Cs O=C—R¢ NTN Re\
& S / 1 Cs
o S /=N C S o]
N [ > S o S /=N
S N N N | ) S »
7 g [ N
¢
R

O// e} oy, F 0N
o ON
W o// ~0 F
o) &
1, L = Tzbim
2, L = Tznim 3

Scheme 2. Synthesis of 1-3.

The ATR-IR spectra of 1-3 displayed two strong bands in the region 1874—-2022 cm™,
corresponding to the fac-[Re(CO)s] motif (Figure 1-3).*° The ESI-MS spectra of the

compounds displayed molecular ion peak (m/z = 1411.9047 for [1 + H]", 1560.9608 for [2+

7



2H]", and 1518.9047 for [3+ 2H]") and their isotopic distribution peaks matches well with

the theoretical values (Figure 4—6).
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Figure 1. ATR-IR spectrum of complex 1.
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Figure 2. ATR-IR spectrum of complex 2.
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Figure 3. ATR-IR spectrum of complex 3.
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Figure 4. Experimental (Top) and calculated (Bottom) ESI mass spectra of [1 + H]" in positive ion
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The *H-NMR spectrum of 1-3 in dg-DMSO displayed a set of well-resolved peaks with the
absence of NH proton of the anionic Tzbim/Tznim/F,—Tzbim (Figure 7-15). All the protons are
assigned using 'H-'H COSY spectrum. The Diffused-ordered spectroscopy (DOSY) NMR
spectrum of 1 displayed single band, confirming the presence of single product in the solution.
Complex 1 displayed eighteen peaks including six singlets, six doublets and six triplets which are
different from the free ligand. The protons of Tzbim in 1 were upfield/downfield shifted as
compared to free H-Tzbim. The three H® protons (N-CH®-S) of thiazolyl (Tz) unit were
significantly downfield shifted, suggesting the coordination of thiazolyl unit using its nitrogen atom
to the rhenium centre. The downfield shift and noticeable upfield shifts for H*" protons suggest that
both the nitrogen atoms of the benzimidazolate motif coordinated to the rhenium cores and the
adjacent protons experience neighbouring ring current effect. The above data clearly suggests that
complex 1 adopts cyclic structure having three Tzbim motifs which are arranged unsymmetrically.
Complexes 2 and 3 also displayed similar *H-NMR pattern to that of 1 (Figure 11-15). The *°F-
NMR spectrum of 3 displayed five different signals (1:2:1:1:1) suggesting the presence of six
fluorine atoms under different chemical environment due to asymmetric arrangement of ligand
motifs (Figure 14). The above data suggests that the solid state discrete complex structures retain in

the solution state.
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Molecular structures of 1-3. The molecular structures were established by X-ray analysis which
revealed that 1-3 adopt MsLs-type metal-organic triangular complex structure (Figure 16). The
lengths of the molecular complexes are ~9.2 A for 1, ~15.8 A for 2, and ~9.5 A for 3. The complex
consists of alternatively arranged three fac-[Re(CO)s] cores and three anionic ligand motifs
(Tzbim/Tznim/Tzbim-F,). The rhenium cores in the complexes possess distorted octahedral
geometry. The three rhenium centres are arranged in the equilateral triangle form with Re---Re

distances of ~6.28, ~6.30 and ~6.35 A.

(A)

4

Figure 16. (A-B) Side and top views of discrete tube 3; (C) Molecular structure of 1
showing three toluene molecules shielding both the ends of the complex (space-fill view);
(D-E) Side view for 2 (capped stick and space-fill view) (H atoms and CO groups are
removed for clarity); (Color code: Re = magenta, C = purple and green, N = light blue, S =

yellow, F = light green).
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The coordinated carbonyl groups in the complexes are directed outward. Ligand
Tzbim/Tznim/Tzbim-F, in the complexes act as N*"N—N donors using three nitrogen atoms with
—n%n! coordination mode to bridge two rhenium centres. Both Tz and bim/nim/bim-F, are bent
with respect to each other’s plane. The three anionic ligands are arranged in Syn,Syn,anti-manner in
the cycle to avoid the steric repulsion between the phenyl/thiazolyl units. All three complexes (1-3)
contain three sulfur atoms from the three thiazolyl units, which are directed along the complex axis.

In addition, complex 3 contains six fluorine atoms on its cyclic framework.

Figure 17. (A) 1D-tubular structure of 3 formed via intermolecular C—F---S contacts; (B—C)
Side and top view of partial packing diagrams of 3 (Color code: Re = magenta, C =

purple/blue, N = light blue, F = light green, S = yellow).
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The presence of fluorine atoms on the periphery of the cyclic framework and the orientation of
ligand motifs influences the packing arrangement of 3. Each discrete molecular complex stacks on
top of each other to form a regular 1D-linear arrangement in 3 (Figure 17). Two neighbouring
complexes in 3 have three close intermolecular contacts between the sulfur of thiazolyl of one
molecule and fluorine atom on the phenyl motif of another molecule. The distance between the
fluorine and the sulfur (d(F---S) = ~3.06 A, ~3.16 A and ~3.21 A) is shorter than the sum of van der
Waals radii of fluorine and sulfur (1.47 A + 1.8 A = 3.27 A). As evidenced from the literature, the
short contacts C—F---S in solid state can greatly impact the arrangement of the molecules in the
crystal lattice.® The array of C—F--S contacts in 3 determines the tubular arrangement of the
complex in the crystal packing. As per our knowledge, the studies on rhenium(l)-based SCCs
possessing intermolecular C—F---S interaction are scarce."* Among the few examples of molecules
possessing intermolecular C—F---S contacts, pentafluorophenyl-2,2'-bisthiazole (I) is one of the
example containing both thiazole motifs and fluorophenyl units. Compound | features an
intermolecular interactions C—F---S (d = 3.286 A, 6= 162°) in the crystal packing structure in which
fluorine bonded to carbon acts as halogen bond donor and sulfur of thiazole acts as acceptor. Thus,
the intermolecular contacts found in 3 are convincingly indicative of C—F---S (€ = 160°, 134° and
136°) halogen bonding interactions which play prominent role in forming a one dimensional tubular
arrangement. Upon extending the 1D-tubular arrangement, it forms an array of tubular structure
connected via hydrogen bonding interactions, C—H---O=C—Re (d = 2.65 A). The influence of
C-F---S interactions in dictating the tubular arrangement of 3 was indirectly evidenced from the
packing arrangement of fluorine unsubstituted complex 1. In the crystal packing of complex 1,
discrete molecular complex structure is surrounded by three toluene molecules, stabilized via

CH---mt interactions, which shield both the ends of the complex (Figure 16). Further, each molecule
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of 1 interacts with neighbouring molecules sideways via C—H---%, --n, C—H---O=C—Re and S---xt
interactions. No intermolecular 1D tubular arrangement was observed for 1. On the other hand, the
crystal packing diagram of 2 shows that the two adjacent molecules are arranged in a head-to-head
manner forming a dimeric tubular structure with the length of ~26.68 A. The two complexes are
held together by C—H---rt interactions between thiazolyl sulfur and naphthanozolyl unit (Figure 18).
This arrangement provides a rectangular prism shaped cavity. Further, the two adjacent dimeric
complexes interacts with each other via C—H---it, C-H---O, and S---n contacts and forms 1D ladder

type arrangement (Figure 18).

(A)
(B)
_—;__AJ&/S«f S q S———
s “ Re
S

Figure 18. (A) Two adjacent molecules of 2 forming dimeric nonlinear tubular structure via
C—H---wt contacts. (B) Two adjacent dimeric complexes forming 1D-ladder type arrangement
in the crystal packing (Color code: Re = magenta, C = green, N = light blue). (CO groups

are removed for clarity).
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Table 1. Crystallographic parameters of 1-3.

1 2 3
Empirical
forpmu|a CooHa2NoOgRe3S; CssH3NgOgRe3S3 CaoH1oFgNgOgResS;
Formula weight 1687.80 1653.70 1519.36
Temperature 296(2) K 296(2) K 296(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Crystal system Monoclinic Triclinic Triclinic
Space group P2l/c P-1 P-1
. a= a=
Unit cell — ano o= a=11.1802(2) o=
dimensions | 131§0°(4) | a=907 1 ILIIOS@) | 75 6540(10)° A 92.8420(10)°
b= B: b= B _ b= B—
24.0955(7) | 104.90 | 11.9143(2) e | 12.56650(10) e
A @) A 84.0880(10) A 90.7940(10)
c= c=
_ one y= ¢ =15.3357(2) y=
19'5%)8(6) v=9%0 21'05)3\50(3) 69.721(2)° A 99.2100(10)°
Volume 5991.1(3) A3 2689.38(8) A3 2123.69(5) A3
Z 4 2 2
3
p 1.871 Mg/m3 2.042 Mg/m 2.376 Mg/m3
-1 -1
P 6.215 mm-L 6.920 mm 8.771 mm
. 0.100 x 0.070 x 0.070
Crystal size nm3 0.120 x 0.100 x 0.080 mm3 |  0.120 x 0.100 x 0.080 mm3
Independent 10560 [R(int) = 9442 [R(int) = 0.0862] 7485 [R(int) = 0.0454]
reflections 0.0954]
GooF 1.019 1.059 1.041
isosigmaqy] | L 0009 WRZ=py - 0,055, wR2 = 0.1551 | R1=0.0338, wR2 = 0.0787
0.1472
Rindices (@ll | R1=0.1093,WR2= | £ - 00502, WR2=0.1604 | R1 = 0,0461 WR2 = 0.0838
data) 0.1757

Ri= D |Fo| =R/ 2| iRe= £ IW(F,” = F.2)%1/ D [w(F,*)* Y2
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Photophysical Studies. The electronic properties of the ligands and complexes 1-3 were
studied using UV-Visible and emission spectroscopy (Figure 19-21, Table 3A-B). The
UV—Visible spectra of 1 and 3 in DMSO shows one broad absorption band in the region
250—400 nm with three minor humps (Amax = 261, 300, 340 nm) corresponding to ligand
centered transitions in higher energy region as both H-Tzbim and H-Tzbim-F, showed
structured absorbance with three shoulders in the same region (Figure 20, 21). Complex 2
displayed one strong absorption band (Amax = 266 nm) and four weak absorption bands (Amax
= 317, 345, 398, 424 nm). The H-Tznim displayed four absorption bands with two weak
bands at 267 and 328 nm, two sharp bands at 276 and 341 nm (Figure 21). Based on time-
dependent density functional theory calculations, the higher energy absorptions in 1-3 can

be attributed to the ligand centered transitions (Figure 19, 22).

1.0_ '70000
2 | 60000
g 0.8
3 L 50000
o
.3 0 6_
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e}
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= 044 §
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z L 20000
2
0.2
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Figure 19. Absorption spectra of 1-3 (experimental) and 1*—3* (theoretical) in DMSO at

room temperature.
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Figure 20. Absorption (solid line) and emission (dotted line) spectra of (I) H-Tzbim and

(1) H=Tznim in DMSO at room temperature.

1.2
L 4000
0.9
- 3000
3
= Z
2 - 2000 £
<
0.3 4 - 1000
0.0+ : : ; 0
250 300 350 400 450 500

Wavelength (nm)

Figure 21. Absorption (solid line) and emission (dotted line) spectra of H-Tzbim—F, in

DMSO at room temperature.
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The lower energy absorption bands of 1 and 3 can be attributed to admixture of metal-to-
ligand charge transfer (MLCT, dn (Re) — =n*) and ligand centered electronic transitions (n
— 7*; Tzbim — Tzbim/F,—~Tzbim — F,—Tzbim). However, the lower energy visible
absorptions of 2 mainly correspond to Tznim — Tznim transitions. The composition and
energy levels of frontier molecular orbitals are presented in Table 2 and Figure 22. The
highest occupied molecular orbitals of 1 (HOMO, HOMO-1) is concentrated on Re-center,
bim unit of Tzbim and CO ligands. The HOMO-3 is particularly centered on Tzbim with
less contribution from Re(CO)3 (15%). The lowest unoccupied orbitals (LUMO, LUMO + 1
and LUMO + 4) are predominantly based on Tzbim with n* character, mainly accumulated

on thiazolyl unit. In complex 2, the lower energy bands majorly correspond to Tznim —

Tznim transitions (Table 2).

3.92eV

-5.58eV

Energy (eV)

-5.66 eV

Figure 22. Frontier molecular orbitals involved in TDDFT/IEF-PCM transitions of 1-3.
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HOMO of 2 is centered on nim unit of Tznim with minor contribution from Re(CO)3 core
(11%), the HOMO-2 has contribution from two nim units of the Tznim motif. However,
HOMO-3 spreads over entire Tznim ligand framework. Similarly, LUMOs are particularly
centered on Tznim moieties with ©* character. Complex 3 exhibits similar character to that
of 1. Thus, transitions in the lower energy region correspond to admixture of MLCT and
ligand centered transitions. The LUMOs are centered on one of the Fo—Tzbim units and
thiazolyl unit, completely having ligand n* character. Complex 1 and 3 showed structured
emission with two bands between 350-600 nm. The higher energy bands correspond to
ligand centered emission as both H-Tzbim and H-Tzbim-F, are emissive at 343 and 356
nm, respectively. The pattern exhibited by 2 is different from 1 and 3 (Figure 23). The lower
energy transitions mainly correspond to LC transitions as H-Tznim also displayed emission
bands at 420 and 443 nm (Figure 20(Il)). The increase in the m-conjugation resulted in
higher HOMO levels and decreased LUMO levels causing the decrease in the band gap
which is consistent with the changes in absorption and emission spectra. The solid state
absorption spectra of the crystals of 1 and 3 showed structured band with three prominent
shoulders in the region, 200—440 nm due to both LC and MLCT transitions. The single
crystal of 1 and 3 displayed broad emission spectrum at 624 nm and 628 nm, which is red-
shifted as compared to that in solution state (Figure 24, Table 3B). Complex 2 exhibited four
absorption bands 261, 329, 421 and 600 nm, with a broad and less-defined emission band in
the range of 450—-750 nm. The lifetime measurements were performed both in the solution
and solid state. All the complexes displayed ultrafast decay in solution state due to which

lifetime for each component could not be determined precisely. In solid state, complex 1 and
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3 displayed tri-exponential decay with an average lifetime of 0.297 ns and 0.254 ns,

respectively.

Normalized Intensity
e e °
B (2] [«
1 1 1

S
N
1

0.0
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450 500 550 600 650
Wavelength (nm)

T T
350 400

Figure 23. Emission spectra of 1-3 in DMSO at room temperature.
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0.0
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Figure 24. Emission spectra of 1 and 3 in solid state (crystal) at room temperature. Inset:
Photograph of emission under irradiation from a 405 nm excitation source.
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Table 2. Major singlet excited state transitions for 1-3 from TDDFT/IEF-PCM calculations with
DMSO as the solvent model.

Trans A (nm) Oscillator strength (f) Major Character
band contribution [%]
Complex 1
1 367 0.0056 HOMO —LUMO (94%) Re (23%), CO (13%), Tzbim™ (65%) —
Tzbim™ (98%)
(MLCT, IL)
2 361 0.0283 HOMO-1 —LUMO (93%) Re (31%), CO (18%), Tzbim~ (51 %) —
Tzbim™ (98%)
(MLCT, IL)
6 338 0.0476 HOMO-3 —LUMO (64%) Re (10%), CO (5%), Tzbim™ (85%) —
Tzbim™ (98%)
HOMO —LUMO + 2 (18%)
13 330 0.0992 HOMO —LUMO + 4 (56%) Re (23%), CO (13%), Tzbim™ (65%) —
HOMO —LUMO + 5 (11%) Tzbim™ (80%)
(MLCT, IL)
16 321 0.0699 HOMO — 3 5>LUMO + 1 (17%)
HOMO — 1 »>LUMO + 3 (11%) Re (10%), CO (5%), Tzbim~ (85%) —
HOMO — 1 »>LUMO + 4 (16%) Tzbim™ (96%)
HOMO —LUMO + 3 (15%)
Complex 2
2 427 0.0227 HOMO -2 —LUMO (59%) Re (5%), CO (3%), Tznim™ (92%) —
HOMO - 1 —LUMO (34%) Tznim™ (98%)
(L)
4 412 0.0624 HOMO —LUMO + 1 (89%) Re (6%), CO (5%), Tznim™ (89 %) —
Tznim™ (97%)
()
7 401 0.0544 HOMO -2 —LUMO + 1(44%) Re (5%), CO (3%), Tznim™ (92 %) —
HOMO-1 —»LUMO + 1 (11%) Tznim™ (97%)
HOMO —LUMO + 2 (38%) (IL)
22 338 0.3551 HOMO -5 —LUMO (17%) Re (7%), CO (4%), Tznim™ (90 %) —
HOMO -3 -LUMO + 1 (63%) Tznim™ (97%)
Complex 3
1 365 0.0078 HOMO —LUMO (94%) Re (20%), CO (11%), F,-Tzbim™ (69%) —
Fo-Tzbim™ (98%)
(MLCT, IL)
2 358 0.0284 HOMO -1 —-LUMO (90%) Re (32%), CO (18%), F»-Tzbim™ (50 %) —
F,-Tzbim™ (98%)
(MLCT, IL)
7 335 0.0575 HOMO -4 —LUMO (39%) Re (11%), CO (6%), Fy-Tzbim™ (83%) —
HOMO-2 —LUMO + 1 (12%) F,-Tzbim™ (98%)
HOMO —LUMO + 2 (28%)
13 324 0.0709 HOMO-2 —LUMO + 2 (74%) Re (19%), CO (10%), F-Tzbim™ (72 %) —
Fo-Tzbim™ (93%)
17 318 0.0858

HOMO-3 —LUMO + 2 (60%)

Re (7%), CO (4%), F,-Tzbim™ (93 %) —
F,-Tzbim™(89%)
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Table 3A. Absorption and emission spectral data for the ligands and complexes 1-3 in solution.

Compound ?SKZ’QQ) (}Sﬁgg) (Ddlx)AeEO)
H-Tzbim 302, 316 356
1 300, 345 354, 410 0.74 %
H-Tznim 267, 276, 328, 341 420, 443
2 347, 400 332, 348, 374, 418 1.34 %
H-Tzbim—F, 264, 304, 321 343, 359
3 263, 305 359, 373, 410 0.82 %

Table 3B. Absorption and emission spectral data of 1-3 in solid state.

Compound }b(sk;nrc]ir)n ()::r;s?a:r) (TFL(IrI]\jI)) (sodl)id)
1 203, 302, 380 624 0.297 1.48 %
2 261, 329, 421, 600 - - 2.13%
3 263, 305 628 0.254 1.56 %
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Electrochemical Studies. The electrochemical properties of ligands H-Tzbim, H-Tznim, H-
Tzbim-F, and complexes 1-3 were investigated using cyclic voltammetry in DMSO with
0.1 M BusNPFg as the supporting electrolyte under nitrogen atmosphere (Table 4, Figure
25). Ligands H-Tzbim and H-Tzbim—F, displayed irreversible reductions at —2.75 and
—2.61, —3.23 V respectively whereas H-Tznim showed a quasi-reversible process (Ei, =
—2.05 V). The cyclic voltammogram of 1 showed two distinct irreversible reductions at
—2.07 V and —2.73 V (vs Fc'/Fc). The correlation of voltammetric measurements with
computational analysis shows that LUMOs are mainly located on the ligand cores and are
electronically independent of Re(l) center. Thus, the reductions occurring in 1 can be
attributed to reduction of Tzbim ligands, mainly thiazolyl cores. Complex 2 also displayed
two irreversible reductions (—2.37, —2.58 V) and one quasi reversible redox process (Ei, =
—1.93 V). The increase in w-conjugated cores in complex 2, lowers the LUMO levels and
increases the HOMO energy levels as evident from TD-DFT. The stabilization of LUMO
energy levels resulted in lower reduction potentials of 2 compared to 1 and 3. The cyclic
voltammogram of 3 exhibited three irreversible reductions at —2.31 V, —2.65 V and —-2.78 V
and one poorly resolved irreversible oxidation at —2.6 V. The anodic region for 3 displayed

I oxidation

an irreversible oxidation at +1.34 V (vs Fc*/Fc), ascribed to metal-centered Re
process.*? However, similar oxidation process was not observed in the anodic region of 1
and 2. The incorporation of electron withdrawing fluorine group leads to systematic
stabilization of HOMO and LUMO orbitals resulting in increased band gap.®* Thus,

complex 3 have more positive reduction potentials than 1 and 2.
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Figure 25. Cyclic voltammograms for 1-3 in DMSO (NBu4PFg, 0.1 M), scan rate 300 mVs™.

Table 4. Electrochemical data of ligands and complexes 1-3.

compounds cathodic peak current (V vs Fc*/Fc) LUMO
(eV)

1% Reduction 2" Reduction cV DFT

H-Tzbim =2.75 - - -
1 -2.07 -2.73 -2.07 —-2.06

H-Tznim -1.98 -2.11 - -
2 -2.01 —2.58 -2.22 -2.27

H-Tzbim- F; -2.61 -3.23 - -
3 —2.65 -2.78 -2.15 -2.18
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Solution State Studies. The ability of 3 to form tubular architecture in the solution state
was studied using concentration dependent and variable low temperature NMR analysis in
acetone-dg. Upon increasing the concentration of 3, minor shifts were observed for protons
of HAY3 (N-CH-S) and H®"®3 whereas no shifts were observed for the other protons

(Figure 26-27).
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Figure 26. Partial '‘H-NMR spectra of 3 in acetone-ds at variable concentration at 300 K.
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Figure 27. Changes in the chemical shift for protons of and with varying

concentration in acetone-dg at room temperature.
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The ®F-NMR spectra also displayed minor downfield shifts upon increasing the

concentration (Figure 28).
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assem ) L i 1
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Figure 28. ">F—~NMR spectra of 3 in acetone-ds at variable concentration at 300 K.

Further, the low temperature experiments showed significant downfield shifts for
HA3 (N-CH-S) and HB®2 protons of 3. The ®F-NMR spectra also displayed downfield
shifts for all six fluorine atoms with three fluorine signals getting merged and appear as a
multiplet at 193 K (Figure 29-30). The results of *F—-NMR spectra are indicative of
interaction of fluorine atoms in the concentrated solution as well as at low temperature,
which could be cumulative C—F---S contacts as evidenced from the crystal packing diagram.
The spatial proximity of molecules upon lowering the temperature can result in C—F---S
contacts along with other non-covalent interactions causing the deshielding of protons (HA"
A3 and HB""®%) adjacent to sulfur atom. At 193 K, H™® protons are also shifted downfield and

merged with HPHP2

possibly due to non-traditional intermolecular hydrogen bonding
interactions with O-atom of the neighboring carbonyl group (C—HP3...0=C-Re). To
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establish the role of fluorine atoms in the formation of tubular architecture in solution state,
the low temperature *H-NMR studies of 3 were compared with its non-fluorinated analogue,
complex 1 (Figure 31-33). The low temperature *H-NMR spectra of 1 was different from
that of 3. The H* (N-CH*-S) protons of 1 displayed almost similar trend like H*' of 3
whereas H* ® protons shifted downfield and appeared as a singlet at 213 K (Figure 32). The
H"23 protons of 1 showed upfield shifts unlike that of H®®® of 3 which appeared
downfield (Figure 33). The intermolecular noncovalent interactions of fluorine with sulfur
(C—F---S) in complex 3 can result in deshielding of adjacent protons (H®®%), thereby
resulting in significant downfield shift. The results are indicative of the involvement of

fluorine atoms in forming non-covalent interactions presumably forming tubular architecture

via C—F---S contacts in solution.

193Kl LL
213K | U

2l
L
wx || L o
U
L

253 K l U
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Al AZA3

300 K .L u
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Figure 29. Variable low temperature "H-NMR spectra of 3 in acetone-d.
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Figure 30. Variable low temperature **F~NMR spectra of 3 in acetone-ds.
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Figure 31. Variable low temperature *H-NMR spectra of 1 in acetone-d.
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Figure 32. Changes in the chemical shift for H** and H**® of 1 and 3 protons upon varying
temperature in acetone-ds.
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Figure 33. Changes in the chemical shift for H?>™* and H®*®2 of 1 and 3 protons upon varying

temperature in acetone-ds.
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The UV—Visible and fluorescence spectroscopic methods were further used to corroborate
the formation of tubular structure of 3 in solution state by varying the concentration in
acetonitrile. The increase in the concentration of 3 resulted in a less defined, broadened
absorption band with a significant red shift of ~34 nm. The broadening of absorption band at
higher concentration can be attributed to the collisional broadening taking place due to
increased molecular collisions and interactions between the molecules.'® The emission
spectra of 3 also exhibited remarkable red shifted emission at 640 nm (Figure 34). The red-
shift in the absorption and emission bands can be attributed to J-type aggregation which
occurs when the molecules are arranged in a head to tail manner due to increase in
intermolecular interactions.** Similarly, complex 1 also displayed a red shift (~ 23 nm) in
the absorption band at 234 nm which is comparatively lesser than that of 3 (Figure 35). The
emission spectra of 1 unlike that of 3 showed quenching for the band at 286 nm with an
emergence of new band at 376 nm upon increasing the concentration, indicating the
aggregation of molecules at higher concentration (Figure 36). Complex 2 exhibited very less
red-shift (~ 4 nm) in absorption band as compared to 1 and 3, the emission profile of 2 also
displayed an emergence of new band between 434—444 nm with a quenching of band at 286
nm (Figure 37-38). The comparison of the above data clearly suggests that the presence of
additional fluorine atoms on 3 influence intermolecular interactions which may be
cumulative C—F---S interactions responsible for significant changes in absorption and

emission properties of 3 as compared to its non-fluorinated analogues 1 and 2.
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Figure 34. Absorption (solid line) and emission (dash line) spectra of 3 at 1.42 x 10™* M

(red), 1.45 x 10 M (green) and 1.42 x 10° M (blue) in CH3sCN at room temperature.
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Figure 35. Absorption spectra of 1 at various concentrations in CH3CN.
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Figure 36. Emission spectra of 1 at various concentrations in CH3CN.
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Figure 37. Absorption spectra of 2 at various concentrations in CH3CN.
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Figure 38. Emission spectra of 2 at various concentrations in CH;CN.
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-4.803139000

-4.184274000
1.133762000
0.491873000

-1.211193000

-2.261652000

-2.608986000

-2.393583000
3.216356000
0.352732000
0.940465000

-0.568259000
0.804358000
4.179634000
4.384258000
0.105918000

-4.015079000
2.348626000

-3.003131000
2.575397000
3.168185000
1.239523000
2.303627000

-1.749745000

-1.376561000

-2.557883000

-1.021307000

-1.920386000

2.154167000
-0.460397000
-0.990868000

0.837241000
-2.125123000
-2.516395000

3.486386000

1.014390000

1.225424000
-4.206961000

1.883054000

1.312717000

3.550149000

4.208529000
-0.102192000
-0.599657000
-2.672368000

3.231619000

3.628651000

0.454039000

0.235747000
-3.318641000

2.248184000
-2.727261000
-1.255668000
0.158585000

1.289598000

1.564501000
-1.938271000
0.185669000

1.601271000
-1.019130000
-2.213824000

3.254329000

2.938830000
3.034836000
-3.149152000
-3.094296000
-1.299468000
-1.152850000

4.080189000
-3.848878000
-4.351532000
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3.3. Experimental Section

General Data

Re,(CO)19, 2-(4-thiazolyl)benzimidazole (H-Tzbim), 1,2-diamino-4,5-difluorobenzene, thiazole-4-
carboxaldehyde, DMF, DMSO, toluene and chlorobenzene were purchased from commercial
sources and used as received. The ligand 2-(4-thiazolyl)naphthanoimidazole (H-Tznim) and 2-(4-
thiazolyl)-5,6-difluorobenzimidazole (H-Tzbim-F,) were prepared by following the modified
procedure.™ The ATR-IR spectra were recorded on a Nicolet iS5 IR spectrophotometer. NMR
spectra were recorded on a Bruker AVANCE Il 500 MHz instrument. ESI-MS spectra were
recorded on Bruker maXis mass spectrometer. UV-Visible spectra were recorded on JASCO
V-750 spectrophotometer and fluorescence spectra were recorded on a JASCO FP—8500
spectrophotometer. Solid state emission spectra were recorded on WI-Tec confocal Raman
spectrometer 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 vyield for the complexes was calculated using

[Ru(bpy)s](PFs), as standard in acetonitrile solution.
Synthesis of 4-(5,6-difluoro-1H-benzimidazol-2-yl)thiazole (H-Tzbim-F,)

1,2-Diamino-4,5-difluorobenzene (1.00 g, 6.94 mmol), thiazole-4-carboxaldehyde (784.97 mg, 6.94
mmol) and NaHSO3 (2.17 g, 20.82 mmol) were dissolved in DMF (15 mL) and allowed to stir at 80
°C for 6 h. The progress of the reaction was monitored using thin layer chromatography and
YF_NMR spectroscopy. After completion, the reaction mixture was poured into ice-water and
stirred thoroughly. The brown precipitate obtained was collected, washed with water, diethyl ether

and air-dried. Yield: 52 % (858.7 mg). *H-NMR (500 MHz, DMSO-ds at 298 K): 6 13.20 (s, 1H, -
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NH), 9.33 (d, 1H, J = 1.85 Hz, H%), 8.45 (d, 1H, J = 1.9 Hz, H®), 7.72-7.68 (m, 1H, H°) and
7.47-7.44 (m, 1H, H%. F-NMR (500 MHz, DMSO-ds at 298 K): —143.05 (d, J = 20 Hz) and
—144.87 (d, J = 20 Hz).

Synthesis of fac-[{Re(CO)3(Tzbim)}s] (1)

Re,(CO)1p (100.1 mg, 0.153 mmol), H-Tzbim (138.8 mg, 0.689 mmol), toluene (10 mL) were
taken in a teflon vessel which was then placed in a stainless steel bomb. The bomb was placed in an
oven maintained at 180 °C for 48 h and allowed to cool up to 30 °C. The filtered mother liquor was
kept undisturbed for 2—3 days to yield pale yellow crystals. The crystals were washed with hexane
and air-dried. Yield: 52% (73.3 mg). ATR-IR (Vmax, cm '): 2021 and 1878 (CO). ESI-MS Calcd.
for CagH1gNgO9ResS3 [1 + H]™: m/z 1411.9104, found: m/z 1411.9047. 'H NMR (500 MHz, DMSO-
ds, at 298 K): 6 10.32 (d, 1H, J = 1.75 Hz, H*), 9.99 (d, 1H, J = 1.75 Hz, H*), 9.89 (d, 1H, J = 1.75
Hz, H®), 8.40 (d, 1H, J = 1.75 Hz, H™), 8.26 (d, 1H, J = 1.75 Hz, H"™), 8.08 (d, 1H, J = 1.75 Hz,
H®%), 7.96 (d, 1H, J = 8.4 Hz, HY), 7.86 (d, 1H, J = 8.4 Hz, H*?), 7.84 (d, 1H, J = 8.4 Hz, H®®), 7.80
(d, 1H, J =8 Hz, H™), 7.75 (d, 1H, J = 8 Hz, H™), 7.58 (d, 1H, J = 7.95 Hz, H™), 7.31-7.25 (m, 2H,
HeL®%), 7.14-7.10 (m, 2H, H%), 7.05-7.01 (t, 1H, J = 7.4 Hz, H®) and 6.74-6.70 (t, 1H, J = 8 Hz,

H%).
Synthesis of fac-[{Re(CO)3(Tznim)}s] (2)

Reddish-brown crystals of 2 were obtained by following the procedure similar to that of 1, using
Re,(CO)10 (100.3 mg, 0.153 mmol), H-Tznim (70.3 mg, 0.276 mmol) and toluene (7 mL). Crystals
were washed with pentane and air-dried. Yield: 42 % (43.7 mg). ATR-IR (vmax, cm '): 2014, 1894
(CO). ESI-MS Calcd. for Cs;H24NgOoResSs [2— 2H]*: m/z 1560.9504, found: m/z 1560.9608. ‘H

NMR (500 MHz, DMSO-ds, at 298 K): § 10.68 (d, 1H, J = 1.75 Hz, H™), 9.91 (d, 1H, J = 1.75 Hz,
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H*), 9.85 (d, 1H, J = 1.75 Hz, H*®), 8.59 (d, 1H, J = 1.75 Hz, H"), 8.55 (d, 1H, J = 1.75 Hz, H*),
8.49 (s, 1H, H?), 8.43 (d, 1H, J = 1.75 Hz, H™), 8.41 (s, 1H, H™"), 8.37 (d, 2H, J = 9 Hz, H®®),
8.29 (d,1H, J = 8.24 Hz, H™), 8.21 (s,1H, H®), 8.18 (dd, 2H, J = 9.5 Hz, H*%), 7.97 (d, 3H,
H""203) 7 48-7.45 (m, 3H, H"") 7.38-7.34 (m, 2H, H%%), 7.14 (t, 1H, H%") and 6.95 (t, 2H, J

= 7.75 Hz, H™).
Synthesis of fac-[{Re(CO)3(Tzbim-F,)}s] (3)

Yellow crystals of 3 were obtained by following the procedure similar to that of 1, Re(CO)jo
(100.1 mg, 0.153 mmol), H-Tzbim-F; (60.6 mg, 0.255 mmol) and chlorobenzene (6 mL). Crystals
were washed with hexane and air-dried. Yield: 72 % (84.9 mg). ATR-IR (Vmax, cM '): 2014, 1884
(CO). ESI-MS. Calcd. for CagH12FsNgOoResS3 [3 — 2H]™: m/z 1518.8469, found: m/z 1518.8299.
'H NMR (500 MHz, DMSO-dg, at 298 K): 6 10.48 (d, 1H, J = 1.7 Hz, H*), 10.14 (d, 1H, J = 1.75
Hz, H®), 10.05 (d, 1H, J = 1.7 Hz, H®), 8.49 (d, 1H, J = 1.75 Hz, H*%), 8.40 (d, 1H, J = 1.75 Hz,
HP%), 8.18 (d, 1H, J = 1.75 Hz, H"), 7.94-7.90 (m, 2H, J = 8.4 Hz, H*), 7.73-7.69 (m, 1H, H%)

7.59-7.57 (m, 1H, H®) and 7.36-7.34 (m, 1H, H*).

Electrochemical studies. The cyclic voltammetry measurements of 1-3 (1 mM), H-Tzbim,
H-Tznim and H-Tzbim-F, were studied using an AMETEK Princeton Applied Research
VersaSTAT 3 potentiostat. Tetrabutylammoniumhexafluorophosphate (0.1 M) was used as
supporting electrolyte. Glassy carbon was used as the working electrode, Pt wire as counter
electrode, Ag/AgCl as reference electrode and ferrocene as an internal standard. All the
measurements were performed under nitrogen atmosphere at room temperature. The LUMO energy
levels were calculated from the reduction potential using the equation; LUMO = — (Erq + 4.8)

e\ 13
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Computational studies. The structure optimizations of 1-3 were performed in the gas phase using
B3LYP function in the Gaussian 09 program package.*® The coordinates for optimizations were
taken from X-ray crystal structure of 1-3. The Stuttgart-Dresden-Effective Core Potential (SDD-
ECP) basis set was used for Re-centers and 6-311G* was used for C, H, N and O atoms. The
absorption studies were validated by time-dependent density functional theory (TD-DFT)
calculations using integral equation formalism for the polarizable continuum model (IEF-PCM)
with DMSO as solvent model. The TDDFT calculations were performed using B3LYP function and
SDD/6-311G* basis set for 1-3. The stimulated absorption spectra and corresponding molecular

orbitals were obtained from the GaussSum program and GaussView program package, respectively.

X-ray crystallography. The single crystal X-ray diffraction data were collected at 296(2) K on
Rigaku Oxford XtaLAB synergy and Bruker D8 quest diffractometer equipped with Mo-Ka
radiation (. = 0.71073 A) source. Cell refinement and data reduction was performed using
CrysAlisPro and Bruker APEX 3 software programs. The structure solutions and refinements were
performed with OLEX and SHELX program package.”* Non-hydrogen atoms were refined
anisotropically. Due to high disorder the solvent lattice molecules for 1 have been fixed

isotropically.
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3.4. Conclusion

Three new fac-[Re(CO)s] core-based neutral homoleptic discrete triangular complexes were self-
assembled using Re,(CO);o and thiabendazole motif via one-pot solvothermal approach. All three
triangular complexes possess uncoordinated sulfur atoms from thiazolyl motif that are directed
along the complex axis. The complex possessing fluorine substituents on the periphery of
benzimidazolate (3) undergo self-organization into 1D tubular architecture via complementary
intermolecular unusual non-covalent C—F---S contacts. To the best of our knowledge, the current
result is the first report on fac-[Re(CO)s] core-based discrete complexes functionalized with
fluorine atoms which self-organizes into 1D tubular architecture. The photophysical properties of
1-3 were studied using UV-Visible and emission spectroscopy and validated using TD-DFT
calculations. The electrochemical properties were studied using cyclic voltammetry. The solution
state studies using concentration dependent and low temperature NMR, UV-Visible and
fluorescence spectroscopic methods are suggestive of the prominent role of fluorine atoms in
forming intermolecular interactions presumably C-F---S contacts in the solution. The study
provides the insight for the design of neutral metal-organic complexes and metallacycles with
fluorine and heteroatom functional groups that can be utilized to build tubular and hierarchical

supramolecular architectures from discrete SCCs.
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Chapter -4

Luminescent [fac-Re(CO);—NNO-phenylimidazole] complexes with
parallel arrangement of twisted ligand motifs

ABSTRACT. Luminescent complexes [fac—Re(CO)3(YNX)(ph—imz)] where (YNXH) = H,—PBI=
2—(2'-hydroxyphenylbenzimidazole) for 1, H-PBO= 2—(2'-hydroxyphenylbenzoxazole) for 2, and
H-PBT = 2—(2'-hydroxyphenylbenzothiazole) for 3 and ph—imz = 2—phenylimidazole) were
synthesized using Re,(CO)1o, H,—PBI/H-PBO/H-PBT and ph—imz via one pot approach. All three
complexes were characterized using FT-IR, "H-NMR spectroscopy and X—ray diffraction analysis.
The two coordinated and twisted ligand motifs arrange closely parallel to each other and interact
through =---w stacking interactions in solid state. All the complexes displayed moderate to strong

emission both in solution and solid state at room temperature.
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4.1. Introduction

Tricarbonyl rhenium(l)-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.™
The key properties associated with these complexes are kinetic inertness, photo-stability,*
and metal-to-ligand charge-transfer absorptions and emissions.® 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 structurally similar ligands like
those of bpy but possessing different electronic properties.® In this category, 2-(2'-
hydroxyphenylbenzimidazole) (H.-PBI)/ 2-(2’-hydroxyphenylbenzoxazole) (H-PBO)/ 2-(2'-
hydroxyphenylbenzothiazole) (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 various alkyl groups on the neutral monotopic
nitrogen donor to enhance the photophysical properties.” 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,
tricarbonyl rhenium(l) complexes with H,-PBI/H-PBO/H-PBT motifs were centered on
pyridine/pyridine derivatives. These complexes were synthesized using two steps synthetic
approach.®* 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.® Herein, we report three fac-Re(CO)s-core based complexes
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[Re(CO)3(YNX)L] ((YNXH) = HN-NNO for 1, O-NNO for 2, and S-NNO for 3) and L = 2-
phenylimidazole) which were synthesized using Re,(CO)10, H2-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 determined using single crystal X-ray diffraction methods. The photophysical

properties of the complexes were studied both in the solution and solid state.
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4.2. Results and Discussions

Synthesis of complexes 1-3

The treatment of Re,(CO);0 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 20141856 cm™, corresponding to the fac-tricarbonyl rhenium

E\ HN N E‘
_Rex(COho R och Re O Q

(1) motif.*
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0D
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Scheme 1. Synthetic approach for complexes 1-3.

The *H-NMR spectrum of complex 3 in DMSO-ds 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*') in the high-field region (Figure 1-3). 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.
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The 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/coordination 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).2* 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,®® the two organic units are twisted significantly in 1-3 due
to the intramolecular =---w stacking interactions (Figure 4). 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 possessing imidazole and phenanthroline units.** In general, the pheny! unit and
imidazole unit in 2—phenyl imidazole are orthogonal to each other to avoid steric repulsion
(H---H).** 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, COMgp---=COMnsino), Which indicates the strong m---m

stacking interactions between these units. The intramolecular interactions found between
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these units are slipped co-facial =---mt stacking interactions (Figure 4, Table 2). The fac-
Re(CO); core based complexes containing 8—hydroxyquinolate and 2—phenylimidazole
motifs have phenyl unit of ph-imz positioned at a distance of 3.8 A (COMp---COMguinolate)
with dihedral angle of 29.08°, indicating comparatively weaker intramolecular =---7 stacking

interactions than complexes 1—3.%

Figure 4. Molecular structures of 1-3, ball and stick model and space—fill model showing =7t

stacking interactions. (C = gray, H = white, N = blue, O =red, S = yellow, Re = orange).
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Table 1. Crystallographic data for the structure determination of 1-3.

1 2 3
Empirical Formula CasH17N4O4Re CasH16N3OsRe CasH16N304ReS
Formula Weight 623.62 624.61 640.67
Crystal System Monoclinic Orthorhombic Monoclinic
Space group P21/n P212121 P21/n
a(A) 11.6361(9) 11.2382(12) 11.681(3)
b (A) 14.3182(10) 13.9677(13) 14.324(3)
c (A) 14.8078(10) 14.2375(15) 14.835(3)
a (%) 90 90 90
B (%) 110.556(2) 90 111.161(7)
16 90 90 90
V (A% 2310.0(3) 2234.9(4) 2314.8(9)
Z 4 4 4
T (K) 300(2) 298(2) 298(2)
A (A) 0.71073 0.71073 0.71073
Peatcd (Mg M) 1.793 1.856 1.838
w (mm™) 5.300 5.480 5.377
R1 [I>25(1)]? 0.0610 0.0133 0.0558
WR2 (all data)® 0.1719 0.0409 0.1432
GOF 1.107 1.332 1.076

Rz Y[Ry = | /2| Fol P wre = £ [W(F,? = F.2)*1/ 3 [w(F,?)° B2

134



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 (Figure 5).
Complex 2 and 3 are further stabilized by intermolecular C—H---xt interactions between the
two adjacent molecules (imidazole unit to benzoxazole/benzothiazole unit, dihedral angle =
549/64°, distance = 5.049/5.296A). However, these kinds of interactions are not observed for
1. H,-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.®

Figure 5. Partial packing diagram for complex 1 showing a one-dimensional chain formed by

hydrogen bonding interactions between the two discrete molecules.

In the complexes 1-3, though the imidazole unit is similar to pyridyl unit, based on the

structure and coordinating ability, presence of phenyl in ph-imz motif alter the arrangement
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of these two units. In the complexes, the H,-PBI/H-PBO/H-PBT and ph-imz ligand motifs

are twisted significantly, thereby, lying closely parallel to each other.

Table 2. Intermolecular slipped r---7 stacking interactions for 1 [A and °].

d (Cy Cy) 7 (arene---arene)
3.962 0

Photophysical Studies of complexes 1-3

The absorption properties of complexes 1-3 were studied both in dichloromethane
(DCM) and dimethylsulfoxide (DMSO) at room temperature (Figure 6-7). 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 predominantly ligand-based electronic
transitions (m---m* including NNX — NNX and NNX — ph-imz). The higher energy
absorption (~300—350 nm) may also contains significant amount of MLCT electronic
transitions (Re — NNX).” 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.'®
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Figure 6. Absorption spectra of 1-3 in DMSO.
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Figure 7. Absorption spectra of 1-3 in DCM.
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Figure 8. Emission spectra of 1-3 in DMSO.
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Figure 9. Emission spectra of 1-3 in DCM.
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All the complexes display emission both in solution and solid state. The emission properties of the
complexes in DCM/DMSO were studied with and without nitrogen purged solution (Figure 8-21).
Complex 1 displayed poorly structured emission band in DCM. The emission intensity of 1 is
slightly enhanced in nitrogen purged solution with red shift by 4 nm (Figure 10). Excitation
spectrum of 1 at 516 nm displayed three structured bands below 350 nm (Figure 11). 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 *MLCT/*MLCT excited state is omitted/less because the
main absorption 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.*® The solvent DMSO molecules may interact with ligand motifs of 1 through
hydrogen bonding interactions [N-H---O=S(CHz3),] which provides rigidity to the ligand centered

excited state.**
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Figure 10. Emission Spectra of 1 in DCM (in presence and absence of air), Ae= 380 nm.
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Figure 11. Excitation Spectra of 1 in DCM (in presence and absence of air), Aem= 516 nm.
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Figure 12. Emission spectra of 2 in DCM (in presence and absence of air), Aex= 410 nm.

Intensity (a.u)

T T T T T T v
300 350 400 450 500
Wavelength (nm)

Figure 13. Excitation spectra of 2 in DCM (in presence and absence of air), Aem= 545 nm.
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Figure 14. Emission spectra of 3 in DCM (in presence and absence of air), Aex= 410 nm.

4x10°
— With O,
- = = With N,
3x10° -
El
5
6
2z 2x10°4
wn
c
93
£
1x10° -

T T T T T T I
350 400 450 500 550 600
Wavelength (nm)

Figure 15. Excitation spectra of 3 in DCM (in presence and absence of air), Aem= 592nm.
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Figure 16. Emission Spectra of 1 in DMSO (in presence and absence of air), Ae= 380 nm.
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Figure 17. Excitation Spectra of 1 in DMSO (in presence and absence of air), Aem= 476 nm.
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Figure 18. Emission spectra of 2 in DMSO (in presence and absence of air), Aex= 400 nm.
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Figure 19. Excitation spectra of 2 in DMSO (in presence and absence of air), Aem= 548 nm.
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Figure 20. Emission spectra of 3 in DMSO (in presence and absence of air), Aex= 425 nm.
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Figure 21. Excitation spectra of 3 in DMSO (in presence and absence of air), Aem= 595 nm.
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Table 3. Absorption and Emission data for 1-3 in solution and solid state (Crystal).

}\labs nm
& Mm?xcml) xemmax Ovexmax) nm ¢em19
DMSO DMSO crystal
5 464 443 )
H,-PBI (320, 334) (350)
290 (19641) 382 535 )
1 (4831) 440, 474 (380) (405)
H-PBOY 370 481(320) -
: 292 (28607) 403 547 556 0.0212 +
(7240) (400) (405) 0.0007
H-PBT"® 525(345) -
3 il ((15155796%) 426 594 (425) 556 (405) 0.019 + 0.003

Single crystal/powder 1 displays well—structured emission spectrum, which is red-shifted as

compared to that in DCM/DMSO (Figure 22). It is noteworthy to mention that the free

H,—PBI in solid state displays poorly structured emission with emission maximum of

443/470 nm.* 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.*® The slipped co-facial -7 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)s; core, anionic PBI motif, and

benzimidazolyl core.®® Closely looking the crystal structure of 1 indicates that two

neighbouring PBI motifs interact each other through weak =-- -7t stacking interactions.

146



1.0 DMSO DCM Crystal

0.8 ~

0.6 1

0.4 -

Normalized Intensity (a.u)

0.2 1

0.0 y I T T T T T T ¥ T T
400 450 500 550 600 650 700
Wavelength (nm)

Figure 22. Emission spectra of 1 in DMSO, DCM, and crystal (solid state).

Compound 2 in DCM/DMSO is emissive (Figure 12,18). Similar to the absorption spectrum,
the emission maximum of 2 in solution is red shifted as compared to complex 1. 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
(Figure 23). The emission pattern is different from that of crystal 1. The emission of 2 is red-

shifted in compared to crystal of H-PBO (free ligand).'’

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. The life-time data of complex 2 and 3 were studied both in DCM and DMSO and
were found to be similar (Table 4). The emission decays of both complexes are

biexponential. From the data, it can be inferred that the complexes emit from two different
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excited states denoted by t; and t, (Table 4). Similar emission decays with shorter lifetime
were observed for other rhenium complexes.®

In addition, the crystal emission of 3 is identical to that of crystal 2 (Figure 23). The results
reveals that complexes 2 and 3 display emission which may be originated from the *MLCT
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.®® 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 towards the red region.
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Figure 23. Normalized emission spectra of 1-3 in solid state at room temperature (Aex = 405

nm). Right: Photograph of the emission under irradiation from a 405 nm excitation source.
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Table 4. Fluorescence lifetime (t, ns) of 2 and 3 in solution.

Complex Medium Amon 1 T v
2 DCM 526 10670 1160 0.99
DMSO 526 1730 11890 0.99
3 DCM 572 1730 11890 0.99
DMSO 576 1730 11890 0.99

Amon= Monitoring wavelength, t = lifetime for each component, %> = indicating the goodness of the
fit to the data.
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4.3. Experimental Section

General Data

Starting materials such as Rey(CO), 2—(2'-hydroxyphenyl)benzoxazole (H-PBO),
2—(2'-hydroxyphenyl)benzothiazole (H-PBT), 2-phenylimidazole (ph—imz), toluene and
spectroscopic grade solvents 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.” Elemental analyses
were performed on Flash EA 1112 series CHNS analyzer. FT-IR spectra were recorded on a
Nicolet iS5 FT-IR spectrometer. NMR spectra were recorded on Bruker Avance Ill 400 and 500
MHz instruments. Absorption spectra were recorded on UV-3600 Shimadzu UV-Vis—NIR
spectrophotometer. Fluorescence spectra were measured on Horiba FluoroMax 4 fluorimeter. Solid
State emission spectra were recorded on WI-Tec confocal Raman spectrometer 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).

General Synthetic Approach for 1-3.

Re,(CO)1g, 2—(2'-hydroxyphenyl)-1H-benzimidazole (H,—PBI)/ 2-(2'-hydroxyphenyl)benzoxazole
(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
solvothermal 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.
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Synthesis of [Re(CO)3(PBI)(ph-imz)] (1)

Yellow colored needle shaped crystals were obtained using Re,(CO);0 (100.5 mg, 0.154 mmol), H,-
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 CsH17N4O4Re: C, 48.15; H, 2.75; N, 8.98. Found: C, 48.23; H, 2.72; N,
8.91. FT—IR (Vmax (KBr)/cm™): 2009, 1864 (CO). 'H-NMR (400 MHz, DMSO-dg): J 7.94-7.91 (m,
3H, H%®"), 7.80 (dd, 1H, J = 8 Hz, H®), 7.60-7.58 (m, 1H, H*), 7.44 (t, 3H, J = 7 Hz, H"%),
7.39-7.23 (m, 6H, H*>**), 7.14 (s, 2H, H>%), 6.82 (dd, 1H, J = 8.4 Hz, H*), 6.70-6.66 (m, 1H,

H>).

Synthesis of [Re(CO)3(PBO)(ph-imz)] (2)

Brown colored needle shaped crystals were obtained using Re,(CO)1 (100.4 mg, 0.1539 mmol), H-
PBO (65.1 mg, 0.307 mmol) and ph-imz (44.1 mg, 0.306 mmol) in toluene (~10 mL). Yield: 32%
(30.4 mg). Anal. Calcd. for C;sH16N3OsRe: C, 48.07; H, 2.58; N, 6.73. Found: C, 48.15; H, 2.52; N,
6.68. FT-IR (Vmax (KBr)/cm™): 2012, 1902 and 1866 (CO). 'H-NMR (500 MHz, DMSO-de): &
7.95-7.92 (m, 3H, H®""), 7.89 (d, J = 8 Hz, 1H, H%), 7.74 (dd, J = 8 Hz, 1H, H®), 7.62—7.53 (m,
2H, H%"), 7.46-7.43 (m, 3H, H"Y), 7.41-7.37 (m, 1H, H®), 7.35-7.32 (m, 2H, H®), 7.22-7.15 (m,

3H, H*"), 6.90—6.86 (m, 2H, H), 6.77-6.70 (m, 2H, H’).

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

Yellow colored crystals were obtained using Rez(CO);0 (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 C25H16N304ReS: C, 46.87; H, 2.52; N, 6.56, S, 5.00. Found: C, 46.79; H, 2.56; N, 6.51,
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S, 4.92. FT-IR (Vmax (KBr)/cm™): 2013, 1904 and 1864 (CO). *H-NMR (500 MHz, DMSO—ds): &
8.30 (d, 1H, J = 8.5 Hz, H"), 8.19 (dd, 1H, J = 8 Hz, H*), 7.94 (dd, 2H, J = 8.5 Hz, H%®), 7.73-7.68
(m, 2H, H®"%), 7.54-7.53 (m, 3H, H" ¢ ), 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*).

X-ray crystal data for complexes 1-3. Crystallography intensity data of crystals of 1-3 were
collected on a Bruker D8 QUEST diffractometer [M(Mo—Ka) = 0.71073 A]. The structures were
solved by direct methods using SHELXS-97%°* and refined using the SHELXL—2018/3 program
(within the WinGX program package).”®¢ Non—H atoms were refined anisotropically. The

crystallographic data for 1 shows higher value of R™ due to poor crystal quality.
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4.4. Conclusion

The three luminescent heteroleptic mononuclear fac-Re(CO); core containing complexes were
synthesized using H,-PBI/H-PBO/H-PBT, 2-phenylimidazole and Re,(CO)yo via one- pot synthetic
approach. The molecular structures of the complexes indicated the parallel arrangement of the two
organic motifs which are coordinated to metal core and twisted significantly, resulting in slipped
co-facial =---m 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(l)
based complexes using different nitrogen donors (phenyl benzimidazole/phenylnaphthyl

benzimidazole) is under progress.
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Chapter-5a

Rhenium(l) complexes from 2-(2'-hydroxyphenyl)benzimidazolyl
based bis-chelating ligand and 4-aminopyridine/4-
dimethylaminopyridine

ABSTRACT

Two fac-Re(CO); core based dinuclear complexes were obtained from Rey(CO)1o, 1,4-phenylene-
bis(2-(2'-hydroxyphenyl)benzimidazolyl) (H,-L) and neutral N-donors (4-aminopyridine for 1/4-
dimethylaminopyridine for 2). Both the complexes are characterized using various analytical and
spectroscopic techniques. The molecular structure of 2 obtained from a single crystal X-ray
diffraction analysis shows that two anionic phenoxybenzimidazolyl motifs of L*" are twisted,
resulting in an acyclic dinuclear helical structure. Both the complexes display strong emission in the

solution state at room temperature.
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5a.1. Introduction

The rhenium-carbonyl based complexes have been gaining intense research interest in the fields of
bio-imaging, anticancer agents, photosensitizer as well as photocatalyst for carbon dioxide reduction
to useful chemicals, and molecular sensors due to their intrinsic properties such as kinetic inertness,
photo-stability, photo-physical and electrochemical properties.’® The ligand design plays a crucial
role in tuning the excited state properties of these complexes. Few organic heteroaromatic motifs
including chelating ligands, 2,2'-bipyridine, 1,10-phenanthroline and their structural analogous, and
monodentate donors, pyridine, phosphine, and their derivatives, have been widely employed for
making the complexes.® Due to their importance in various fields, designing new complexes have
been increasing steadily in order to tune the photophysical properties, in particular, shifting the
absorption and emission towards the red region. We have been using commercially known chelating
ligands, 2-hydroxyphenylbenzimidazolyl, 2-hydroxyphenylbenzothiazole, 2-hydroxyphenyl-
benzoxazole, 2-(imidazo[1,2-a]pyridin-2-yl)phenol, and designing new 2-
hydroxyphenylbenzimidazolyl core based-bis-chelating ligands for making luminescent acyclic
mononuclear to polynuclear complexes, and supramolecular coordination complexes including
helicates, mesocates and tetrahedrons in the presence of pyridine/benzimidazolyl- based neutral
nitrogen donor.® The complexes comprising of fac-Re(CO)s, phenoxybenzimidazolyl and
pyridine/benzimidazolyl donor are stable and display phosphorescent emission. In continuation of
the research in the field, 4-aminopyridine derivatives, rigid bis-chelating ligand containing two 2-
hydroxyphenylbenzimidazolyl cores and phenyl spacer are chosen instead of benzimidazolyl motif,
and flexible bis-chelating ligand with phenylene spacer are used in place of benzimidazole units and
bis-chelating flexible ligand to make binuclear fac-[Re(CO)s]" core containing complexes with

improved physico-chemical properties.
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This chapter reports dinuclear fac-[Re(CO)s]" core based complexes, [(Re(CO)a(L"))2(L)] (L' =
4—aminopyridine = 4-AP for 1/ 4-dimethylaminopyridine = 4-DMAP for 2, and L = 1,4-phenylene-
bis(2-(2'-hydroxyphenyl)benzimidazole) = H,-L) were assembled in a solvothermal approach. The
molecular structure of 2 was established using single crystal X-ray diffraction analysis. The

UV-Visible and emission studies of complexes (1-2) were performed in solution.
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5a.2. Results and Discussions

The complexes were synthesized using Rey(CO)io, Ho—L, 4-aminopyridine (4-AP) for 1/ 4-

dimethylaminopyridine (4-DMAP) for 2 and mesitylene : hexane/mesitylene in a one-pot approach.

(Scheme 1).
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Scheme 1. Synthesis of 1 and 2.

The complexes are moisture, air stable and sparingly soluble in DMSO. The ATR—IR spectra of 1-2
showed three carbonyl bands between 2008—1864 cm™, corresponding to the fac-[Re(CO)s]" core.™
The *H-NMR spectrum of 1 was recorded in a mixture of solvent, CDCl;:DMSO-ds (5:1, V/v).
(Figure 1). The peak assignment for each related proton was difficult due to the appearance of broad
chemical resonances. The *H-NMR spectrum showed a broad singlet at 5.87 ppm corresponding to
—NH, protons of aminopyridine motif whereas complex 2 displayed a set of well-resolved peaks in
CDCl;. The 'H-NMR spectra of both the complexes showed H° protons of
4—aminopyridine/dimethyl aminopyridine appearing as a doublet and shifted upfield significantly.

The H? protons also appeared downfield and as a doublet with respect to uncoordinated ligand,
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which is because of the coordination of adjacent nitrogen atom to the rhenium metal core.
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Figure 1. "H-NMR spectrum of 1 in CDCIl;:DMSO-ds (5:1, v/v) (*indicates the solvent peak +

compound, # indicates mesitylene peak).

The protons of central phenylene spacer in a rigid bis-chelating ligand split into two doublets for
two protons each, indicating the rigidity in arene core in 2 after complexation. The above data
suggests that the complex retains structure in solution state. The additional minor peaks (~ <1%)
present in the 'H-NMR spectra of the complexes can be because of structural isomers present in the
solution. (Figure 1-2). Further, the mass spectrometry displayed molecular ion peak at m/z
1222.1466 for [1]" and 1278.2077 for [2]" with experimental isotopic distribution pattern matching

with the calculated values. (Figure 3—4).
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Figure 2. 'H-NMR spectra of H)~RBC (blue), 4-DMAP (red) and 2 (green) in CDCl; (*indicates

the solvent peak, # indicates the mesitylene peak).
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Figure 3. Experimental (blue) and calculated (red) ESI-TOF mass spectra of [1 + H]".
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Figure 4. Experimental (blue) and calculated (red) ESI-TOF mass spectra of [2+ H]".

The molecular structure of complex 2 was determined using X-ray diffraction analysis. The
complex consists of two fac—[Re(CO)s]* cores, a rigid bis—chelating ligand (L*) and two

4—dimethylaminopyridine. (Figure 5).

Figure 5. (a) Molecular structure of 2. Side view of 2 showing helical nature of bis-chelating ligand
(b-c). C and H atoms of L and 4—-DMAP are shown in pink and pale blue color. Six CO units are

shown in white and red color. O atoms and N atoms are shown in red and blue color.



Each rhenium centre adopts distorted octahedral geometry and is surrounded by three carbonyl
groups, two chelating atoms (NNO) from phenoxybenzimidazolyl, and N-atom from 4—-DMAP. The
L% motif bis-chelates two fac-Re(CO)s cores using its four donors (ONN—ONN = bis-chelating
donors) symmetrically with Re--Re distance of 13.85 A. Two anionic benzimidazolylphenolate
units of L* are twisted resulting in dinuclear helical architecture of the complex. The Re—N(chel)
and Re—O(chel) distances are within the expected range observed for complexes containing
fac—[Re(CO)3]" and phenoxybenzimidazole motifs. The C13—04 distance (1.321 A) in 2 indicates
the phenolate character of O4—atom, which further supported an ionic interaction between Rel and
04 atom. The central arene unit of L? is nearly orthogonal to two chelating motifs with a dihedral
angle of 66°. The two 4-dimethylaminopyridine motifs are oriented in a ‘Z’-type trans
arrangement. The Re1-N3 (2.173 A) distance is similar to Re1-N2(chel) (2.171 A). The axially
arranged 4-DMAP in 2 is slightly tilted towards benzimidazolyl core of L, resulting in a \V—shaped

structure at both ends of the complex.

In the crystal structure of 2, each molecule interacts with neighbouring molecules via three
kinds of non-covalent interactions. The methyl group of 4—-DMAP of one molecule interacts with
neighbouring molecules via two types of C—H.--m contacts, d(C26(H)---C5(arene) = 3.474 A,
d(C26(H)--C16=0 = 3.582 A. The second pyridine unit interacts with the adjacent phenolate unit
through aromatic edge—to—face contacts, d(C21(H)---n(C12) = 3.648 A. Further, the central arene
unit of bis-chelating ligand interacts with neighbouring molecules via H-bonding interactions. This
hydrogen bonding interactions is observed between the hydrogen of arene unit to the O—atom of the

chelating motif, d(C22(H)---04 = 3.298 A and £C22—H---04 = 140°.
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Figure 6. UV-Vis spectra of 1 and 2 in DMSO at room temperature.

The photophysical properties of 1 and 2 were studied in DMSO at room temperature (Figure 6—7).
Both the complexes displayed a well-resolved band in the high energy UV region (A <300 nm),
attributed to ligand centered (= — =*) transitions. The lower energy band at ~ 380 nm is ascribed to
MLCT and ILCT transitions. Complex 1 displayed two emission bands, weak emission band in
higher energy region (429 nm), and a strong broad emission centered at 540 nm. Similarly, complex
2 displayed weak emission bands in the higher energy region (418 and 439 nm) and intense broad
emission centered at 550 nm. The higher energy emission of both the complexes can be due to
ligand centered transitions originating from hydroxyphenylbenzimidazolyl core based bis—chelating
ligand as H,-L also displayed structured emission band at 370 and 505 nm in DMSO. (Figure 8).
The lower energy broad emission is an admixture of MLCT and metal to ligand ligand charge

transfer (MLLCT) transitions.
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Figure 7. Emission spectra of 1 and 2 in DMSQO at room temperature.

10000

8000 -

6000 -

Intensity (a.u.)

4000 -

2000 -

370 nm

505 nm

300

)
400

T
500

T T T
600 700

Wavelength (nm)

Figure 8. Emission spectra of H,-RBC in DMSO at room temperature, Ae= 310 nm.

A similar kind of emission was

observed for

helicate containing

fac—[Re(CO)3]",

hydroxyphenylbenzimidazolyl ligand, and benzimidazolyl containing flexbile motif.*° Further,
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acyclic mononuclear complex containing the structurally similar cores i.e., fac—[Re(CO)s]",
pyridine, and 2-(1-methyl-1H-benzimidazol-2-yl)phenolate also displayed emission maxima at 515
nm.™ The results revealed that 4-dimethylaminopyridine is a better choice of ligand for shifting the
emission band towards red region as compared to 4-aminopyridine/pyridine/benzimidazolyl motif

containing complexes.
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5a.3. Experimental Section

General Data

Re,(CO)19, 4-aminopyridine (4—AP), 4-dimethylaminopyridine (DMAP), o-phenylenediamine, 2-
hydroxybenzaldehyde, cesium carbonate, copper iodide, 1,10—phenanthroline, mesitylene, hexane
and spectroscopic grade solvents, DMSO and DMF, were obtained from commercial sources and
used as received. The ligand Ho—L was synthesized by the previously reported method.*"Elemental
analyses was performed on the Flash EA 1112 series CHNS analyser. ATR—IR spectra were
recorded on a Nicolet iS5 FT-IR spectrometer. High-resolution mass spectra (HR—-MS) were
measured on a Bruker maXis mass spectrophotometer. NMR spectra were recorded on Bruker
Avance I11 500 MHz instruments. The electronic absorption spectra were recorded on Jasco V750
UV-Visible spectrophotometer. The emission spectra were recorded on Jasco FP8500

spectrofluorimeter.

Synthesis of fac-[(Re(CO)3(4-AP))(L)] (2).

A mixture of Rey(CO)yo (100.4 mg, 0.153 mmol), Ho—L (76.2 mg, 0.154 mmol), 4-AP (37.7 mg,
0.400 mmol), and mesitylene:hexane (10:1) was taken in a teflon vessel. The vessel was placed
inside a stainless steel bomb. The completely sealed bomb was kept inside an oven maintained at
160 °C for 48 h and then allowed to cool up to 30 °C. The mixture of powder and crystals was
obtained were filtered, washed with hexane and air-dried. Yield: 64 % (120.6 mg). Anal. Calcd. for
CusH32NgOgRe;: C, 47.21; H, 2.64; N, 9.18. Found: C, 47.18; H, 2.60; N, 9.20. ATR-IR (Vmax, cm’l):
2010, 1895 (CO). ESI-TOF-MS. Calcd for CygH3oNgOgRe, [M + H]™: m/z 1223.1614, found: m/z
1223.1490. *H NMR (500 MHz, CDCls: DMSO-ds (5:1)): § 7.79 (d, 4H, H%), 7.78 (d, 2H, J = 7 Hz,

phenylene), 7.58 (d, 7H, CDCI; + compound), 7.38 (s, br, 2H), 7.29-7.23 (m, 4H), 7.14-7.05 (m,

169



4H), 6.83 (dd, 2H, phenylene), 6.69 (d, 3H, mesitylene), 6.64-6.60 (m, 2H), 6.25 (d, 5H, H® +

compound), 5.87 (s, 4H, —NH,).

Synthesis of fac-[(Re(CO)3(4-DMAP)),(L)] (2)

A mixture of Rey(CO)jp (100.2 mg, 0.153 mmol), H,-L (75.7 mg, 0.153 mmol), DMAP (37.4 mg,
0.306 mmol), and mesitylene (10 mL) was taken in a teflon vessel. The vessel was placed inside a
stainless steel bomb. The completely sealed bomb was kept inside an oven maintained at 160 °C for
48 h and then allowed to cool up to 30 °C. The yellow crystals of 2 obtained in the bomb were
washed with hexane and air-dried. The yellow solution was decanted and evaporated to half of its
volume using a rotary evaporator. The yellow powder 2 was obtained by adding distilled hexane to
the solution. The powder was filtered, washed with hexane and air-dried. Yield: Powder, 55 %
(107.5 mg). Anal. Calcd. for Cs,H4NgOgRe,: C, 48.90; H, 3.26; N, 8.77. Found: C, 48.72; H, 3.21,
N, 8.75. ATR=IR (vmadcm™): 2008, 1891, 1864 (CO). ESI-TOF-MS. Calcd for Cs,HaoNsOgRe;
[M + H]": m/z 1279.2162, found: m/z 1279.1966. *H NMR (500 MHz, CDCls): 6 8.19 (d, J = 7.25
Hz, 4H, H%), 8.10 (d, J = 7.45 Hz, 2H, phenylene), 7.98 (d, J = 8.4 Hz, 2H, H*), 7.40-7.36 (m, 3H,
H>%), 7.33-7.30 (m, 3H, H>*), 7.19-7.15 (m, 4H, H®%), 7.01 (d, J = 7.75 Hz, 2H, H'), 6.81 (d,

mesitylene), 6.74 (d, J = 7.5 Hz, 2H, phenylene), 6.25—6.24 (dd, 6H, H®).

X-ray crystal data for complex 2. Single crystal X-ray data of crystal of 2 were collected on a
Bruker D8 QUEST diffractometer [Agwio ke = 0.71073 A]. The structure was solved by direct
methods using SHELXS-2014/5 (Sheldrick 2014) and refined using the SHELXL-2018/3
(Sheldrick, 2018) program (within the WinGX program package).> Non-H atoms were refined
anisotropically. Cs;HsoNgOgRe,, M = 1277.32, Tetragonal, space group | 41/a, T = 296(2) K, unit

cell: a = 18.3609(8) A, b = 18.3609(8) A, ¢ = 33.8197(14) A, o = 90°, B = 90°, y = 90°, V =
170



11401.4(11) A3, Z = 8, p = 4.297 mm*, D, = 1.488 g cm™, F(000)= 4976, 6 range for data
collection, 2.524 to 25.023°, limiting indices, —21<=n<=12, -21<=k<=21, -37<=I<=40, reflections:
19529 collected, 5005 independent (Ri,; = 0.0446), completness t0 Gnax, 99.3 %; refinement
method, full-matrix least-squares of F? (5005 data, O restraints, 316 parameters); final indices for |
> 20(1), Ry = 0.0598, wR, = 0.1638; final indices for all data, R, = 0.0861, wR, = 0.1946; GOF on

F?, 1.019; largest diff. Peak hole, 3.348 and —1.491eA>.
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5a.4. Conclusion

Two dinuclear fac—[Re(CO)s]"—core based complexes were prepared using rigid bis—chelating
ligand with hydroxyphenylbenzimidazolyl core and 4-aminopyridine/dimethyl aminopyridine via
one—pot synthetic approach. The complexes displayed strong emission in the solution at room
temperature. The results further reveal that the emission properties of the complexes can be

modulated by remotely tuning the nitrogen donor.
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Chapter-5b

Synthesis and characterization of binuclear manganese carbonyl
complex of 1,4-bis(2-(2'-hydroxyphenyl)benzimidazol-1-yl)benzene
and dimethylaminopyridine

ABSTRACT

A neutral heteroleptic binuclear complex fac—[{Mn(CO);(Py’)}.(L)] with Mn---Mn separation of
~135 A was synthesized using Mny(CO)i, 1,4-bis(2-(2'-hydroxyphenyl)benzimidazol-1-
yl)benzene (Ho-L%), 4-dimethylaminopyridine (Py’), and trimethylamine-N-oxide via one—pot

approach. Complex 1 adopts a helical structure in the solid-state.
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5b.1. Introduction

The design and preparation of fac-[Mn(CO)3]" core-based heteroleptic complexes using various
types of chelating ligands have attracted considerable attention because of their potential
applications as photo- and electro-catalysts for CO, reduction, photoactivable CO-releasing
molecules, and antimicrobial agents.”™® The physiochemical properties of fac-[Mn(CO)s]* core
complexes can be tuned by modulating the chelating ligands either by introducing additional
functional units on the chelating framework or by changing the complete donor motif. For example,
one of the pyridine units in 2,2’-bipyridine, a well-known chelating ligand, can be replaced by five-
membered heterocycle/another coordinating group.*™® Up to now, N~N donor-based chelating units
are frequently used for constructing fac-[Mn(CO)s]" core-based complexes. Due to their importance
in medicinal chemistry and catalysis, efforts are being focused on designing new chelating donors
for fac-[Mn(CO)s]" complexes. We have recently designed and synthesized bis-chelating ligands
Ho-L" (Hz-L' = 1,4-bis(2-(2'-hydroxyphenyl)benzimidazol-1-ylmethyl)benzene, Ha-L" = 1,3-bis(2-
(2'-hydroxyphenyl)benzimidazol-1-ylmethyl)-2,4,6-trimethylbenzene, and H,-L* = 1,4-bis(2-(2'-
hydroxyphenyl)benzimidazol-1-yl)benzene), which were utilized for fac-[Re(CO)s]" core- based
neutral heteroleptic supramolecular coordination complexes including helicate (1), mesocate (I1),
molecular tetrahedrons (111), and acyclic binuclear helicates (1V).2>? Incorporating 2-(2'-
hydroxyphenyl)benzimidazole (H,-PB) and its structural analogues may provide strong visible light
absorptions for fac-[Re(CO)s]" complexes. These rhenium(l) tricarbonyl complexes (I, 11, and 1V)
display attractive photophysical properties that include dual emissions (fluorescence and
phosphorescence) in  solid-state and  solution. Extending the use of 2-(2'-
hydroxyphenyl)benzimidazolyl (H-PB)-based bis-chelating ligands to manganese(l)tricarbonyl may

result in structurally similar complexes with different physiochemical properties. It is worth
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mentioning that the use of Hy-PB, 2-(2'-hydroxyphenyl)benzoxazole, 2-(2'-
hydroxyphenyl)benzothiazole and their corresponding bis-chelating ligands with or without spacer
is less common in the preparation of fac—[Mn(CO)s]* complexes.'® This chapter reports a neutral,
heteroleptic acyclic binuclear complex fac—[{Mn(CO)s(Py)}(LY] (1) where Py’ = 4-
dimethylaminopyridine. The complex is synthesized using Ho—L*, Py’, and Mn,CO, via a one-pot
approach. The complex was characterized by elemental analysis, Electrospray ionization-mass
spectrometry (ESI-MS), and spectroscopic techniques (ATR-IR and NMR). The molecular

structure of complex 1 was confirmed by single crystal X—ray diffraction analysis.
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5b.2. Results and Discussions

The treatment of Mn,(CO)10, Ho—L', Py’, trimethylamine N-oxide in dichloromethane under dark
conditions in nitrogen atmosphere resulted in the formation of complex 1 (Scheme 1). The general
synthetic conditions used for preparing fac—[Mn(CO)s]" core-based complexes from Mn,(CO)yo,
oxamide, and ditopic nitrogen donors were followed for complex 1.2° The complex is air-stable,
light-sensitive, and soluble in most of the polar organic solvents. The ATR—IR spectrum of the
complex displayed three strong bands 2014, 1916, and 1886 cm™, corresponding to the stretching

bands of fac-[Mn(CO)3]" unit (Figure 1).
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Scheme 1. Synthetic approach for complex 1.

The *H-NMR spectrum of 1 in CDCl; displayed slightly broad chemical resonances for the protons
of L% and Py’ (Figure 2). The chemical resonances in region 7.5-7.00 ppm were complicated due to
the overlapping protons of L~ motif. An attempt was made to assign the proton signals using the
'H-'H COSY spectrum of 1. Though complete assignment of protons of 1 was not successful, the
chemical resonances of protons of Py’ were noticeably unambiguous. The H? and H® protons of Py’

in 1 are slightly upfield shifted compared to that of uncoordinated Py’.
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Figure 1. ATR-IR spectrum of complex 1.
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Figure 2. "H NMR spectra of Hy-L* (blue), Py’ (red), and 1 (green) in CDCl; (*indicates CDCls
peak).
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These protons of the complex, in general, are expected to shift downfield because of the close
proximity to the coordinated nitrogen atom. The results suggest that these protons lie above or close
to the aromatic unit in the complex and experience the ring current effects. Further, an intense single
peak (~7.7 ppm) of protons of the phenylene ring of Ho—L was not observable in a similar region for
the complex. However, peaks of the other protons of L* were observed with or without
downfield/upfield shifts compared to those of Ho—L*. The results indicate that the phenylene protons
split into two chemical resonances and merged with other peaks in 1. The results indirectly suggest
that the molecular structure of 1 remains intact in the solution. The *C-NMR spectrum of 1
displayed two signals around 200 ppm, corresponding to the carbonyl carbon atoms of the complex

(Figure 3).
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Figure 3. ?C-NMR spectrum of 1 in CDCl;.
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The formation of 1 was confirmed by ESI-MS that showed a molecular ion peak at m/z 1015.1697

for [1 + H]". The experimental isotope pattern of 1 matches the theoretical values (Figure 4).

1015.1697

1016.1713

1017.1727
1 1018.1749

1015.1803

1016.1836

1017.1869
1018.1903

1014 1016 1018 1020 m/z

Figure 4. Experimental (blue) and calculated (red) ESI-TOF mass spectra of [1 + H]".

Single crystals of 1 suitable for X—ray diffraction analysis were obtained by slow diffusion
of n-hexane into its dichloromethane solution. The asymmetric unit of 1 contains half of the
complex. The solvent molecules present in the crystal lattice of 1 were squeezed due to the severe
disorder of atoms. The molecular structure of 1 contains two fac—[Mn(CO)s]" cores, one L, and
two Py’ motifs (Figure 5). The metal center in the complex adopts distorted octahedral geometry
with a C3N,O environment. The metal core is surrounded by anionic [N*O7], one neutral N atom
from Py’, and three carbonyl carbon atoms. The L?~ motif acts as bis-chelating donors using its two
phenolato-benzimidazolyl (PB™) motifs and bis-chelated two Mn(l) cores. Two chelating motifs of
L in the complex adopt a trans—conformation mode. The chelating motif (phenolato-
benzimidazolyl) deviated from the plane of the central arene core with the dihedral angle of ~66°.

The axially coordinated Py’ unit bowed towards benzimidazolyl core of L>™ (dihedral angle = ~64°).
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The —NMe, motif is coplanar with a pyridine ring in the complex. The two Py’ units in 1 acquire

trans-conformation to each other.

Figure 5. Molecular structure of 1 (i) an ORTEP drawing (thermal ellipsoids drawn to 50%

probability); Side view of 1, (ii) capped—stick model, (iii) space—fill view.

The overall arrangement of L> and Py’ units in the complex results in the helical structure.
It is important to mention that a similar helical arrangement of the ligands was also observed in
Re(1) analogues (1V).?* The bonding parameters of 1 are compared with V. The Mn---Mn distance
in 1 is ~13.60 A that is slightly shorter than that found for complex 1V (Re---Re = ~13.85 A). The
bond distances (Mn—N(L%), Mn—N(Py’), Mn—0O, and Mn—C) are slightly shorter than those found
for complex 1V (Table 1).2* A similar observation is found for the several fac—[Mn(CO)s]* based
metallacycles compared to those of complex 1V. Further, the C5—-04 distance (~1.325 A) in 1 is
slightly shorter than that found in neutral 2-(2’-hydroxyphenyl) benzimidazole (C—O = ~1.344 A).?°

The parameter indicates that O4 has a phenolato character in complex 1. Therefore, the interaction
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between Mn—0O4 may be considered as ionic in nature in the complex.
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Figure 6. Partial packing diagram of 1 showing five molecules. In (a) and (b), the middle molecule
is same. (a) Intermolecular H—bonding interactions observed between the phenylene units of L% to
the oxygen of the phenolate unit of the neighbouring molecule (pink circles). H—atoms except for
phenylene units and one CO are removed for clarity. (b) Intermolecular H—bonding contacts
between the benzimidazolyl of L>™ to the oxygen atom of the neighboring C=0 (yellow circles).

All carbonyl units are shown as stick models.

The crystal structure of 1 was stabilized by various types of non—covalent contacts (Figure 6). In
particular, the intermolecular hydrogen bonding interactions were observed between the phenylene
unit of L> to the oxygen of the phenolate unit i.e., coordinated oxygen atom, of the neighbouring
molecule (d(A), C16—H---04: H---A= ~2.52, D---A = ~3.2915 and ~/C16—H---04 = ~140°).

This interaction is extended in the crystal structure in both directions. Further, the hydrogen atom of
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benzimidazolyl contacts with the oxygen atom of the carbonyl unit of the neighbouring molecule (d
(A), CL0—H---02: H---A= ~2.53, D---A = ~3.448 and ~ZC10—H---02 = ~167°), resulting in the
extended network structure. Dimethylaminopyridine unit of one molecule interacts with the
aromatic unit of the adjacent molecule via non-covalent interactions. The methyl group of Py’
interacts with the benzimidazolyl core of L®via C—H---r contacts (d (A): C23(H)--C12/C13 =
~3.419/~3.463 A). Also, the pyridine unit of Py’ interacts with the phenolato unit of L* through

C—H---minteractions (d (A): C17(H)---C6/C1 = 3.347/3.540 A).

Table 1. Selected bond lengths of 1 and 1V (A).

1 v
M---M ~13.605 ~13.854

M-0 1.991 (3) 2.110(6)

M-N(L%) 2.056 (3) 2.171(8)

M-N(Py") 2.079 (4) 2.173(11)
N(L?)-M-C 1.817 (5) 1.905(11)
N(Py')-M-C 1.812 (6) 1.897(17)
N(L*)-M-C=0 1.141 (5) 1.160(13)
N(Py’)-M-C=0 1.136 (6) 1.155(18)
O(L*)-M-C 1.780 (5) 1.887(12)
O(L*)~-M-C=0 1.164 (6) 1.180(16)
04—C5 1.325 (5) 1.321(11)
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5b.3. Experimental Section

General Data

Mn,(CO)19, 4—dimethylaminopyridine (Py’), trimethylamine N-—oxide, o-phenylenediamine, 2-
hydroxybenzaldehyde, cesium carbonate, copper iodide, 1,10-phenanthroline, hexane, and
dichloromethane were obtained from commercial sources and used as received. The ligand Ho—L*
was synthesized by the previously reported method.?® Elemental analysis was performed on Flash
EA 1112 series CHNS analyzer. ATR-IR spectrum was recorded on a Nicolet iS5 IR
spectrophotometer. A high resolution mass spectrum (HR—MS) was measured on a Bruker maXis

mass spectrometer. NMR spectra were recorded on Bruker Avance 111 400 MHz instrument.

Synthesis of fac-[{Mn(CO)s(Py")}(LH] (1).

A mixture of Mn,(CO)yo (100.3 mg, 0.256 mmol), H—L! (126.6 mg, 0.256 mmol), Py’ (62.4 mg,
0.512 mmol), and trimethylamine N-oxide (78.0 mg, 1.024 mmol) was taken in the Schlenk
complex equipped with a magnetic bar. The system was purged with nitrogen gas using the Schlenk
line. To the mixture, freshly distilled dichloromethane (25 mL) was added. The reaction was
performed under dark conditions and allowed to stir at room temperature (~28 °C) for 72 h. The
color of the reaction mixture changed from yellow to brown. The brown solution was extracted
using water (20 mL x 3) to remove the unreacted trimethylamine N-oxide. The resulting organic
solution was concentrated using a rotary evaporator. The mustard yellow powder obtained was
washed with hexane several times and air-dried. Yield: 164 mg, 63 % (based on Mny(CO)1p). X-ray
quality crystals were obtained by diffusion of hexane to dichloromethane solution of the complex.
Anal.Calcd.for Cs,H4oNgOsMn,: C, 61.55; H, 3.97; N, 11.04. Found: C, 61.45; H, 3.91; N, 11.09.
ATR-IR (vmad/cm™): 2014, 1916, 1886 (CO). ESI-MS. Calcd. for Cs,HaoNgOsMn, [1 + H]*: m/z
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1015.1803, found: m/z 1015.1697. *H-NMR (400 MHz, CDCls): § 8.15-8.11 (m, 5H, H?, H(L*),
7.85 (d, J = 8.4 Hz, 2H, H"), 7.33-7.00 (m, H(L%), 6.66 (t, 2H, H(L>), 6.28 (m, 6H, H°, H(L?),

2.93 (d, J = 2.7 Hz, 12H, -N(CHy),).

X-ray crystal data for 1. Single crystal X-ray data of crystal of 1 was collected on a Rigaku
oxford XtalLAB Synergy [Amo-ka = 0.72073 A]. The crystal structure of 1 was solved by direct
methods using SHELXS-2014/5 (Sheldrick 2014) and refined using the SHELXL-2018/3
(Sheldrick, 2018) program (within the WinGX program package).?? Non—H atoms were refined
anisotropically. Cs;H40NgOsMn,, M = 1014.80, tetragonal, space group | 41/a,T = 293 K, unit cell:
a=b=18.2376(3) A, c = 33.9154(9) A, p = 90°, V = 11280.6(5) A®, Z = 8, un = 0.502 mm ™, D, =
1.195 g cm™, F(000)= 4176, @ range for data collection, 1.984 to 26.235°, limiting indices,
—20<=h<=22, —22<=k<=21, —42<=I<=39, reflections: 27067 collected, 5465 independent (Ri; =
0.0523), completness to Grax, 1; refinement method, full-matrix least-squares of F (5465 data, 0
restraints, 316 parameters); final indices for | > 2o(l), Ry = 0.0747, wR, = 0.2471; final indices for
all data, Ry = 0.1059, wR, =0.2785; GOF on F?, 1.017; largest diff. Peak hole, 1.274 and —0.628

e A,
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5b.4. Conclusion

A neutral heteroleptic fac—[Mn(CO)3]" core—based dinuclear complex 1 was synthesized
using the combination of Mny(CO)1, 1,4-bis(2-(2'-hydroxyphenyl)benzimidazol-1-
yl)benzene and 4-dimethylaminopyridine in a one-pot approach. The complex adopts a
helical structure in the solid state. The work facilitates the design of manganese(l)
carbonyl—based dinuclear complexes with functional groups such as esters and ethers on the
benzimidazolyl or arene spacer motif. The preparation of supramolecular coordination
complexes using H,-L and neutral ditopic nitrogen donor  possessing

benzimidazolyl/substituted benzimidazolyl motif is currently progress in our laboratory.

187



5b.5. References

1. (a) I. Chakraborty, S. J. Carrington, P. K. Mascharak, Acc. Chem. Res. 2014, 47, 2603; (b) I.
Chakraborty, S. J. Carrington, P. K. Mascharak, ChemMedChem 2014, 9, 1266; (c) J. Jimenez, I.
Chakraborty, A. Dominguez, J. Martinez-Gonzalez, W. M. C. Sameera, and P. K. Mascharak,
Inorg. Chem. 2018, 57, 1766; (d) I. Chakraborty, S. J. Carrington, G. Roseman, P. K. Mascharak,
Inorg. Chem. 2017, 56, 1534; (e) S. J. Carrington, 1. Chakraborty, P. K. Mascharak, Dalton Trans.
2015, 44, 13828; (f) M. A. Gonzalez, M. A. Yim, S. Cheng, A. Moyes, A. J. Hobbs, P. K.
Mascharak, Inorg. Chem. 2012, 51, 601; (g) M. N. Pinto, I. Chakraborty, J. Jimenez, K. Murphy, J.
Wenger, P. K. Mascharak, Inorg. Chem. 2019, 58, 14522; (h) K. J. Kadassery, S. N. MacMillan, D.
C. Lacy, Inorg. Chem. 2019, 58, 10527.

2. U. R. Gandra, A. Sinopoli, S. Moncho, M. NandaKumar, D. B. Ninkovi¢, S. D. Zari¢, M. Sohail,
S. Al-Meer, E. N. Brothers, N. A. Mazloum, M. Al-Hashimi, H. S. Bazzi, ACS Appl. Mater.
Interfaces 2019, 11, 34376.

3. (a) M. Tinajero-Trejo, N. Rana, C. Nagel, H. E. Jesse, T. W. Smith, L. K. Wareham, M. Hippler,
U. Schatzschneider, R. K. Poole, Antioxidants and Redox signaling 2016, 24, 765; (b) W. Huber, R.
Linder, J. Niesel, U. Schatzschneider, B. Spingler, P. C. Kunz, Eur. J. Inorg. Chem. 2012, 3140; (c)
J. Niesel, A. Pinto, H. W. P. N'Dongo, K. Merz, I. Ott, R. Gust, U. Schatzschneider, Chem.
Commun. 2008, 1798; (d) F. Mohr, J. Niesel, U. Schatzschneider, C. W. Lehmann, Z. Anorg. Allg.
Chem. 2012, 638, 543; () W. C. Henke, C. J. Otolski, W. N. G. Moore, C. G. Elles, J. D.
Blakemore, Inorg. Chem. 2020, 59, 2178.

4. S. Pai, M. Hafftlang, G. Atongo, C. Nagel, J. Niesel, S. Botov, H. Schmalz, B. Yard, U.
Schatzschneider, Dalton Trans. 2014, 43, 8664.

5. (a) S. Karthikeyan, R. Nagarajaprakash, G. Satheesh, C. A. Kumar, B. Manimaran, Dalton Trans

2015, 44, 17389; b) C. A. Kumar, R. Nagarajaprakash, W. Victoria, V. Veena, N. Sakthivel, B.
188



Manimaran, Inorg. Chem. Commun. 2016, 64, 39.

6. P. P. Mokolokolo, A. Frei, M. S. Tsosane, D. V. Kama, M. Schutte-Smith, A. Brink, H. G.
Visser, G. Meola, R. Alberto, A. Roodt, Inorg. Chim. Acta 2018, 471, 249.

7. A. M. Mansour, Appl. Organomet. Chem. 2017, 31, 3564.

8. U. Sachs, G. Schaper, D. Winkler, D. Kratzert, P. Kurz, Dalton Trans 2016, 45, 17464.

9. E. Kottelat, V. Chabert, A. Crochet, K. M. Fromm, F. Zobi, Eur. J. Inorg. Chem. 2015, 5628.

10. R. Sakla, A. Singh, R. Kaushik, P. Kumar, D. A. Jose, Inorg. Chem. 2019, 58, 10761.

11. E. Ustiin, A. Ozgiir, K. A. Coskun, S. Demir, I. Ozdemir, Y. Tutar, J. Coord. Chem. 2016, 69,
3384.

12. M. Hu, Y. Yan, B. Zhu, F. Chang, S. Yu, G. Alatan, RSC Adv. 2019, 9, 20505.

13. H. G. Daniels, O. G. Fast, S. M. Shell, F. A. Beckford, J. Photochem. Photobio. A Chem. 2019,
374, 84.

14. A. M. Mansour, A. Friedrich, Polyhedron 2017, 131, 13.

15. M. McKinnon, K. T. Ngo, S. Sobottka, B. Sarkar, M. Z. Ertem, D. C. Grills, J. Rochford,
Organometallics 2019, 38, 1317.

16. (a) B. Ramakrishna, D. Divya, P. V. Monisha, B. Manimaran, Eur. J. Inorg. Chem. 2015 5839;
(b) D. Divya, R. Nagarajaprakash, P. Vidhyapriya, N. Sakthivel, B. Manimaran, ACS Omega 2019,
4,12790.

17.J. S. Ward, J. M. Lynam, J. Moir, I. J. S. Fairlamb, Chem. Eur. J. 2014, 20, 15061.

18. A. M. Mansour, O. R. Shehab, J. Organomet. Chem. 2016, 822, 91.

19. D. Musib, Md K. Raza, Kh. Martina, M. Roy, Polyhedron 2019, 172, 125.

20. (a) B. Shankar, S. Sahu, N. Deibel, D. Schweinfurth,B. Sarkar, P. Elumalai, D. Gupta, F.
Hussain, G. Krishnamoorthy, M. Sathiyendiran, Inorg. Chem. 2014, 53, 922; (b) R. Arumugam, B.

Shankar, K. R. Soumya, M. Sathiyendian, Dalton Trans. 2019, 48, 7425; (c) M. Bhol, M.

189



Priyatharsini, R. V. Krishnakumar, M. Sathiyendiran, J. Organomet. Chem. 2019, 889, 27.
21. 1. Mishra, M. Priyatharsini, M. Sathiyendiran, J. Organomet. Chem. 2020, 927, 121521.
22. (a) G. M. Sheldrick, A short history of SHELX, ActaCrystallogr. 2008, A64, 112-122; (b) L. J.
Spek, Single-crystal structure validation with the program PLATON, Appl. Crystallogr. 2003, 36,

7-13.

190



Publications

1. Mishra, 1.; Sathiyendiran, M. Luminescent [fac-Re(CO)3;-NNO-phenylimidazole]
complexes with parallel arrangement of twisted ligand motifs, J. Organomet. Chem.
2019, 895, 1-6.

2. Mishra, 1.; Priyatharsini, M.; Sathiyendiran, M. Rhenium(l) complexes from 2-(2’-
hydroxyphenyl)benzimidazolyl based bis-chelating ligand and 4-(amino)pyridine/4-
(dimethylamino)pyridine, J. Organomet. Chem. 2020, 927, 121521.

3. Mishra, I.; Priyatharsini, M.; Sathiyendiran, M. Synthesis and characterization of
binuclear manganese carbonyl complex of 1,4-bis(2-(2'-hydroxyphenyl)benzimidazol-1-
yl)benzene and dimethylaminopyridine, J. Organomet. Chem. 2021, 949, 121934.

4. Priyatharsini, M."; Mishra, L."; Shankar, B.; Rajaputi, N. S.; Krishnakumar, V.;
Sathiyendiran, M. fac-Re(CO); core-based complex featuring benzimidazole as pendant
motif from hydroxyquinoline and pyridylbenzimidazole, J. Organomet. Chem. 2021,
953, 122052. (" Equal Contribution)

5. Mishra, 1."; Bhol, M." Palanisamy Kalimuthu, and Malaichamy Sathiyendiran.
Emerging Spacers-Based Ligands for Supramolecular Coordination Complexes, Chem.
Rec. 2021, 21, 1-22. (" Equal Contribution)

6. Soumya, K. R."; Mishra, I."; Kedia, M."; Phukon, U."; Borkar, R."; Sathiyendiran, M.
Rhenium (I)-based supramolecular coordination complexes: Synthesis and functional
properties. In Supramolecular Coordination Complexes Design, Synthesis and
Applications; Shanmugaraju. S., Eds., Elsevier, 2022. (" Equal Contribution)

7. Kedia, M.; Soumya, K. R.; Phukon, U.; Mishra, I.; Borkar, R. L.; Vengadeshwaran, P.
Bhol, M.; Sathiyendiran, M. A double ouroboros-shaped noncovalent molecular dimer,
CrystEngComm 2023, 25, 2518 - 2522.

8. Mishra, I.; Shankar, B.; Sathiyendiran, M. Fluorine assisted self-assembly approach for
tubular architecture of cyclic trinuclear rhenium(l)-fluorothiabendazolate complex,
Dalton Transactions (Under revision).

9. Mishra, 1.; Shankar, B.; Sathiyendiran, M. Flexible Coordination Cages with Polarized
C—H donors for the Recognition of Spherical and Linear Anions (To be communicated).



Presentations

1. Poster: “Light emitting heteroleptic rhenium complexes” in Chemfest 2018 (In-house
symposium) at University of Hyderabad.

2. Poster: “fac-Mn(CO); core based neutral dinuclear complexes” in Chemfest 2019 at (In-
house symposium) University of Hyderabad.

3. Poster: “Dinuclear Rhenium (1) Acyclic complexes: Photophysical and Electrochemical
studies” in Chemfest 2020 (In-house symposium) at University of Hyderabad.

4. Oral and Poster: “Rhenium(l) based Metallocage and Tubes” in Chemfest 2023 at
University of Hyderabad. (Best oral presentation)



Rhenium(l)/Manganese(l)-based
Supramolecular Cages, Tubes
and Acyclic Complexes

by Isha Mishra

Submission date: 14-Jun-2023 09:47PM (UTC+0530)
Submission ID: 2116043666

File name: Isha_Mishra.pdf (649.25K)

Word count: 15090

YEA
Character count: 82733 /\1 ) )/ \

(/  Librarian /

lnd\ra Gandhi Memonal m

UN ‘VFRSITY OF HYD
fral Umverqa *

) ABAD-S




Rhenium(l)/Manganese(l)-based Supramolecular Cages, Tubes
and Acyclic Complexes

ORIGINALITY REPORT

34, 6. 34 O

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

Isha Mishra, Malaichamy Sathiyendiran. 1 4%
"Luminescent [fac-Re(CO)3-NNO-
phenylimidazole] complexes with parallel %

Dr. M.Sat xyenduan
arrangement of twisted ligand motifs", Journal  _ Frofessor

Chemistry
Univ f Hyderahad
81; IQrganometalllc Chemistry, 2019 , Hfde&?a‘é’i‘;m yder
ublication de

Isha Mishra, Maruthupandiyan Prlyatharsml 9%
Malaichamy Sathiyendiran. "Synthesis and
characterization of binuclear manganese

carbonyl complex of 1,4-bis(2-(2'- i s O
hydroxyphenyl)benzimidazol-1-yl)benzene DPr M Sathiyendiran

Professor

and dimethylaminopyridine”, Journalof oo o Chemistry

University of Hyderabad

Organometallic Chemistry, 2021 Hyderabad - 500 046, India

Publication

Submitted to University of Hyderabad, 4
%
Hyderabad

Student Paper

Isha Mishra, Maruthupandiyan Priyatharsini, 2%
Malaichamy Sathiyendiran. "Rhenium(l)

complexes from 2-(2- g R

Dr. \ASf\thl\e diran

Professor
thulth AMis m .
University © { Hy Ll ![

Hyderabad - :\Il ) f



hydroxyphenyl)benzimidazolyl based bis-
chelating ligand and 4-aminopyridine/4-
dimethylaminopyridine”, Journal of

Organometallic Chemistry, 2020
Publication

Isha Mishra, Maruthupandiyan Priyatharsini, 1 %
Malaichamy Sathiyendiran. "Rhenium(l)

complexes from 2-(2'-

hydroxyphenyl)benzimidazolyl based bis- e
chelating ligand and 4-(amino)pyridine/4- fo“ M%athiymm

‘ i idi ’ Professor
(dimethylamino)pyridine", Journal of . R
University of Hyderabad

Organometallic Chemistry, 2020 Hyderabad - 500 046, I

Publication

B2

medworm.com <1
Internet Source %
WWW.resea rchgate.net

7 Internet Source < 1 %

Sathiyendiran Malaichamy, Upasana Phukon, <1 ot
Bhaskaran Shankar. "Self-assembly of new

class of rhenium(l)-based double stranded

dinuclear monohelicates with their

photophysical and electrochemical studies”,

Dalton Transactions, 2022

Publication

Moon Kedia, Bhaskaran Shankar, Malaichamy <1

. : ; %
Sathiyendiran. "Rhenium(l)-Based Neutral
Coordination Cages with a Spherical Cavity for
Selective Recognition of Fluoride", Inorganic



Chemistry, 2022

Publication

K.R. Soumya, Moon Kedia, Malaichamy
Sathiyendiran. "Rhenium(l)tricarbonyl M2CI2L-
type metallocycles from flexible ditopic
benzimidazolyl donors", Journal of
Organometallic Chemistry, 2023

Publication

Palanisamy Rajakannu, Bhaskaran Shankar,
Anju Yadav, Ramasamy Shanmugam et al.
"Adaptation toward Restricted
Conformational Dynamics: From the Series of
Neutral Molecular Rotors", Organometallics,
2011

Publication

pubs.acs.org

Internet Source

14

<Tw

K. R. Soumya, Ramar Arumugam, Bhaskaran
Shankar, Malaichamy Sathiyendiran. "Sulfate
Donor Based Dinuclear Heteroleptic Triple-
Stranded Helicates from Sulfite and Ditopic
Nitrogen Donor Ligands and Their
Transformation to Dinuclear Homoleptic
Double-Stranded Mesocates", Inorganic
Chemistry, 2018

Publication

Mamina Bhol, Bhaskaran Shankar,
Malaichamy Sathiyendiran. "Rhenium(l)-Based



Heteroleptic Pentagonal Toroid-Shaped
Metallocavitands: Self-Assembly and
Molecular Recognition Studies", Inorganic
Chemistry, 2022

Publication

PounraJ Thanasekaran Cheng-Hua Lee, <1 "
Kuang-Lieh Lu. "Neutral discrete metal-

organic cyclic architectures: Opportunities for
structural features and properties in confined

spaces", Coordination Chemistry Reviews,

2014

Publication

Bhaskaran Shankar, Ramar Arumugam, Palani <1 %
Elumalai, Malaichamy Sathiyendiran.
"Rhenium(l)-Based Monocyclic and Bicyclic

Phosphine Oxide-Coordinated

Supramolecular Complexes”, ACS Omega,

2016

Publication
m.s?usgi.nlm.nih.gov <1 "
I\il\:g:eltds\;\:igescience.org | <1 "
Y Isha Mishra, Mamina Bhol, Palanisamy <1 i

Kalimuthu, Malaichamy Sathiyendiran.
"Emerging Spacers - Based Ligands for

- g " )
Supramolecular Coordination Complexes”, . S

The Chemical Record, 2021 " e o/
Jrole
School of Chemistry
University of Hy ‘derabad
Hvder'ib’\d 500 046, India.



Publication

Bhaskaran Shankar, Palani Elumalai,
Malaichamy Sathiyendiran. "Synthesis of a
polynuclear complex possessing four spatially
arranged rhenium units", Inorganic Chemistry
Communications, 2013

Publication

K.R. Soumya, Isha Mishra, Moon Kedia,
Upasana Phukon, Reema Borkar, Malaichamy
Sathiyendiran. "Rhenium (I)-based
supramolecular coordination complexes:
Synthesis and functional properties", Elsevier
BV, 2023

Publication

Xian-Lan Hong, Yi-Zhi Li, Jun-Feng Bai. " -
Poly[[aquadipyridinezinc(ll)]-py-benzene-1,4-
dioxyacetato] ", Acta Crystallographica
Section E Structure Reports Online, 2005

Publication

docksci.com

Internet Source

P

www.science.gov
24 .
nternet Source

Exclude quotes n Exclude matches

Exclude bibliography



