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SUMMARY 

 

Porphyrins are tetrapyrrolic macrocycles that contain 16 atoms in the inner core with 

18π electrons in their conjugated pathway and follow Hückel aromatic character. By 

reducing or augmenting an atom in the inner core leads to formation of contracted or 

expanded porphyrinoids. Usually, the contracted derivatives are utilized for stabilizing 

higher oxidation state of metal ions, whereas the expanded analogues are exploited for 

aromatic – antiaromatic switching, structural diversity and stabilizing multi-metal ions 

in the macrocyclic core. By substituting one or more pyrrole units by polycyclic 

aromatic units such as arene / pyridine unit led to carba / pyriporphyrinoids, which are 

mainly exploited to study weak metal-arene interactions and stabilization of 

organometallic complexes. This thesis is mainly focuses on such analogs. It highlights 

syntheses, conformation, aromaticity and coordination chemistry of various contracted 

and expanded porphyrin analogues with thorough spectral studies and confirmed by 

crystal analyses. The first chapter describes the comprehensive literature survey of 

arene / pyridyl unit incorporated contracted, normal and expanded porphyrinoids. The 

second chapter deals with coordination chemistry of monoanionic bipyridyl corrole; 

especially RhIII and IrIII metal ions. The synthesis of [3.3.1]carbatriphyrin and structural 

characterization of respective calix analog as discussed in third chapter. The fourth 

chapter outlines synthesis of the simplest expanded porphyrin such as Homoporphyrin, 

where the macrocycle adopts Möbius aromatic character in (a) freebase; (b) protonated 

and (c) metal ion insertion. The fifth chapter reports on synthesis of innovative 

isosmaragdyrin(1.1.1.0.0) with a N3C2 core and further exploits the coordination 

chemistry of RhI and organo-PtII complexes. The PtII complex forms an unsymmetrical 

pincer type complex inside the macrocyclic core. The sixth chapter demonstrates the 
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synthesis of (m-m-m)terphenyl embedded carbadecaphyrin with open framework and 

stabilizes bis-RhI metal ions in the core. 
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1.1 Porphyrins 

Porphyrins (1) are tetrapyrrolic macrocycles and connected by four methine carbons.1 

These are found most of the biological systems such as hemoglobin, chlorophyll etc 

and due to this ubiquity, it termed as "pigments of life".2 The derivatives of porphyrins 

play a pivotal role in numerous biological functions such as; i) oxygen transport and 

storage by hemoglobin and myoglobin; ii) electron transport processes mediated by 

cytochromes and iii) the light energy harvesting for photosynthetic process, a) in green 

plants as chlorophylls and b) in bacteria as bacteriochlorophyll.3 In addition, it has also 

been validated that porphyrin can act as efficient photosensitizers for photodynamic 

therapy4,5 and found applications in many research fields outspreading from biology, 

material sciences, electronics, catalysis to medicine.1 

Porphyrins are highly conjugated 22 π electronic systems in the comprehensive 

conjugation pathway, while the shortest conjugation pathway comprises with 18 π 

electrons.1 Therefore, the macrocycle adapts [4n+2]π Hückel rule and emerges as 

aromatic molecule. The general molecular formula of porphyrin is C20H14N4 and the 

inner core of the macrocyclic framework contains 16 (C/N) atoms.1 The name 

“porphyrin” stem from the Greek word "porphyra" which means purple color. Utmost 

of the naturally obtain porphyrin dyes are purple in color. Porphyrin is a dianionic 

tetradentate square planar ligand with D2h symmetry. The macrocycle contains two 

imine and two amine nitrogens and the cavity size is ideal to bind almost all metal ions. 

The versatility of porphyrin chemistry has encouraged researchers to synthesize and 

study the innovative porphyrin analogues in last three decades.1, 6-7 
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The electronic absorption spectra were decisively used to characterize porphyrin 

macrocycle. Around 400 nm, a strong and sharp band is observed along with high value 

of molar extinction coefficients (~ 105 M-1cm-1). This band is known as Soret or B band. 

The other four weak bands are appeared in the range of 450-700 nm and called as Q 

bands (Figure 1.1). The metal ion insertion leads to change in symmetry from D2h to 

D4h, thus the decrease the number of Q bands from four to two. Such significant change 

in optical spectra aids to distinguish free base porphyrin and its coordinated complex. 

 

Figure 1.1: Typical UV-visible absorption spectrum of porphyrins 

The electronic absorption spectral pattern of porphyrin follows a renowned Gouterman 

four orbital model (Figure 1.2) about the electronic transitions from So→Sn.
8 As per the 

model, there are two sets of degenerate orbitals, one is the highest occupied molecular 

orbitals (HOMO) and another is the lowest unoccupied molecular orbital (LUMO). The 

HOMO are labeled as a2u, a1u and the LUMO are egx, egy respectively. Electronic 

transitions among a2u→egx and a1u→egy are optically allowed transitions, which 

generates Soret band with high molar extinction coefficient. Whereas, the cross 
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transitions between a2u→egy and a1u→egx are optically forbidden transitions, produces 

Q-bands with less molar extinction coefficient. 

 

Figure 1.2: Frontier molecular orbital of porphyrin molecule 

1.2 Nomenclature: 

As per the convention, the 2- and 5-positions of five-membered heterocycles (pyrrole, 

furan and thiophene etc) denoted as the alpha () positions, whereas the 3- and 4-

positions are commonly mentioned as the beta (β) positions. The same nomenclature 

are used when these heterocycles are incorporated into the porphyrin structure. 

Therefore, the 1-, 4-, 6-, 9-, 11-, 14-, 16-, 19-positions of a porphyrin system are 

reffered as  positions while 2-, 3-, 7-, 8-, 12-, 13-, 17- and 18- are termed as β 

positions. The bridging atoms which connect the heterocyclic units are entitled as 

“meso”. Hence, the 5-, 10-, 15- and 20-positions of a porphyrin ring are termed as the 

meso-positions (Figure 1.3). 
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Figure 1.3: Nomenclature of porphyrin molecule 

With the progress in porphyrin chemistry, several complexities arose while doing 

nomenclature of the porphyrin molecule according to IUPAC norms, thus to overcome 

trivial names were allotted by their discoverers. These names are created based on the 

colour or other characteristics of the macrocycle, followed by the suffix “phyrin” or 

“rin” taken from the parent porphyrin macrocycle. Woodward and co-workers initiated 

this trend by assigning the name “sapphyrin” to a pentapyrrolic macrocycle, as the 

molecule crystallizes as dark blue solid.9 Correspondingly, many molecules were 

named akin to prior fashion, e.g rubyrin (red-coloured). Later on, the nomenclature 

were adopted based on the following three essential parts: (1) the total number of π 

electrons in the shortest conjugation pathway denoted in square brackets (2) a core 

name representing the number of pyrroles or other heterocycles in the complete systems 

[e.g., pentaphyrin (with five pyrroles), hexaphyrin (with six pyrroles), heptaphyrin 

(with seven pyrroles) etc.] and (3) numbers in round brackets separated by dots 

subsequent to the main name, instruct the number of meso carbon atoms present 

between each pyrrole / heterocyclic ring and always it commences with the largest meso 

carbon bridge. For example, as per this nomenclature procedure, porphyrin 1 would be 

named as [18]tetraphyrin(1.1.1.1). 
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1.3 Synthesis  

In 1935, porphyrin 1 (Scheme 1.1a) was first synthesized by Rothemund,10 by 

condensation of pyrrole and aldehydes in methanol at different temperatures. 

Subsequently, various improved synthetic methodologies have been established, i) 

Adler and Longo developed a synthetic process by the condensation of pyrrole and 

benzaldehyde in propionic acid in the presence of air under reflux condition (Scheme 

1.1b);11 and ii) Lindsey and co-workers reported the synthesis of porphyrin in good 

yields by the protic or Lewis acid-catalyzed condensation of pyrrole and aryl aldehydes 

followed by oxidation with chloranil or 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

(DDQ) (Scheme 1.1c),12  

 

Scheme 1.1: One-pot synthesis of porphyrin (1). 

1.4 Modifications of porphyrins 

The intrinsic properties of porphyrin prompted to explore different porphyrinoids with 

distinct type of modifications in the core as well as periphery for various applications. 

Such porphyrinoids are listed below (Figure 1.4): (a) Peripheral modification: 

Substituents are introduced at the peripheral β-carbon atom and / or meso-carbon 

bridges;13-15 (b) Contracted porphyrinoids: decreasing the number of pyrrole and / or 
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meso-carbon in the porphyrin skeleton, which forms contracted porphyrin;16-18 (c) N-

confused porphyrinoids: instead of α connection, β position of one or more pyrrole units 

are connected to the meso-carbon bridges;19-20 (d) Core-modified porphyrinoids: one or 

more pyrrole nitrogen atoms are replaced by chalcogen atoms, generates core-modified 

porphyrinoids;21-22 (e) Expanded porphyrinoids: Increment of the π electronic 

conjugation in the porphyrin framework by augmenting one or more pyrrolic/ 

heterocyclic rings or number of meso carbon units leads to formation of expanded 

porphyrinoids.23-24  

 

 

 

 

 

Figure 1.4: Modifications of Porphyrinoids. 

As this thesis is mainly focused on the syntheses, spectral, structural characterization 

and coordination chemistry of arene / pyridine unit incorporated contracted as well as 

expanded porphyrinoids and all aza homoporphyrinoids, the brief introduction about 

these porphyrinoids and its analogues are highlighted in the respective chapters. Hence, 

this chapter describes the brief literature survey on contracted and expanded 

porphyrinoids. 
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1.4.1 Contracted porphyrins  

The contracted porphyrin has smaller internal cavity compared to normal porphyrin 

frame work with one meso-carbon / pyrrole rings less in their macrocyclic core. Among 

the contracted porphyrinoids, corroles (2) and subporphyrins (3) (Figure 1.5) are well 

known and further discussed below. 

 

Figure 1.5: Contracted porphyrinoids. 

1.4.2.1 Corroles 

The research on contracted porphyrins was initiated after the structural characterization 

of vitamin B12, which exposed the presence of a naturally occurring macrocycle, corrin. 

The structure of corrin ring is similar to porphyrin framework, however, one meso 

carbon less in its core.25 After successful structural elucidation of Vitamin B12, 

remarkable efforts were devoted to develop efficient synthetic methodologies for such 

molecule.26 Subsequently, in the year 1960, a series of metallic derivatives of 

pentadehydrocorrins was prepared by Johnson & Price and coined such derivates as 

corroles.27 Later, same group has also demonstrated the synthesis of corrole in its 

freebase form, which is an oxidized form of corrin system and can act as an intermediate 

between porphyrins and corrins.28   The most notable structural difference between 
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porphyrin and corrole is that one meso-carbon less with direct pyrrole-pyrrole linkage 

between two pyrrole rings. Thus, corroles contribute as contracted porphyrinoids in 

porphyrin chemistry.  

1.4.2.1.1 Characteristic properties of corrole 

Corroles (2) are highly stable 18π aromatic systems. The presence of three protons in 

the inner core and behave as trianionic chelating ligands which is contrary to the 

monoanionic corrin and dianionic porphyrin 1. This specific property is exploited 

effectively to stabilize metal ions in higher oxidation state. 

The electronic absorption spectra of corroles exhibit an intense band at around 400 nm 

and weaker bands in the region of 500-600 nm.28 This spectral characteristic resembles 

the B and Q bands of porphyrins. Corroles are fluorescent molecules and the 

luminescence is observed in the region of 600-700 nm with a fluorescence lifetime in 

nanosecond range.29 

Corroles are more acidic in nature than porphyrins. In presence of dilute bases, freebase 

corrole releases a protons and produce monoanionic species to ease out from trianionic 

steric crowding.28 On the other hand, in presence of dilute acids, it forms 

monoprotonated specie.28, 30 Both the monoanionic and monocationic forms of corroles 

sustain the aromaticity. 

1H NMR spectral analysis of corroles exhibit diatropic ring current. The pyrrolic β-

protons and the meso-protons appear in the strongly deshielded region, whereas, inner 

imino protons resonate in the shielded region between -2.00 and -3.00 ppm, as a broad 

singlet. The broadness of peak signifies two reasons: a) presence of non-identical 
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tautomers and b) highly acidic nature of the corrole molecule.31 However, in some cases 

the three different types of NH protons are observed at ~226 K. 

The crystal analyses revealed that the macrocycle is slightly deviated from the planarity 

in order to curtail the steric crowding inside the macrocyclic core.32 Further, one of the 

inner core protons is in the macrocyclic mean plane whereas the other two are above 

and below the plane respectively, which instigate saddling of the pyrrole rings. 

1.4.2.1.2 Synthetic Protocols 

In the year 1965, corrole was first synthesized by Johnson and Kay.28 Since then, 

several synthetic methodologies have been reported to increase the corrole yields. The 

corrole chemistry (2) research received much attention after introducing the proficient 

synthetic methods by different groups, such as Gross et al., Paolesse et al., and Gryko 

et al.33-35 One pot synthetic methodology of Gross et al. is shown in scheme 1.2, where 

pyrrole and aryl aldehyde are condensed to obtain freebase corrole without column 

purification in 11% yield.33 

 

Scheme 1.2: One-pot synthesis of meso-aryl corrole (2). 
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1.4.2.1.3 Metallocorroles 

Trianionic core of corroles encouraged researchers to explore the chemistry of 

metallocorroles shortly after the discovery of the freebase corroles. Due to the lack of 

facile synthetic procedures for the freebase ligands, formation of the metallocorroles 

remained as the herculean task. Fundamentally, there are two methodologies for the 

synthesis of metallocorroles: a) as a metal template for macrocyclization and b) usual 

metal ion inclusion into the corrole cavity, however, choice of the metal ion plays a 

remarkable role in both the cases. 

Metallocorrole chemistry has not yet been enriched like metalloporphyrins, however, 

ample amount of research has been devoted to insert cations in the macrocyclic core. 

Such elements are highlighted in the periodic table (Figure 1.6). 

 

Figure 1.6: Periodic table indicates the elements form metallocorroles. 

Based on metal ion stabilization, the complexes are placed in four different categories 

and shown in Scheme 1.3. Square-pyramidal geometry around the central metal ion is 

the most usual coordination mode of binding by corroles.36 This construct domed type 
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of configuration due to the axial displacement of the central metal atom from the N4 

plane of macrocyclic core. In case of complexes with Cr, Mo, Mn, Fe, Co, Rh, Ge, Sn 

or P have anionic axial ligands such as triphenylphosphine, pyridine or halides (F-, Cl-

, Br-, I-), phenyl, methyl, oxo, nitride and nitrosyl, thus form domed configuration.37, 38 

 

Scheme 1.3: Coordination modes in metallocorroles. 

Another coordination approach is to form hexa-coordinated complex (Scheme 1.3). 

Such octahedral geometry is observed for cobalt(III), aluminium(III), gallium(III) and 

iridium(III) metal complexes with pyridine as axially ligands.39-42 

Certain transition metals and main group metals such as Cu(III), Ag(III), Au(III), 

In(III), As(III), Sb(III), Bi(III) etc form four-coordinated complexes of corroles and 

attain square planar geometry (Scheme 1.3).43-46 Also, Co(III), Mn(III) and Ru(III) 

complexes maintain geometry in absence of any coordinating solvents.28, 47-48 
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Henceforth, corroles were recorded as trianionic and tetradentate ligands. However, 

sporadically behave as oxovandium(IV) and oxotitanium(IV) corrole complexes.49 

The corrole complexes with alkali metals (merely lithium corrole has structurally 

characterized),50 early transition metals (from Group 4 to Group 11, heavier elements), 

main group corroles (Group 13-15, late main group elements), lanthanides (namely 

lanthanum, gadolinium and terbium corroles) and actinide series (namely thorium and 

uranium corroles) were hardly stated.51 Recent advances overcome the obscure 

synthetic processes and make the availability of these air-sensitive complexes. 

1.4.2.2.1 Subporphyrins  

Subporphyrins (3) are the simplest ring contracted porphyrinoids, where three pyrrole 

rings are connected through three meso carbon bridges. As per the nomenclature, these 

can be represented as triphyrin(1.1.1). In 2006, the first subporphyrin, 

tribenzosubporphine 3 was synthesized by the group of Osuka as the B(III) complex 

(Scheme 1.4), under harsh reaction conditions in ~1.4% yield.52 Since then, several 

subporphyrin derivatives were synthesized and studied their unusual properties in 

various fields.53 

 

Scheme 1.4: Synthesis of tribenzosubporphine (3). 
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1.4.2.2.2 Triphyrins  

Subporphyrins with three meso carbons are mostly stabilized as B(III) complex. The 

freebase analogue was reported by introducing additional meso-carbon in the 

macrocyclic core. Thus, the synthesized triphyrin(2.1.1) is relatively stable as compared 

to 3 and its rich coordination chemistry is further exploited. 

The meso-free[14]triphyrin(2.1.1) (4) was synthesized by Yamada and co-workers 

through McMurry coupling reaction. The core was utilized to stabilize Mn(I) (5) and 

Re(I) (6) complexes (Scheme 1.5) and the yield were 80% and 71% respectively.54 

 

Scheme 1.5: Synthesis of 4, 5, 6. 

The same group was also reported ղ5-cyclopentadienyliron(II)–[14]triphyrin(2.1.1) 

sandwich complex (8).55 Dry toluene solution of meso-aryl freebase (7) was treated with 

5 equiv of [Fe(CO)2(Cp)]2 and refluxed for 24 h under argon to obtain 8 in 40-45% 

yield (Scheme 1.6a). 

The Pt(II) (9) and Pt(IV) (10) complexes were further reported by same group. The 

metalation of [14]triphyrin(2.1.1) (7) with PtCl2 under toluene reflux condition afforded 
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platinum(II) complex (9) in 47% yield(Scheme 1.6b). The crystal analysis confirmed 

the complex with a saddle-shaped square-planar coordination structure with two 

pyrrolic nitrogen atoms and two chloride ions. The complex 9 was simply oxidized by 

air to a platinum(IV) complex (10) in 11% yield, where Pt(IV) was coordinated by three 

pyrrolic nitrogen atoms as a tridentate monoanionic cyclic ligand and three chloride 

ions (Scheme 1.6c).56 

 

Scheme 1.6: Synthesis of 7, 8, 9, 10 and 11. 

The same group has also demonstrated the synthesis of Ir(III) triphyrin complex (11).66 

A sandwich complex of iridium(III) benzotriphyrin (11) was synthesized by refluxing 

DMF solution of 7 with [IrCl(cod)]2 (COD = 1,5- cyclooctadiene) to obtain in 46% 

yield. The crystal analysis revealed that the COD ring was converted from 1,5-COD to 

an η1 ,η3 -C8H12 unit as a π-allyl ligand to stabilize Iridium ion in +3 oxidation state 

(Scheme 1.6d).57 
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1.4.3.1 Expanded porphyrins 

Expanded porphyrins are higher analogues of porphyrin with more than 18electrons 

in their shortest conjugated pathway. These are achieved by increasing either the 

number of heterocyclic rings or meso-carbon atoms or both in a fashion that the internal 

ring pathway contains minimum of 17 atoms in the core.24 Research on expanded 

porphyrins gained momentum due to larger internal cavity as compared to porphyrin, 

thus leads to; (i) stabilize multi-metalic complexes; (ii) bind with different anionic and 

neutral substrate and (iii) structural diversity as well as switching of aromaticity. 

In 1966, serendipitous discovery of sapphyrin by Woodward and co-workers embarked 

the chemistry of expanded porphyrin.9 Sapphyrin is a cyclic pentapyrrolic 

macromolecule, where the five units are connected via four meso linkages and one 

direct linkage. Initially (1966–1990), sapphyrins were mainly investigated by Johnson 

and co-workers. Afterward, Vogel and co-workers reported a series of octaphyrin 

derivatives.58 Simultaneously, several expanded porphyrins were mainly reported by 

Sessler & co-workers and Osuka & co-workers during last three decades. These 

analogues received ample attention due to its potential applications in various fields 

such as; (i) MRI contrasting agents; (ii) non-linear optical materials (NLO); (iii) 

photodynamic therapeutic agents (PDT) etc.24 Till now, numerous expanded porphyrins 

are reported in the literature, such as homoporphyrin 12, sapphyrins 13,9 

smaragdyrins,59 pentaphyrins,60 amethyrins 14,61 rubyrins 15,62 hexaphyrins 16,63 

heptaphyrins 17,64 octaphyrins 18,65 nonaphyrins 19,66 turcasarins / decaphyrins 20,67 

dodecaphyrins, hexadecaphyrins, icosapphyrins, tetracosapphyrin and the expanded 

derivative with 96π electrons in the macrocyclic framework. Some of the examples of 

expanded porphyrinoids are shown in Figure 1.7.  
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Figure 1.7: Structures of expanded porphyrinoids. 

1.4.3.2 Expanded carbaporphyrinoids 

 The first expanded carbaporphyrin, benzocarbasapphyrin 23 was reported by T. 

D. Lash.68 Indene dialdehyde 21 was reacted with tetrapyrrole 22 in the presence of 

trifluoroacetic acid followed by oxidation with DDQ to form benzocarbasapphyrin 23 

in 36% yield (Scheme 1.7). The yield was increased to 38% by changing the oxidizing 

agent from DDQ to aqueous ferric chloride under similar reaction condition. The 

compound 23 in freebase form was unstable and gradually decomposed in solution 

state. However, the respective monocationic specie (23.H+) was found to be stable in 

the presence of HCl. The spectral analyses revealed the diatropic ring current, where 
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the inner CH and NH protons were observed at -7.9 ppm (-CH) and -5.1 & -4.4 ppm (-

NH). In addition, the Soret band at 476 nm and Q-bands between 550 and 800 nm 

further supported the aromatic characteristics.  

Scheme 1.7: Synthesis of benzocarbasapphyrin (23). 

1.4.3.2.1 Expanded benziporphyrins 

The first example of an expanded benziporphyrin, dibenzihexaphyrin (1.0.0.1.0.0) (25) 

was reported by Corriu and coworkers.69 The cis- and trans-isomers were synthesized 

by reaction between m-dipyrrolylbenzene (24) and benzaldehyde in refluxing acetic 

acid (Scheme 1.8). To accomplish fully conjugated dibenziamethyrin (25), the 

oxidation with DDQ in toluene was further performed.69-70 The presence of m-arene 

unit in the macrocyclic core restricts the macrocyclic conjugation, thus revealed 

nonaromatic characteristics, where 1H NMR showed the meso-protons at 7.90 ppm and 

NH at 14.10 ppm and the absorption spectral analysis displayed two bands at 454 and 

487 nm. The core of 25 was effectively utilized for coordination chemistry. Bis-Rh(I) 

complex of dibenziamethyrin (26) was formed by reaction of 36 with [Rh(CO)2Cl]2 in 

benzene in 91% yield. Bimetallic Ni(II) (27) and Pd(II) (28) derivatives of 25 were also 

obtained by treating dibenziamethyrin (25) with nickel(II) or palladium(II) 
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acetylacetonate in 61% and 99% yield respectively. The spectral studies of metal 

complexes (26-28) suggested the typical nonaromatic characteristics as observed in 25. 

 

Scheme 1.8: Synthesis of dibenziamethyrin (25) and its  

Rh(I) (26), Ni(II) (27) and Pd(II) (28) complexes. 

Since then, several expanded benziporphyrins were reported in the literature, such as 

A,C-di-p-benzi[24]pentaphyrin,71 N-fusedA-p-benzi[24]pentaphyrin,72 A,D-di-p-

benzi[28]hexaphyrin,71 A,C-di-p-benzi[28]hexaphyrin,71 di-m-benzi-decaphyrin73 etc. 

Some of these expanded porphyrinoids were further discussed in the individual 

chapters. 

1.5 Conclusion  

In light of the widespread literature discussions covering the chemistry of different 

types of corrole, triphyrin and expanded porphyrin derivatives, it is clear that the 

coordination chemistry, aromaticity switching and structural diversity of such 

derivatives have been a growing area of research. Among these, incorporation of 

pyridine and benzene into the macrocyclic core received much attention. Albeit, in 
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particular the chemistry of contracted and expanded porphyrinoids of respective 

moieties are relatively rare till date. Hence, the progress on pyridine and as well as 

benzene moiety introduced porphyrinoids offer an astute platform to explore various 

applications. In the present thesis, an attempt has been made to develop new synthetic 

methodologies to incorporate pyridine and benzene in the porphyrin skeleton from a 

simple novel precursor and exploring the intriguing coordination chemistry of these 

analogues. In addition, another objective of this thesis is to develop new methodology 

to synthesize hitherto unknown meso-aryl substituted aza homoporphyrin from 5,6 

diaryldipyrroethane. Further, there is a broad scope of work with trianionic freebase 

homoporphyrin and also to explore its coordination chemistry in order to understand 

their aromatic characteristics.  
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2.1 Introduction  

2.1.1 Corrole analogues  

Corrole is a contracted porphyrin analogue and recently received much attention for its 

intriguing structural and spectroscopic characteristics.1 The name “corrole” was coined 

by Johnson and Price as it has structural resemblance with the naturally occuring corrin 

ring such as vitamin B12.
2 Like porphyrin, corrole is also 18 π-electronic aromatic 

macrocycle. In terms of structural feature, corroles can be considered as intermediates 

between corrins and porphyrins. Corrole is a trianionic ligand and its core is exploited 

to stabilize higher oxidation state metal complexes. It has wide application in catalysis 

field, can act as sensors and most importantly dye-sensitized solar cells.3 The structural 

modification in the macrocyclic framework can alter the electronic structure, which 

radically influence the optical, photophysical and coordination properties of the parent 

corrole system.4 In order to achieve such properties, several core-modified corroles 

were synthesized by different research groups. The modified corrole analogues are iso-

carbacorrole,5 N-confused derivative,6 norrole,7 benzonorrole,8 oxacorrole,9 

dioxacorrole,10 and thiacorrole.11 Recently we have also contributed meso-aryl biphenyl 

corrole system. The bipyrrole moiety in the corrole framework was replaced by 

biphenyl unit and the core was effectively utilized to stabilize organo-Cu(III) 

complex.12 

2.1.2 Pyridine based porphyrinoids  

The first pyridine based porphyrinoids, pyriporphyrinone was synthesized by 

Berlin and Breitmaier. Since then, series of pyridyl derivatives has been reported which 

includes, true pyriporphyrin, confused pyriporphyrin, oxypyriporphyrin, dipyridyl ring 

substituted porphyrin and their coordination complexes were explored.13-20 
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Naruta and co-workers described the synthesis of 1,10-phenanthroline embedded 

porphyrin (1) by [2+2] acid catalyzed condensation of 1,10-phenanthroline vinyl 

derivative with meso-phenyldipyrromethane followed by oxidation with DDQ.The 

sensing experiment of 1 was performed with various metal ions under biological pH 

condition, where the macrocycle exhibited emission enhancement selectively with MgII 

salts(Figure 2.1). 21 

Klaus Mullen and co-workers demonstrated the synthesis of novel porphyrin 

related macrocycle (2) by inserting carbazole and pyridine moiety in the macrocyclic 

framework. The macrocycle was achieved; (i) by introducing a similar cavity as that of 

porphyrin molecule and (ii) an ability to stabilize the metal ions to afford neutral metal 

complexes (Figure 2.1).  The core was effectively stabilized Co(II) ion.22 Same group 

also reported the synthesis of new class of ligands with phenanthroline and indole 

moieties in the macrocyclic framework and explored its coordination chemistry by 

stabilizing CoII and the complex acted as electrochemical catalyst for oxygen 

reduction.23  

 

Figure 2.1: Structures of phenanthroline (1) and carbazole-pyridine (2) embedded 

porphyrins. 

The pyridine based simplest contracted porphyrin, subpyriporphyrin (3) was first 

synthesized by Latos-Grazynski and co-workers24 by acid-catalyzed condensation of 

pyridine based tripyrromethene with arylaldehyde. Upon coordination with boron in +1 
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oxidation state, the complex switches its macrocyclic aromaticity from nonaromatic to 

[14]π aromatic characteristics.  

 

Figure 2.2: Structures of subpyriporphyrin (3) and pyricorrole (4). 

The next higher analogue of subpyriporphyrin, pyricorrole (4) was reported by 

Neya and co-workers (Figure 2.2), where the macrocycle was achieved by acid-

catalyzed condensation of tripyrromethene with pyridine dicarboxaldehyde and the NiII 

was inserted in the macrocyclic core.25 The structural and spectral property wise, the 

macrocycle 4 behaves as a hybrid molecule of porphyrin and corrole. The structure is 

similar to corrole as it has one meso-carbon less as compared to normal porphyrin. On 

the other hand, it is a divalent ligand like porphyrin which is contrast to trivalent corrole 

ligand.   

Later on, the bipyridyl unit was introduced in the corrole macrocycle by our 

group, where the trianionic core turned into monoanionic ligand (5) and the core further 

exploited as a fluorescence ZnII sensor (6). The stabilization of higher oxidation state 

in the monoanionic core could be an ideal platform to coordinate various metal ions in 

different oxidation states (Figure 2.5).26 

 

Figure 2.3: Structures of bipyricorrole (5) and zincII complex (6). 
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2.2 Objective of our work 

The chemistry of rhodium and iridium corroles are well known. The rhodiumIII 

corrole (7), [(tpfc)RhIIIP-(C6H11)3], where tpfc = tris(pentafluorophenyl)corrole, was 

obtained by the aerial oxidation of the intermediate rhodiumI complex in the presence 

of excess P(C6H11)3 7 (Figure 2.4).27 On the other hand, the first example of iridiumIII 

corrole complex (8), [(tpfc)IrIII(tma)2], where tma = trimethylamine, was made by 

excess [Ir(cod)Cl]2 (cod = cyclooctadiene) and K2CO3 in hot THF under Ar to form 

(tpfc)IrI(cod), which was converted to an axially tma-ligated IrIII complex upon addition 

of tma N-oxide and exposure to the atmosphere  (Figure 2.4).28  

 

Figure 2.4: Structures of RhodiumIII (7) and IridiumIII (8) corrole complexes. 

 The IrIII complex (8) has excellent photophysical properties such as, high 

phosphorescence quantum yield, long phosphorescence lifetime etc. 29  

Overall, the RhIII and IrIII complexes were synthesized from trianionic or 

dianionic corrole ligand system while formation of such complexes by using the 

monoanionic corrole is unknown in the literature. It is noteworthy to mention that the 

basic framework of biologically important Coba(I) lamin is constituted by ‘corrin’ unit 

which is in monoanionic state and stabilize CoIII ion.30  

Herein, we wish to report the syntheses, structures and properties of rhodiumIII 9 

and iridiumIII 10 bipyricorrole complexes (Figure 2.5), where the monoanoinic core is 
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successfully stabilized Rh and Ir metal ion in the higher oxidation state for the first 

time. 

 

Figure 2.5: Structures of RhodiumIII (9) and IridiumIII (10) bipyricorrole complexes. 

2.3 Results and discussions 

2.3.1 Synthesis 

The coordination chemistry of monoanionic bipyricorrole was performed by 

treating a CH2Cl2 solution of 5a with [Rh(CO)2Cl]2 in methanol and afforded 9 in 45% 

yield. The insertion of iridiumIII was achieved by refluxing a p-xylene solution of 5a 

and 5b with bis(1,5-cyclooctadiene)diiridium dichloride ([Ir-(cod)Cl]2; (Scheme 2.1), 

and 10a and 10b were obtained in 68% and 56% yield, respectively. In both cases, the 

color of the solution turns into dark green from blue.  

 

Scheme 2.1: Synthesis of 9 and 10.  

2.3.2 Spectral Characterization 

2.3.2.1 Mass spectrometric analysis 
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RhodiumIII bipyricorrole (9) shows a prevalent mass peak at 687.0830, which 

corresponds to the chemical formula C39H25Cl2N4Rh (Figure 2.6), whereas iridiumIII 

bipyricorrole (10a) was identified as adduct of two chlorine atoms and a sodium ion 

that matches with the mass peak at 835.0798 (C39H25Cl2IrN4Na; Figure 2.7). It was 

envisioned from the mass spectral pattern that compound 10a might have an octahedral 

geometry with two axially coordinated chloride ligands. 

 

Figure 2.6: ESI-MS spectrum of 9. 

 

Figure 2.7: ESI-MS spectrum of 10a. 
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2.3.2.2 NMR analysis 

The solution-state structures of 9 and 10a were deduced from 1H NMR spectra 

recorded at 298 K in CDCl3 (Figure 2.8). The disappearance of the NH signal in 9 and 

10a confirms the insertion of metal ions in bipyricorrole 5a. The bipyridyl protons in 9 

are resonated as a triplet at 9.12 ppm (H3 and H19) and as a multiplet at 8.50 ppm (H2, 

H20, H4, and H18; Figure 2.8a). The pyrrolic β-CH protons appear as a set of doublets 

at 7.46 ppm (H8 and H14) and 7.32 ppm (H9 and H13), and meso-phenyl protons are 

in the range of 7.81−7.52 ppm. In contrast to 9, the bipyridyl protons in 10a resonate as 

doublets at 9.10 ppm (H2 and H20) and 8.58 ppm (H4 and H18) and a triplet at 8.19 

ppm (H3 and H19; Figure 2.8). The pyrrolic β-CH protons are observed as a set of 

doublets at 7.58 ppm (H8 and H14) and 7.22 ppm (H9 and H13), and meso phenyl 

protons are between 7.83 and 7.53 ppm. In comparison, the 1H NMR signals of 9 and 

10a are more shielded than those of 5a. 

 

Figure 2.8: 1H-NMR spectra of 9 (a), 10a (b)in CDCl3 at 298 K. 
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2.3.2.3 Single crystal X-ray structure and analysis of 9 and 10b 

The molecular structures of complexes 9 and 10b were unambiguously confirmed 

by single-crystal X-ray diffraction studies, and the structures are shown in Figure 2.9. 

Suitable crystals of 9 were grown by the slow evaporation of a CH2Cl2 solution in the 

presence of n-hexane. As reflected from NMR and mass analyses, rhodiumIII ion 

insertion and axial coordination are confirmed from the single-crystal X-ray structure 

(Figure 2.9a), where the rhodiumIII ion is placed exactly at the center of the ligand. The 

geometry around the metal ion is octahedral with a basal plane containing four nitrogen 

atoms, and the axial positions are occupied by two chloride ligands. The bond lengths 

of Rh−N1 and Rh−N4 are 2.008(3) and 2.009(3) Å, respectively, which are moderately 

longer than the Rh−N2 and Rh−N3 distances, viz., 1.978(3) and 1.977(2) Å (Figure 2.9 

a & b and Table 2.1). The saddling dihedral angle values of 9 are between 0.64(7)° and 

9.67(9)°, which are comparable with the earlier reported bipyricorrole complexes 

(Figure 2.19 and Table 2.2).26, 31 The presence of axial chloride ligands in the complex 

generates an intermolecular hydrogen-bonding interaction to form self-assembled 

dimers with bond distances and angles of C2−H2···Cl2 2.665(1) Å and 151.15(2)° and 

C19−H19···Cl1 2.828(1) Å and 153.18(2)°, respectively (Figure 2.10). These dimers 

are combined together to generate a 1D array in the solid state (Figure 2.11).  

On the other hand, the unit cell of the iridiumIII complex 10b contains two 

crystallographically independent molecules (Ir1 and Ir2; Figure 2.12), and one of the 

structures (Ir1) is shown in Figure 2.9 c&d. As observed in the rhodiumIII complex 9, 

the axial positions are occupied by chloride ligands and the geometry around the metal 

ion is octahedral. The bond lengths of Ir1−N1 and Ir1−N4 are 2.021(5) and 2.019(5) Å, 

respectively, which are slightly longer than those of Ir1−N2 and Ir1−N3, viz., 1.992(4) 
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and 1.997(5) Å (Table 2.1 and Figure 2.18). However, these values are higher than 

those of their respective iridiumIII corrole complexes.32 The saddling dihedral angles of 

10b are from 0.82(2) to 5.01(2)° (Figure 2.19 and Table 2.2). The presence of fluorine 

atoms in the pentafluoro unit and axial chloride ions generates a series of intermolecular 

hydrogenbonding interactions to form self-assembled dimers (Figure 2.13) and 1D 

arrays (Figures 2.14-2.16). The dimers and arrays are combined together to generate a 

2D supramolecular assembly in the solid state (Figure 2.17). In addition, the bond 

lengths of the bipyridine unit in 9 (1.355−1.411 Å) and 10b (1.341−1.415 Å) (Figure 

2.18) are in the range of typical sp2−sp2 double-bond character and remain isolated from 

the overall macrocyclic conjugation, thus exhibiting nonaromatic character. 

 

Figure 2.9: Single crystal X-ray structures of 9 and 10b. a) & c) Top views and b) & 

d) side views. The meso-aryl groups are omitted for clarity in (b) and (d). 
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Figure 2.10: self-assembled dimers of 9. The bond distances and angles are: C2-

H2…Cl2: 2.665(1) Å & 151.15(2)° and C19-H19…Cl1: 2.828(1)Å & 153.18(2)° 

respectively.  

 

Figure 2.11: 1-D arrays of 9. The bond distances and angles are: C2-H2…Cl2: 2.665(1) 

Å & 151.15(2)° and C19-H19…Cl1: 2.828(1) Å & 153.18(2)°. 
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Figure 2.12: Single crystal X-ray structure of 10b. a) Top view, b) side view and c) 

molecules present in the unit cell. The meso-aryl groups in b and c are omitted for 

clarity.  

 

Figure 2.13: self-assembled dimers of 10b. The bond distances and angles are: C2-

H2…Cl2: 2.764(2) Å & 161.37(5)°; C20-H20…Cl2: 2.774(2) Å & 153.04(5)° and 
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C42-H42…Cl3: 2.873(2) Å & 134.95(5)° respectively. The meso-phenyl groups in a 

and b are omitted for clarity. 

 

 

 

Figure 2.14: 2-D array of 10b. The bond distances and angles are: C42-H42…Cl3: 

2.873(2) Å & 134.95(5)°; C64-H64…F5: 2.677(6) Å &141.96(6)°; C2-H2…Cl2: 

2.764(2) Å & 161.37(5)°; C20-H20…Cl2: 2.774(2) Å & 153.04(5)° and C25-H25…F9: 

2.782(5) Å & 125.82(6)° respectively. 
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Figure 2.15: 1-D array of 10b by involving both molecules in unit cell. The bond 

distances and angles are: C13-H13…Cl4: 2.696(2) Å & 175.24(4)°; C24-H24…Cl4: 

2.804(2) Å & 149.80(6)° and C2-H2…Cl2: 2.764(2) Å & 161.37(5)°; C20-H20…Cl2: 

2.774(2) Å & 153.04(5)° respectively. 
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Figure 2.16: 1-D array of 10b. The bond distances and angles are: C35-H35…F9: 

2.851(6) Å & 98.34(6)° and C25- H25…F9: 2.782(5) Å & 125.82(6)°. 

 

 

Figure 2.17: 2-D array of 10b. The bond distances and angles are: C64-H64…F5: 

2.677(6) Å & 141.96(6)°, C75-H75…F5: 2.830(6) Å & 128(5)°. 
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Figure 2.18: Bond lengths in (Å). 

Table 2.1 Bond length (Å) and bond angle around the metal ion (°) in 9 and 10b.  

 

Bond angle around 

metal ion (°) 

M=Rh M=Ir1 Bond angle around 

metal ion (°) 

M=Ir2 

N1-M-N2 93.47(1) 93.78(2) N5-M-N6 93.78(2) 

N2-M-N3 90.25(1) 90.25(2) N6-M-N7 89.78(2) 

N3-M-N4 93.61(1) 94.04(2) N7-M-N8 93.80(2) 

N4-M-N1 82.68(1) 81.92(2) N8-M-N5 82.63(2) 

N1-M-Cl1 88.66(8) 90.29(2) N5-M-Cl3 90.35(1) 

N2-M-Cl1 90.24(8) 91.08(2) N6-M-Cl3 90.48(1) 

N3-M-Cl1 91.37(8) 89.47(2) N7-M-Cl3 90.35(1) 

N4-M-Cl1 90.16(8) 87.17(2) N8-M-Cl3 89.64(2) 

N1-M-Cl2 90.88(8) 90.94(1) N5-M-Cl4 88.24(2) 

N2-M-Cl2 90.17(8) 89.47(1) N6-M-Cl4 89.17(1) 

N3-M-Cl2 89.07(8) 89.26(1) N7-M-Cl4 91.09(2) 

N4-M-C2 89.41(8) 92.38(1) N8-M-Cl4 90.63(1) 

 

 Rh (Å)  Ir1  Ir2 

N1-Rh 2.008(3) N1-Ir1 2.021(5) N5-Ir2 2.001(5) 

N2-Rh 1.978(3) N2- Ir1 1.992(4) N6- Ir2 1.991(6) 

N3-Rh 1.977(2) N3- Ir1 1.997(5) N7- Ir2 1.999(5) 

N4-Rh 2.009(3) N4- Ir1 2.019(5) N8- Ir2 1.993(5) 

Cl1-Rh 2.345(1) Cl1- Ir1 2.331(2) Cl3- Ir2 2.357(2) 

Cl2-Rh 2.351(1) Cl2- Ir1 2.350(2) Cl4- Ir2 2.340(1) 
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Figure 2.19. Saddling dihedral angles of 9 and 10b 

Table 2.2. Saddling dihedral angle (°) in 9 and 10b. 

 

 

 

 

 

 

 

 

 

 

 

Saddle dihedral 

angle (°) 

   

Rh     Ir1 

Saddle dihedral 

angle (°) 

 

Ir2 

C4-C5-C7-C8 0.64(7) 2.67(2) C43-C44-C46-C47 1.31(2) 

C9-C10-C12-C13 9.67(9) 5.01(2) C48-C49-C51-C52 10.47(2) 

C14-C15-C17-C18 4.45(7) 0.82(2) C53-C54-C56-C57 5.93(2) 

C20-C21-C1-C2 1.11(4) 2.54(1) C59-C60-C40-C41 4.76(1) 
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Table 2.3: Crystal data for 9 and 10b: 

Crystal parameters 9 10b 

Formula C41 H29 Cl6 N4 Rh C40 H22 Cl4 F5 Ir N4 O 

M/g mol-1 893.29 987.61 

T/K 100 K 100 K 

Crystal dimensions/mm3 0.1 × 0.08 × 0.06 0.1 × 0.09 × 0.06 

Crystal system triclinic triclinic 

Space group P-1 P-1 

a/Å 9.318(5) 12.4409(14) 

b/Å 13.017(2) 13.2996(17) 

c/Å 17.813(5) 25.043(3) 

α/° 77.470(5) 93.320(7) 

β/° 83.571(5) 90.339(8) 

γ/° 81.196(5) 106.903(6) 

V/Å3 2077.3(13) 3956.8(9) 

Z 2 4 

ρcalcd/mg m-3 1.428 1.658 

μ/mm-1 0.830 3.702 

F(000) 900 1920.0 

Reflns. collected 30591 56921 

Indep.reflns.[R(int)] 10345 [0.0471] 20943 [0.1143] 

Max/min transmission 0.745 and 0.671 0.746 and 0.599 

Data/restraints/parameters 10345 / 0 / 469 20943/0/973 

GOF on F2 1.105 0.931 

Final R indices[I > 2σ(I)] R1 = 0.0471, 

wR2 = 0.1241 

R1 = 0.0573, 

wR2 = 0.1146 

R indices (all data) R1 = 0.0657, 

wR2 = 0.1331 

R1 = 0.1032, 

wR2 = 0.1287 

Largest diff peak and hole [e Å-3] 1.989 and -1.733 1.06 and -1.58 

 

2.3.2.4 Electronic absorption and emission spectral analysis: 

 The steady-state electronic absorption spectra of 9 and 10a were recorded in 

CH2Cl2 (Figure 2.20) and their molar extinction coefficients are listed in Table 2.4. In 

comparison to 5a, the high-energy band of 10a is hypsochromically shifted by a 

wavelength of 15 nm and the low-energy band of 10a is bathochromically shifted by 

21 nm, and they appear at 356 and 686 nm, respectively. In contrast, 9 exhibits a split 

high-energy band at 353 and 407 nm and prominent low-energy bands at 653 and 719 
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nm. The spectral pattern is comparable and bathochromically shifted with respect to the 

split Soret and Q bands of rhodiumIII corrole.33 The molar extinction coefficients of 9 

and 10a at high-energy bands are less than those of 5a.  

Table 2.4. Electronic absorption spectral data of 5, 9 and 10a recorded in CH2Cl2 

(concentration ≈ 10-5 M)     

The steady-state and time-resolved fluorescence emissions of metal complexes 9 and 

10a were examined along with those of ligand 5a (Figure 2.21). In contrast to 7, 

surprisingly, the rhodiumIII complex 9 exhibits fluorescence emission at 740 and 806 

nm, where the spectral pattern is the exact mirror image of its low-energy absorption 

bands. The quantum yield and lifetime of 9 were calculated to be 0.06 and 0.47 ns, 

respectively. It is worth mentioning that the quantum yield of 9 is 3-fold higher than 

that of 5a (0.02). 

On the other hand, the iridiumIII complex 10a shows neither fluorescence nor 

phosphorescence emission. In general, the iridiumIII corrole 8 and iridiumIII 

benzonorrole are phosphorescent in nature; however, 10a reveals contrasting behavior 

and is similar to iridiumIII carbaporphyrinoids.  

Compound High energy bands 

max/ nm ( log M-1cm-1) 

Low energy bands 

max/ nm (( log M-1cm-1) 

5a 

9 

10a 

371 (4.73) 

353 (4.60), 407 (4.55) 

356 (4.58) 

665 (4.40) 

653 (4.18), 719 (4.79) 

686 (4.29) 
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Figure 2.20:  Steady state electronic absorption of 9 and 10a in CH2Cl2. 

 

Figure 2.21:  (a) Fluorescence emission spectra and (b) lifetime measurements of 9 and 

5a in CH2Cl2. 

2.3.2.5 Electrochemical analysis: 

The electrochemical properties of 9, 10a and 5a have been investigated by 

differential pulse voltammetry in a CH2Cl2 solution containing 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte 

(Figure 2.22). Compound 5a exhibits five distinct oxidation potentials at -0.46, 0.03, 

0.62, 0.90, and 1.08 V and one reduction potential at -1.59 V. The third, fourth, and 

fifth oxidation potentials of 5a are reminiscent of the oxidation potentials of free-base 
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corrole.34 Surprisingly, the first oxidation potentials of 9 and 10a are very similar and 

occur at 0.42 and 0.44 V, which might be attributed to ligand-centered rather than 

metal-centered oxidation.35 The first reduction potentials of 9 and 10a at -1.35 and -

1.42 V are positively shifted by 240 and 170 mV with respect to 5a. The second 

oxidation and reduction potentials of 9 appear at 0.80 and -1.73 V, and the second 

oxidation is perhaps due to the oxidation of rhodiumIII to rhodiumIV. The 

electrochemical HOMO−LUMO gaps of 9 and 10a were calculated to be 1.77 and 1.86 

V, respectively. 

 

Figure 2.22. Differential pulse voltammograms of 5a, 9 and 10a in CH2Cl2 (scan rate 

= 0.1 Vs-1) 
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2.4 Conclusion 

In conclusion, we have successfully demonstrated the coordination chemistry 

of a monoanionic bipyricorrole with rhodium and iridium salts. The core, which was 

effectively utilized to stabilize the metal ions in the 2+ oxidation state, is further 

extended to stabilize rhodium and iridium ions in the 3+ oxidation state. Spectral and 

structural analyses reveal that the complexes exhibit nonaromatic character. The 

electronic absorption spectra of these complexes are reminiscent of their corrole 

analogues.  

2.5 Experimental Section 

2.5.1 General Information  

 Reagents and materials for synthesis were used as obtained from Sigma-Aldrich 

chemical suppliers. All solvents were purified and dried by standard methods prior to 

use. NMR solvents were used as received. The NMR spectra were recorded with Bruker 

400 and 700 MHz spectrometers with tetramethylsilane [Si(CH3)4] as an internal 

standard. High-resolution electrospray ionization mass spectrometry spectra were 

recorded on a Bruker micro-TOF-QII mass spectrometer. The electronic absorption and 

steady-state fluorescence spectra were recorded with a PerkinElmer- Lambda 750 UV-

vis spectrophotometer and an Edinburgh FS5 fluorescence spectrometer, respectively. 

Time-resolved fluorescencemeasurements were recorded on an Edinburgh instrument. 

X-ray quality crystals of the synthesized complexes were grown by the vapor diffusion 

of n-hexane into a CH2Cl2 solution. Single-crystal X-ray diffraction data of 9 and 10b 

were collected on a Bruker Kappa APEX-II CCD four-angle rotation system, with Mo 

Kα radiation (λ = 0.71073Å). For collection of the data of the ϕ and ω scans, a 

diffraction measurement method was used for the experiment. A SQUEEZE routine 
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was applied using the PLATON program to remove the highly disordered solvent 

molecules to proceed to the final refinement of the main structure. The crystals have 

been deposited in the Cambridge Crystallographic Data Centre with reference no. 

CCDC 1576275, CCDC 1576274. Electrochemical studies were carried out on a CHI 

1120A instrument with a three-electrode system, which consisted of a platinum disk as 

the working electrode, a platinum wire as the counter electrode, and Ag/AgCl as the 

reference electrode. Fluorescence quantum yields were determined by using meso-

tetraphenylporphyrin (TPPH2) in toluene (Φf = 0.11) as a reference.  

2.5.2 Synthetic procedure and spectral characterization 

2.5.2.1 Synthesis of 5a: A mixture of 6,6'-bis(phenyl(1H-pyrrol-2-yl)methyl)-2,2'-

bipyridine (0.400 g, 0.86 mol) and benzaldehyde (0.105 mL 0.86 mol) was dissolved 

in 300 mL of dry CH2Cl2 and stirred for 10 min in dark and under an inert atmosphere. 

Trifluoroacetic acid (0.39 mL, 5.16 mol) was added, stirring was continued for 3 h, and 

the mixture was oxidized with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (0.585 g, 

2.58 mol). The compound was then purified through basic alumina column 

chromatography followed by silica gel (100−200 mesh) column chromatography and 

eluted with 0.5% CH3OH/CH2Cl2. The compound was recrystallized with CH2Cl2/n-

hexane to give 5a in 15% yield.  

1H NMR (400 MHz, CDCl3, 298K): δ = 10.62 (s, 1H), 9.46 (d, J = 6.5 Hz, 2H), 8.58 

(t, J = 7.4 Hz, 2H), 8.06 (d, J = 7.7 Hz, 2H), 7.70−7.49 (m, 15H), 7.30 (d, J = 5.1 Hz, 

2H), 7.00 (d, J = 5.2 Hz, 2H).  

13C NMR (100 MHz, CD3OD): δ = 155.19, 154.17, 151.84, 145.56, 138.33, 136.10, 

135.06, 132.16, 131.92, 131.26, 130.62, 129.76, 129.20, 128.86, 128.65, 122.76, 

108.47. 

ESI-MS: m/z calculated for C39H26N4 = 550.2157; found = 551.2224 (M+1). 
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UV-Vis (CH2Cl2): λmax/nm [(log ε)]: 371 (4.73), 665 (4.40). 

λmax-emission/nm: 699, 775. Quantum yield (Φf): 0.02. 

2.5.2.2 Synthesis of 9:  A solution of [Rh(CO)2Cl]2 (2.81 mg, 0.007 mmol) in 2 mL of 

CH3OH was added to a solution of 5a (8 mg, 0.015 mmol) in 15 mL of CH2Cl2 and 

allowed to stir for 4 h. The compound was then extracted with CH2Cl2, and the solvent 

was removed by a rotary evaporator. The crude reaction mixture was subjected to 

neutral alumina column chromatography and eluted with 50% CH2Cl2/n-hexane. The 

compound was recrystallized with CH2Cl2/n-hexane to give 9 in 45% yield. 

1H NMR (400 MHz, CDCl3, 298K): δ = 9.12 (t, J = 4.1 Hz, 2H), 8.50 (m, 4H), 7.81 

(m, 4H), 7.74 (m, 2H), 7.66−7.61 (m, 6H), 7.54−7.52 (m, 3H), 7.46 (d, J = 5.3 Hz, 2H), 

7.32 (d, J = 5.3 Hz, 2H).  

13C NMR (100 MHz, CDCl3): δ = 155.67, 154.58, 149.70, 149.26, 139.59, 138.85, 

137.29, 134.96, 134.22, 133.44, 133.07, 130.99, 128.65, 128.23, 127.86, 127.82, 

126.08, 120.57. 

ESI-MS: m/z calculated for C39H25Cl2N4Rh= 722.0511; found = 687.0830 (M − Cl). 

UV-Vis (CH2Cl2): λmax/nm [(log ε)]: 353 (4.60), 407 (4.55), 653 (4.18), 719 (4.79). 

λmax-emission/nm: 740, 806. Quantum yield (Φf): 0.06. 

2.5.2.3 Synthesis of 10a: Compound 5a was dissolved in 100 mL of dry p-xylene and 

anhydrous sodium acetate (6 mg, 0.01 mmol) was added to the reaction mixture and 

allowed to stir for 15 min. [Ir(cod)Cl]2 (30 mg, 0.046 mmol) was then added and 

refluxed at 140 °C under a nitrogen atmosphere for 16 h. The crude reaction mixture 

was subjected to neutral alumina column chromatography and eluted with 100% 

CH2Cl2. The compound was recrystallized with CH2Cl2/n-hexane to give 10a in 68% 

yield.  
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1H NMR (700 MHz, CDCl3, 298K): δ = 9.10 (d, J = 7.5 Hz, 2H), 8.58 (d, J = 8.3 Hz, 

2H), 8.19 (t, J = 8.0 Hz, 2H), 7.83 (dd, J = 7.2 and 1.7 Hz, 4H), 7.78 (dd, J = 7.5 and 

1.4 Hz, 2H), 7.64 (m, 6H), 7.58 (d, J = 5.3 Hz, 2H), 7.53 (m, 3H), 7.22 (d, J = 5.3 Hz, 

2H). 

13C NMR (176 MHz, CDCl3): δ = 157.32, 149.31, 147.85, 139.49, 139.36, 138.19, 

135.44, 133.23, 133.02, 132.11, 129.80, 128.60, 128.21, 128.07, 127.81, 127.76, 

119.41, 112.35. 

ESI-MS: m/z calculated for C39H25Cl2N4Ir = 812.1086; found = 835.0798 (M + Na).  

UV-Vis (CH2Cl2): λmax/nm [(log ε)]: 356 (4.58), 686 (4.29). 

2.5.2.4 Synthesis of 10b: Anhydrous sodium acetate was added to a solution of 5b (6 

mg, 0.01 mmol) in p-xylene (100 mL) and allowed to stir for 15 min. Then [Ir(cod)Cl]2 

(30 mg, 0.05 mmol) was added and refluxed for 16 h under a nitrogen atmosphere. The 

compound was purified through neutral alumina column chromatography with 100% 

CH2Cl2 and recrystallized with CH2Cl2/n-hexane to give 10b in 56% yield. 

1H NMR (700 MHz, CDCl3, 298K): δ = 9.09 (d, J = 7.5 Hz, 2H), 8.56 (d, J = 8.4 Hz, 

2H), 8.20 (t, J = 8.0 Hz, 2H), 7.85−7.80 (m, 4H), 7.80−7.60 (m, 6H), 7.42 (d, J = 5.2 

Hz, 2H), 7.29 (d, J = 5.3 Hz, 2H). 

13C NMR (176 MHz, CDCl3): δ = 157.68, 156.94, 149.52, 147.42, 139.70, 138.92, 

136.02, 133.12, 130.21, 130.13, 129.57, 128.85, 128.33, 119.92.  

ESI-MS: m/z calculated for C33H20Cl2F5IrN4= 902.0614; found = 925.0504 (M + Na). 

UV-Vis (CH2Cl2): λmax/nm [(log ε)]: 353 (4.35), 653 (4.00). 
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3.1 Introduction 

 Triphyrins are considered as a class of contracted porphyrins where three 

pyrrolic units are connected via meso-sp2 carbon atoms. Subporphyrin (1), a triphyrin 

analogue contains three meso-carbons and designates as triphyrin(1.1.1). In 2006, the 

first subporphyrin was reported by Osuka and coworkers. It is a 14π aromatic 

conjugated system and stable only as boron complex.1 The complex displays facinating 

properties such as; bright-green emission and nonlinear optics (NLO).[2-4] Subporphyrin 

in its freebase was first reported by Latos-Grażyński and co-workers, where pyridine 

was introduced in the macrocyclic core and named as subpyriporphyrin5 (2) (Figure 

3.1). The core was used for BIII ion insertion and the nonaromatic nature of the freebase 

was turned into aromatic. 

 

Figure 3.1: Structures of Subporphyrin (1) and subpyriporphyrin (2). 

 In terms of number of meso carbons, the molecular architecture of free base 

triphyrin analogues is with [n.1.1] nomenclature, where ‘n’ varies from 2 to 6. The 

triphyrin homologue [14]triphyrin(2.1.1) was accidentally (3, 4) (Figure 3.2) 

synthesized by Kobayashi et al. but subsequently they developed proper methodologies 

for the synthesis of [14]benzotriphyrin(2.1.1). The pyrrole derivative and aryl aldehyde 

were condensed in presence of BF3.OEt2.
6 Later, meso-unsubstituted 

[14]triphyrin(2.1.1) (5) was synthesized by using McMurry coupling reaction between 

diformyl-tripyrrane by Yamada and co-workers.7 The meso-aryl [14]triphyrin(2.1.1) 
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(6) (Figure 3.2) was reported by our group, by acid-catalyzed reaction of 5,6-

diphenyldipyrroethane with pentafluorobenzaldehyde in CH2Cl2 and followed by DDQ 

oxidation, where acidolysis of the dipyrroethane unit resulted the formation of 6.8a 

Later, the efficient methodology by Ravikanth and co-workers were discovered, where 

free base (6) was obtained in better yield and the core is used for ReI ion complexation.8b 

They condensed dipyrroethene-dicarbinol with pyrrole in the presence of trifluoroacetic 

acid in CH2Cl2 for 30 min under an inert atmosphere followed by oxidation with DDQ 

in open air for an additional 30 min to obtain 6. 

Figure 3.2: Structures of triphyrin(2.1.1) derivatives. 

 The core-modified triphyrin with (2.1.1) nomenclature, where one or more 

pyrrole units are replaced by heterocyclic rings, was reported simultaneously and 

shown in Figure 3.3. The thiatriphyrin(2.1.1) (7) was reported by Yamada and co-

workers. However, thiophene fused oxatriphyrin(2.1.1) (8, 9) and phenylene fused 

oxatriphyrin(2.1.1) (10) were synthesized by Latos-Grażyński and co-workers, where 

switching in aromaticity was exploited in 8-10.9-11 

 

Figure 3.3: Structures of core-modified triphyrin(2.1.1) derivatives. 
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 Apart from triphyrins(2.1.1), numerous higher analogues of triphyrin (11-16) 

(Figure 3.4) were synthesized and characterised by Latos-Grażyński and Anderson 

group. These includes oxatriphyrin(4.1.1),12 thia-13 and dithia-14,15 triphyrin(4.1.1), 

triphyrin(3.1.1),16 oxatriphyrin(3.1.1),17,18 carbatriphyrin(4.1.1) (15)19 and 

triphyrin(6.1.1) (16).20,21  

 

Figure 3.4: Structures of triphyrin(n.1.1) analogues.  

 On the other hand, calixphyrins are chemical hybrids of porphyrins 18 and 

calixpyrroles 17 which contain both sp2 and sp3 hybridized meso carbons (Figure 3.5). 

Presence of sp3 meso carbon induces reasonable flexibility in the framework whereas, 

sp2 meso carbon provides partial п-conjugated network. These macrocycles are 

exploited to sense cations and anions selectively and are better represented as 

chemosensor. 22-25 
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Figure 3.5: Structures of porphyrin (A), calixpyrrole (17) and calixphyrin (18).  

3.1.1 Nomenclature of calixphyrins 

The nomenclature of 18 was proposed as calix[4]phyrin(1.1.1.1). 

Starting with the highest order sp2 meso center, the molecule is named in the 

direction in which the nearest sp2 meso center present. The numbers in the 

square bracket represents the number of pyrrole units in the macrocycle. The 

bold and italicized number in the circular bracket represents the number of 

bridging meso centers between each pyrrole subunit, where bold numbers 

signify to sp2 centers, and italicized numbers refer to sp3 centers.26  

3.1.2 Modifications of calixphyrins:  

To improvise the coordination property of the calixphyrin system, 

several modifications of the macrocyclic skeleton were happened. These are: 

(a) peripheral-modified, the modifications are done on the periphery, i.e the β 

and meso positions of the parent tetrapyrrolic macrocycles; (b) expansion, by 

increasing the number of heterocyclic rings or meso carbons; (c) N-confusion, 

instead of α connection, where the pyrrole rings are connected through β-carbon 

with rest of the macrocycle; (d) three dimensional calixphyrins, these are 

cryptand-like system with sp2 hybridized protruding bridging carbon atom; and 
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(e) core-modified calixphyrins, where one or more pyrrole rings of parent 

calixphyrin is replaced by other heterocyclic rings. 

3.1.3 Carba triphyrins and calixphyrins: 

Carbaporphyrinoids are porphyrin analogues where one or more pyrrole units are 

replaced by cyclopentadiene moieties or aromatic hydrocarbons. The syntheses and 

coordination chemistry were recently reviewed by T. D. Lash.27 These porphyrin 

analogues are well known promising candidates for; i) study the nature of aromaticity, 

ii) weak metal-arene interaction and iii) stabilize higher oxidation state organometallic 

complexes. However, there are only two example of carbatriphyrins are reported. In the 

first report, the azulene unit was introduced in the carbatriphyrin(15) framework,  

stabilized by organo-RuII complex and confirmed by spectral techniques.19 Recently, 

our group has also demonstrated the synthesis of arene ring incorporated 

[3.1.1]carbatriphyrin 19, where the o, m-biphenylene units are connected with 

dipyrromethene unit and also exploited weak B…Arene interaction (20) and stabilized 

organo-BIII complex (21) (Figure3.6).28 

 

Figure 3.6: Carbatriphyrin(3.1.1) (19) and their BIII complexes (20,21). 

The arene unit incorporated normal (22)25 and expanded carbaporphyrinoids (23, 24) 

are scarcely known in the literature and the respective analogues are shown in Figure 
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3.7. These analogues exhibited non-covalent interactions, weak metal-arene 

interactions and sensing properties with metal ions.29 

 

Figure 3.7: Structures of carbacalixphyrins (22-24). 

3.2 Objective of our work 

From the literature survey it is clear that, (i) the carba analogues of triphyrin and its 

respective calixphyrin analogues are scarely reported; (ii) conversion of triphyrin into 

calixphyrin is hitherto unknown; (iii) the nomenclature for the triphyrin analogues are 

confined to [n.1.1] category and (iv) the pyritriphyrin is connected with 2,6-position to 

the respective of the core.  

In this chapter, we wish to report the synthesis of arene ring and pyridyl unit 

incorporated carbaphyrin (25) analogue. The 3,5-position of the pyridyl unit is 

connected with o-phenylene unit and generate the triphyrin framework with [3.3.1] 

nomenclature, where pyridyl N is pointed outside the macrocyclic core to generate 

additional coordination environment. Further, the carbatriphyrin analogue is converted 

into respective carbacalixphyrin (26) derivative by simple NaBH4 reduction. Overall, 

this chapter reports the first example of [3.3.1] carbatriphyrin (25) and structurally 

elucidated its calix[2]phyrin(2.2.1.1.1) (26) analogue (Figure 3.8).  
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Figure 3.8: Carbatriphyrin (25) and its calixphyrin analogue (26). 

3.3 Results and discussion 

3.3.1 Synthesis  

The synthesis of required precursors as well as target macrocycle, carbatriphyrin (25) 

are shown in Scheme 3.1. The Suzuki-Miyaura cross-coupling reaction of 3,5-

dibromopyridine with 2- formylphenylboronic acid in 1:3 mixture of water and THF 

gave corresponding dicarbaldehyde 27 in 85% yield. The Grignard reaction of 27 with 

freshly prepared phenylmagnesium bromide in dry toluene under reflux conditions 

afforded respective diol 28 in 78% yield. The final precursor, dipyrromethane 29 was 

obtained in 60% yield by refluxing a 1,2-dichloroethane solution of 28 with excess 

pyrrole in the presence of BF3.OEt2. The trifluoroacetic acid (TFA) catalyzed 

condensation of 29 with 2,3,4,5,6-pentafluorobenzaldehyde followed by oxidation with 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and triethyl amine (TEA) gave the 

target molecule 25 in 4% yield.  
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Scheme 3.1: Synthesis of 25 and 26. 

3.3.2 Calixphyrin formation: 

In addition to 25, in the presence of TEA, the compound 26 was isolated in 2% 

yield. In the absence of TEA, the compound 26 was exclusively separated, however, 

afforded only 3% yield. Simultaneously, carbatriphyrin (25) was easily reducted to its 

calix[2]phyrin(2.2.1.1.1)  analogue 26 using NaBH4 as a reducing agent and obtained 

50% yield (Scheme 3.1). The color reaction was accompanied by a color change from 

greenish blue to orange. However, the conversion of 26 into 25 by using higher 

equivalents of oxidizing agent, such as DDQ was not successful.  

3.3.3 Spectral characterisation  

3.3.3.1 Mass spectrometric analysis 

The high resolution electron spray ionization (ESI-HR) mass spectrometric analyses 

of 25 and 26 showed the molecular ion signal at 716.2092[M+1] (25) and 
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720.2433[M+1] (26) which confirmed the exact composition of the macrocycles 

(Figure 3.9).  

 

Figure 3.9: ESI-HR mass spectrometric analysis of a) 25 and b) 26. 

3.3.3.2 NMR Analysis 

 The 1H NMR spectra of 25 and 26 are shown Figure 3.10. The individual proton 

signals of macrocycle 25 clearly indicates unsymmetrical nature. The pyrrolic -CH 

protons [H(9,10,14,15)] are resonated as a doublet and appeared between 6.72 and 5.86 

ppm. One of the o-phenylene protons (o1), [H(19,22)] are observed at 8.01 ppm as a 

set of doublet, [H(20)] as a triplet at 7.23 ppm and [H(21)] at 7.45 ppm as a broad signal. 

The other o-phenylene (o2) protons are resonated between 7.11and 6.85 ppm. The 

[H(5)] are observed at 6.86 ppm as a doublet, whereas [H(3,4) & H(2)] are appeared as 

a multiplet at 6.95 and 7.11 ppm respectively. The pyridine(Py) inner CH proton 

[H(28)] is resonated at 7.88 ppm, whereas the outer peripheral protons [H(25)] and 

[H(26)] are observed at 9.05 and 8.35 ppm. At room temperature, the NH signal was 
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not appeared, hence, variable temperature 1H NMR (Figure 3.11) was performed. The 

NH signal was observed as a broad signal at 233 K, however, the signal was sharp at 

193 K and appeared at 9.46 ppm. All the other signals are retained its original peak 

position. Overall, the spectral pattern reveals the typical nonaromatic 

carbaporphyrinoids.30 The protonation study was performed by CD2Cl2 solution of 25 

with gradual addition of TFA (Figure 3.12). The pyridyl CH protons are slightly 

deshielded, whereas, o-phenylene protons are upfield shifted. The inner NH and the 

protonated imine NH are resonated at 10.45 ppm in 25.2H+ as a broad signal. Overall, 

there is a marginal shift in the macrocyclic ring protons, thus retains nonaromatic 

character upon protonation. 

 

Figure 3.10: 1H NMR spectra of 25 (a) and 26 (b) in CD2Cl2. 

The 1H NMR spectral analysis of 26 manifests its symmetry as it exhibits the 

signals exactly for half of the molecule (Figure 3.10b). The meso CH protons are 

appeared as singlets at 1.26 ppm (Figure 3.10). The pyrrolic β-CH protons are upfield 

shifted with respect to 25 and resonated at 5.66 ppm [H(10,14)] and 5.53 ppm [H(9,15)]. 

The pyridine (Py) CH-protons [H(25,26)] and [H(28)]  are resonated as a singlet at 8.78 

and 7.23 ppm respectively.  
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Figure 3.11: Variable temperature 1H-NMR spectrum of 25 in CD2Cl2. 

Figure 3.12: 1H-NMR spectra of 25.2H+ with various equivalents of TFA in CD2Cl2. 
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3.3.3.3 Single crystal X-ray analysis: 

To obtain a single crystal of 25 was not successful, however, the molecular structure 

of 26 was unambiguously confirmed by single crystal X-ray analysis (Figure 3.13). The 

crystal structure reveals that the three sp2 meso carbon atoms and pyrrole imine N as 

observed in 25 are reduced to sp3 carbon atom (C7, C12, C17) and pyrrole amine NH. 

In addition, the presence of four fused sp2 (where two each from o1 and o2 phenylene) 

carbon atoms combined with three sp3 meso-carbon atoms to generate 

calixphyrin(2.2.1.1.1) 26. The crystal analysis reveals the following; (i) both the pyrrole 

amine hydrogen atoms are pointing towards the inner macrocyclic core; (ii) one of the 

pyrrole unit (N1) is highly tilted by 68.65(5)º as compared to other pyrrole 30.66(4)º 

and pyridine unit (py) by 55.81(4)º and (iii) overall the macrocycle exhibits partial 

ruffled confirmation to mitigate the steric repulsion caused by the contracted core. 

Furthermore, the carbon–carbon bond lengths of pyridine(Py) unit are between 1.395(2) 

Å to 1.336(2) Å and for pyrrole rings (N1)& (N2) are 1.417(2) Å to 1.356(2) Å and 

1.426(2) Å to 1.356(2) Å respectively (Figure 3.16) confirms that each heterocyclic 

rings maintain its individual aromatic character. 

 

 

 

 

 

 

 

Figure 3.13: Single crystal X-ray structure of 26. a) Top view and b) side view. The 

peripheral hydrogen atoms in a & b and meso-aryl groups in b are omitted for clarity 

in the side view. 
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Figure 3.14: Self-assembled dimers of 26. The bond distances and angles are: a) C19-

H19…F4: 2.776(1) Å & 146.22(1)°; b) C32-H32…F3: 2.870(1) Å & 132.57(1)° 

respectively. The peripheral hydrogen atoms and the meso-aryl groups are omitted for 

clarity. 
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Figure 3.15: 2-D array of 26.  The bond distances and angles are C21-H21…F2: 

2.690(1)Å and 170.20(1)°; C31-H31…F2: 2.548(1)Å and 156.42(1)° respectively. The 

peripheral hydrogen atoms and the meso-aryl groups are omitted for clarity. 

 

 
Figure 3.16: Selected Bond lengths in 26 (Å). 
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3.3.3.4 Electronic absorption and emission spectral analyses 

 Compound 25 shows a prominent band at 370 nm and a broad band at 620 nm. 

Upon gradual addition of TFA in 25, the bands are bathochromically shifted by 5 nm 

and 100 nm and showed the isosbestic point at 373 nm and 650 nm (Figure 3.18) and 

appeared at 375 nm and 720 nm in 25.2H+ respectively. The molar extinction 

coefficient values of both 25 and 25.2H+ are in the order of 104 and the results are 

comparable with carbaporphyrinoids with nonaromatic characteristics.31 In the case of 

26, an intense band is appeared at 469 nm and its molar absorption coefficients are 

higher as compared to 25 and 25.2H+, however maintains the similar order. The 

appearance of band in 26 perhaps should be due to π–π* transitions of the 3,5-

diphenylpyridyl moiety. 

The emission profile of compounds 25 and 26 are shown in Figure 3.19. The 

compound 25 exhibits two weak emissive band at 557 nm and 656 nm with 

fluorescence quantum yield of (F) is 0.011 (Table 3.1). Interestingly, the calixphyrin 

analogue shows an intense emissive maximum at 563 nm with almost seven fold 

increase in emission intensity and three fold increase in (F) is 0.031 (Table 3.1). It is 

pertinent to point out that such phenomenal increment in emission intensity via mere 

structural change from carbatriphyrin to its calixphyrin analogue is hitherto unknown 

in the literature.   
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Figure 3.17: Electronic absorption spectra of 25, 25.2H+ and 26. 

 

 

Figure 3.18:  The electronic absorption spectrum of 25 with various equivalents of 

TFA in CH2Cl2. 
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Figure 3.19: Emission spectra of 25 and 26 in CH2Cl2. 

 

Table 3.1: Electronic absorption spectral data of 25, 25.2H+ and 26 & emission spectral 

data of 25 and 26 

 

 

3.4 Conclusions 

 In summary, we have successfully synthesized [3.3.1]Carbatriphyrin and its 

calix[2]phyrin(2.2.1.1.1)   analogue. The carbatriphyrin and its protonated derivative 

adopts nonaromatic characteristics due to the local aromaticity of the individual 

heterocyclic ring. The crystal analysis of calix[2]phyrin reveals partial ruffled 

conformation with maximum deviation of one of the pyrrole units. Finally to the best 

of our knowledge, the calix[2]phyrin reported in this chapter is the simplest contracted 

calixphyrin till date. 

Compd. max/nm (-1cm-1)*104 max/nm f 

25  557, 656 0.011 

25.2H+  … … 

26  563 0.031 
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3.5 General Information 

The reagents and materials for the synthesis were used as obtained from Sigma 

Aldrich chemical suppliers. All solvents were purified and dried by standard methods 

prior to use. The NMR solvents were used as received and the spectra were recorded in 

Bruker 400 and 700 MHz spectrometer with TMS as internal standard. The ESI (HR-

MS) mass spectra were recorded in Bruker, micro-TOF-QII mass spectrometer. The 

Electronic absorption and emission spectra were recorded in Jasco V-730 UV-Visible 

spectrophotometer and Edinburgh Fluorescence spectrometer respectively. The X-ray 

quality crystals for 26 was grown by slow diffusion of methanol over CH2Cl2 solution. 

Single-crystal X-ray diffraction data of 26 was collected in Rigaku Oxford 

diffractometer. Fluorescence quantum yields were determined by using meso-

tetraphenylporphyrin (TPPH2) in toluene (f = 0.11) as a reference. 

 

3.6 Synthetic procedure and spectral characterization of 25-29 

3.6.1 Synthesis of 27: 3,5-dibromopyridine (1 gm, 4.2 mmol) and 2-formylphenyl 

boronic acid (1.58 gm, 10.5 mmol) was added in 3:1 (V/V) THF and water solvents 

mixture under nitrogen atmosphere. Then K2CO3 (2.90 gm, 21 mmol) was added in the 

reaction mixture. The solution was further purged with nitrogen for about 15 min and 

then Pd(PPh3)4 (0.392 gm, 0.34 mmol) was added under nitrogen atmosphere. The 

reaction was allowed to stir for 8 h then work up was performed, dried by Na2SO4 and 

purified by column chromatography using silica gel (100-200 mesh) in hexane and 

ethyl acetate (70:30). The compound was further recrystallized from CH2Cl2/n-hexane 

to afford white solid 27 in 85% (1.02 g, 3.57 mmol) Yield.  

1H NMR (400 MHz, CD2Cl2): δ 10.10 (s, 2H), 8.74 (s, 2H), 8.09 (d, J = 7.8 Hz, 2H), 

7.78 (dd, J = 13.6, 6.1 Hz, 3H), 7.65 (t, J = 7.6 Hz, 2H), 7.55 (d, J = 7.6 Hz, 2H). 
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 13C NMR (101 MHz, CD2Cl2): δ 191.15, 149.42, 140.98, 138.12, 133.94, 133.47, 

131.28, 128.94.  

ESI-HRMS: m/z calculated for C19H13NO2 = 287.0946 and found = 288.1014[M+1] 

 

3.6.2 Synthesis of 28: The freshly prepared phenylmagnesium bromide was added into 

toluene solution of 27 (1.0 gm, 3.4 mmol) in presence of ice bath. After 10 min, the 

reaction was allowed to attain room temperature and refluxed overnight. The 

completion of the reaction was monitored by TLC and the reaction was quenched with 

2N HCl and work up was performed, dried by sodium sulphate and purified by column 

chromatography using silica gel (100-200 mesh) in Hexane and ethyl acetate (70:30) to 

afford white crystalline solid 28 in 78% (1.17 g, 2.65 mmol) yield.  

1H NMR (400 MHz, CDCl3): δ 8.17 (d, J = 1.8 Hz, 2H), 7.99 (d, J = 7.7 Hz, 2H), 7.75 

(s, 1H), 7.63 (d, J = 7.4 Hz, 2H), 7.44 – 7.39 (m, 6H), 7.38 (s, 2H), 7.33 (t, J = 7.6 Hz, 

4H), 7.28 – 7.25 (m, 2H), 5.86 (d, J = 4.9 Hz, 2H), 3.19 (s, 2H).  

13C NMR (101 MHz, CDCl3): δ 147.62, 144.82, 143.66, 141.58, 138.20, 136.81, 

136.43, 130.16, 128.73, 128.29, 127.90, 127.45, 127.24, 126.72, 125.89, 74.04, 72.20, 

62.36, 36.24, 29.04.  

ESI-HRMS: m/z calculated for C31H25NO2 = 443.1885 and found = 444.1940[M+1] 

 

3.6.3 Synthesis of 29: The compound 28 (0.500 gm, 1.20 mmol) was dissolved in dry 

DCE solvent under nitrogen atmosphere covered with aluminum foil. Pyrrole (7.75 ml, 

112 mmol) was added and allowed to stir for about 15 minutes. Then, BF3.OEt2 (0.820 

ml, 6.76 mmol) was slowly added and reaction mixture was allowed to reflux for 6 

hours. Further workup was performed using CH2Cl2 and water, dried by Na2SO4 and 
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purified by column chromatography using silica gel (100-200 mesh) in Hexane and 

ethyl acetate (90:10) to afford white solid 29 in 60% (389 mg, 0.72 mmol) yield.  

1H NMR (400 MHz, CD2Cl2): δ 8.25 (s, 2H), 7.81 (s, 2H), 7.24 (t, J = 7.3 Hz, 4H), 

7.14 – 7.04 (m, 11H), 6.85 (d, J = 7.0 Hz, 4H), 6.51 (d, J = 5Hz, 2H), 5.95 (d, J = 4.6Hz 

2H), 5.56 (d, J=4.5Hz, 2H), 5.34 (s, 2H).  

13C NMR (101 MHz, CD2Cl2): δ 148.14, 143.22, 141.07, 137.09, 136.17, 133.05, 

130.43, 129.32, 128.72, 128.39, 126.62, 117.29, 108.10.  

ESI-HRMS: m/z calculated for C39H31N3 = 541.2518 and found = 542.2576[M+1]. 

 

3.6.4 Synthesis of 25: Solution of 29 (0.100 gm, 0.184 mmol) was mixed in 100 ml 

CH2Cl2 solvent under nitrogen atmosphere covered with aluminum foil. 

Pentafluorobenzaldehyde (0.043 gm, 0.221 mmol) was added in the reaction mixture. 

After 15 min TFA (0.105 gm, 0.923 mmol) was added under same condition and 

allowed to stir for about 3 hours. Then DDQ (0.125 gm, 0.553 mmol) was added and 

reaction was continued for another 1 hour in absence of nitrogen atmosphere. Further, 

1 ml of TEA was added in reaction crude and allowed to stir for another 1 hr. The crude 

product was then passed through basic alumina and purified using neutral alumina 

column chromatography. At first the orange coloured 26 was separated with 10:90 

CH2Cl2: hexane in 3% (3 mg, 0.005 mmol) yield and the greenish-blue colour band was 

eluted with 80:20 CH2Cl2: hexane and identified as 25 as a greenish blue crystalline 

solid in 4% (5 mg, 0.007 mmol) yield.  

1H NMR (400 MHz, CD2Cl2): δ 9.05 (s, 1H), 8.38 (d, J = 2.1 Hz, 1H), 8.01 (d, J = 7.6 

Hz, 2H), 7.88 (d, J = 2.1 Hz, 1H), 7.67 – 7.63 (m, 2H), 7.61 – 7.55 (m, 2H), 7.45 (s, 

1H), 7.36- 7.34 (m, 6H), 7.23 (t, J = 7.4 Hz, 1H), 7.10 (d, J = 8.1 Hz, 1H), 6.94 (d, J = 
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6.3 Hz, 2H), 6.86 (d, J = 7.6 Hz, 1H), 6.72 (d, J = 5.7 Hz, 1H), 6.09 (d, J = 5.7 Hz, 1H), 

6.04 (d, J = 4.7 Hz, 1H), 5.86 (d, J = 4.7 Hz, 1H).  

13C NMR (101 MHz, CD2Cl2): δ 147.82, 141.61, 140.70, 136.26, 135.11, 133.30, 

132.71, 131.06, 130.93, 130.76, 129.73, 128.90, 128.70, 128.65, 128.22, 127.80, 

127.38, 126.82.  

ESI-HRMS: m/z calculated for C46H26F5N3 = 715.2047 and found = 716.2092[M+1].  

UV-Vis (CH2Cl2): λmax/nm (ε[M-1cm-1]x 104) = 370 (3.90), 620 (1.38). 

Quantum yield (Фf) = 0.011. 

 

25.2H+: 1H NMR (400 MHz, CD2Cl2): δ 10.42 (s, 2H), 9.20 (d, J = 7.4 Hz, 1H), 8.96 

(s, 1H), 8.39- 8.37 (m, 1H), 7.89- 7.87 (m, 2H), 7.79- 7.76 (m, 2H), 7.70 – 7.67 (m, 

4H), 7.46 – 7.40 (m, 4H), 7.33 (d, J = 7.0 Hz, 2H), 7.28 (d, J = 6.8 Hz, 2H), 7.21 – 7.18 

(m, 1H), 6.90 (d, J = 7.1 Hz, 1H), 6.32 (d, J = 5.3 Hz, 2H), 6.19 (t, J = 6.5 Hz, 2H). 

UV-Vis (CH2Cl2): λmax/nm (ε[M-1cm-1]x 104) = 375 (3.27), 720 (2.51). 

 

3.6.5 Synthesis of 26: Solution of 25 (0.025 gm, 0.034 mmol) was dissolved in 30 ml 

CH3OH solvent under nitrogen atmosphere and covered with aluminum foil. After that 

NaBH4 (0.025 gm, 0.660 mmol) was added gradually to the solution in ice condition 

and allowed to stir for about 8 hours in room temperature. Then work up was performed, 

dried by Na2SO4 and purified by column chromatography using neutral alumina in 

20:80 CH2Cl2: hexane, identified as orange crystalline solid 26 in 50% (12.22 mg, 0.017 

mmol) yield.  

1H NMR (400 MHz, CD2Cl2): δ 8.78 (s, 2H), 7.34-7.32 (m,10H), 7.27 (s, 2H), 7.23 (s, 

1H), 7.22-7.20 (m, 4H), 5.75 (t, J = 7.8 Hz, 2H), 5.66 (s, 2H), 5.60 (t, J = 7.6 Hz, 2H), 

5.53 (s, 2H), 1.26 (s, 3H).   
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13C NMR (101 MHz, CD2Cl2): δ 148.73, 142.24, 140.40, 138.00, 133.98, 129.59, 

128.97, 128.80, 128.35, 127.50, 126.84, 126.73, 107.70, 107.17, 29.53.  

ESI-HRMS: m/z calculated for C46H30F5N3 = 719.2360 and found = 720.2433[M+1].  

UV-Vis (CH2Cl2): λmax/nm (ε[M-1cm-1]x 104) = 469 (5.80). 

Quantum yield (Фf) = 0.031. 

Table 3.2: Crystal data for 26 
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4.1 Introduction 

4.1.1 Homoporphyrin  

Expanded porphyrins are porphyrin analogues, which have more than 18 

electrons in their conjugated pathway owing to either an increased number of 

heterocyclic rings or meso carbon bridges. Predominantly, these analogues of porphyrin 

have been extensively studied due to its potential applications in various fields, such 

as; i) the large core size that can often accommodate more than one metal ions to 

stabilize multi-metallic complexes; ii) bind with anionic and neutral substrates; iii) MRI 

contrasting agents; iv) non-linear optical materials (NLO) and v) photodynamic 

therapeutic agents (PDT).1-4 After the serendipitous discovery of 22 sapphyrins by 

Woodward and co-workers in 1966,5 expanded porphyrins received much attention for 

the porphyrin chemists and paramount study was carried out in this area up to 96 

tetracosapphyrin.6 However, among the expanded porphyrins, homoporphyrins remain 

unanticipated for a long time due to their synthetic difficulties as well as stability 

factors. Homoporphyrins are tetrapyrrolic macrocycles in which four pyrrole rings are 

connected through five methene bridges, containing an extra atom between a meso and 

α-pyrrolic carbon than the parent porphyrin.7 Due to this special structural arrangement, 

it captivates 17 atoms in the macrocyclic core. According to Sessler, this is the 

minimum number of atoms required for the fulfilment of expanded category, hence 

homoporphyrins are designated as the simplest expanded porphyrin.8 Depending on the 

conjugation pathway, homoporphyrins are classified in four types (Figure 4.1). Among 

them A and B are unconjugated systems, containing a sp3-hybridized centre that 

interrupts the π-electron conjugation pathway. Whereas, C and D are fully conjugated 

and they are 18π & 20π electronic systems respectively. It is observed that the fully 

conjugated systems (C & D) are immensely unstable in nature. While, mostly stable 
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homoporphyrins reported in the literature are of type A and considerably contributed 

by Callot and co-workers. 9-11 

 

Figure 4.1: Structures of homoporphyrins A-D. 

The first N-meso-azahomoporphyrin 2 was reported by Grigg et al. in 1967.12 The 

compound 2 was synthesized by reaction between the freebase β-ethyl substituted 1 

with nitrene and exhibited the non-aromatic character (Scheme 4.1).13 The compound 

2 was unstable and decomposed to corresponding metallated porphyrin derivatives 3, 

when the reaction was performed with Zn and Cu salts. 

 

Scheme 4.1: Synthesis of azahomoporphyrin 2 and its decomposition to corresponding 

metallated porphyrin derivatives. 



                                                                                                                     Chapter 4 

 

87 
 

 

Scheme 4.2: Synthesis of NiII homoporphyrins. 

Subsequently, Callot and co-workers synthesised two isomeric homoporphyrins 

5a and 5b by the rearrangement of N-substituted tetraarylporphyrin 4 treating with 

Ni(acac)2 and Ni(CO3)2 in 1,2-dichloroethane solution (Scheme 4.2).9-11 The reaction 

afforded a mixture of two epimeric NiII homoporphyrins 5a and 5b, with the major 

yield of endo epimer 5a. The electronic absorption spectrum of both epimers 5a and 5b 

have resemblance to the porphyrin type systems. Crystal analyses revealed notable 

distorted structure of the molecule and such distortion attributed by the insertion of the 

additional carbon atom into the parent porphyrin ring, hence promotes non-aromatic 

character.14,15 Demetallation experiment of major isomer 5a was performed at high acid 

concentration, where two freebase homoporphyrins 6 and 7 were achieved.16 One of 

the products 7 was found to be 20π anti-aromatic derivative with three inner N-Hs 

(Scheme 4.3), however, the compound decomposed even at 0°C. Same group also tried 

to stabilize 7 by coordinating with Ni(OAc)2 under different reaction conditions, 

however the attempts were futile and generated numerous rearranged products (5b and 

8) (Scheme 4.4).9,16,17, 18          
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Scheme 4.3: Synthesis of free base homoporphyrins. 

 

Scheme 4.4: Metallation of homoporphyrins. 

The first stable core modified nonaromatic homoporphyrins were reported by 

Ravikanth and co-workers. The corresponding homoporphyrins, 

[20]dithiahomoporphyrin(2.1.1.1) 9 and [20]dioxahomoporphyrin(2.1.1.1) 10 were 

synthesized by [2+2] acid-catalyzed condensation of meso-aryldipyrromethanes with 

dithia or dioxa-ethenediol derivatives by p-TSA catalyzed condensation followed by 

oxidation with DDQ (Scheme 4.5). The structural analyzes of 9 and 10 showed 

significant distortion, thus revealed nonaromatic characteristics.19 a,b 
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Scheme 4.5: Synthesis of core-modified homoporphyrins. 

Recently, the m-o-m 11 and p-o-p 12 terphenyl embedded 

homocarbaporphyrinoids and their RhI complexes are reported from our group (Figure 

4.2).20 The distinct bonding modes of terphenyl system in the macrocyclic core 

produced two structural isomers of carba analogue of homoporphyrin. The spectral and 

structural analyses revealed that the restricted conjugation in m-o-m derivative and non 

planarity of p-o-p macrocycle to provide overall nonaromatic characteristics to the free 

bases and their metal complexes. Though the stable core-modified homoporphyrinoid 

and the carba derivatives are known, till date, the respective all aza analogue is hitherto 

unknown in the literature. 

 

Figure 4.2: Structures of carba-homoporphyrins. 
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4.1.2 Möbius aromaticity  

In 1964, Heilbronner proposed the concept of Möbius aromaticity and predicted the 

aromatic character of [4n]π annulenes lying on a single-sided, non-orientable Möbius 

strip.21 However, after forty year of invention, the first experimental evidence of 

Möbius aromatic molecule was recognized by Herges and coworkers in 2003.21 

Thereafter, numerous cyclic annulenes and its derivatives with [4n]π Möbius 

aromaticity were reported. 

In 2007, Latos-Grażyński and coworkers reported the first example of expanded 

porphyrin analogue which exhibit Möbius aromaticity.22 They validated that di-p-

benzi-[28]Hexaphyrin 13 (Figure 4.3) switches between Hückel and Möbius topologies 

depending on temperature variation and the solvent polarity. Upon temperature 

variation, the inner pyrrolic NH and phenylene CH protons were shifted upfield, thus 

revealed aromaticity switching of Hückel 4nπ anti-aromatic character to Möbius 

aromaticity. In addition, the broad absorption band in presence of non-polar solvent at 

room temperature and Soret and weak Q-like band in presence of polar solvents, 

suggested aromatic switching depends on the solvent polarity. The Möbius topology 

was further confirmed by crystal analyses.  

Subsequently, plethora examples of expanded porphyrins with Möbius 

aromaticity were reported by Osuka et al. and Kim et al. They used several external 

stimuli to generate Möbius aromaticity in various expanded porphyrins such as i) 

varying temperature,23 ii) coordination,24 iii) thermal fusion,25 iv) protonation,26 v) 

oxidation/reduction,27 and vi) changing the solvent.22  

In spite of these widespread reports, N-fused [24] pentaphyrin with a RhI salt 

6 is the smallest structurally elucidated Möbius aromatic expanded porphyrin to date.28 
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Osuka et al. synthesized 14 (Figure 4.3) by treating its free ligand with RhI salt in the 

presence of sodium acetate. The crystal analysis confirmed the formation of the N-fused 

tripentacyclic ring and maintained planarity, however, the RhI ion coordinated dipyrrin 

unit was tilted from the mean plane to attain the Möbius topology without breaking 

conjugation in the framework. The results were further supported by spectral analyses 

and theoretical calculations. The 1H NMR analysis of 14 displayed the inner β-CH and 

NH protons were resonated at 0.10 and 0.68 ppm. The NICS(0) value of 14 is -16.1 

ppm and bond length alternation (BLA) value is 0.100 Å.  

Recently, Harapriya and coworkers reported a core-modified heterocyclic [20] 

tripyrrane derivative 15 (Figure 4.3) and claimed that it was a Möbius aromatic system 

by spectral and theoretical studies.29 Calculated value ofis 6.0 ppm, therefore a 

weak diatropic ring current persisted in the molecule. Also, NICS(0) value of > -11ppm 

supports its aromatic character. 

 

 

 

 

 

Figure 4.3: Selective examples of Möbius aromatic expanded porphyrins 

4.2 Objective of our work 

The first Homoporphyrin was reported in 1971, where the macrocycle is found to 

be unstable and also unable to afford stable metal complexes. Recently reported stable 
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core-modified and carba derivatives were nonaromatic in nature. However, to the best 

of our knowledge even after four decades of the discovery of Homoporphyrin, a 

complete conjugated stable freebase azahomoporphyrin is still elusive. In addition, it 

remains as a challenge for the tetrapyrrolic skeleton to achieve Möbius topology within 

itself. Thus, a reliable synthetic route for Homoporphyrin with Möbius topology is 

highly desirable and remains as a fascinating area in expanded porphyrin chemistry.  

In this chapter, we would like to report the synthesis and structural 

characterization of stable meso-aryl [20]π tetraphyrin(2.1.1.1) (16, 17)  and its Rh(I) 

complex (18, 19). The hitherto unknown azahomoporphyrin represents the smallest 

molecule to show the simplest Möbius topology in three different forms such as; (a) 

freebase; (b) protonation and (c) metal ion insertion. 

4.3 Results and discussions 

The target macrocycles were synthesized by a [2+2] MacDonald-type 

condensation between meso-5,6-diphenyldipyrroethane 2030 and 1,9 

bis(pentafluorophenylhydroxymethyl)-5-(aryl)dipyrromethanes 21 and 22 in dry 

CH2Cl2 under the catalysis of p-toluenesulphonic acid (p-TSA), followed by oxidation 

with 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) (Scheme 4.6).  

 Scheme 4.6: Synthesis of 16 and 17 and their RhI complexes 18 and 19. 
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The crude mixture was purified by column chromatography on silica gel with 

CH2Cl2/n-hexane as the eluent. The desired products 16 and 17 were obtained as green 

compounds in 15% yield and were found to be highly stable. The coordination 

chemistry of 16 and 17 was performed with [Rh(CO)2Cl2] in the presence of sodium 

acetate in CH2Cl2 under reflux condition resulted the formation of RhI complex 18 and 

19 in quantitative yield (Scheme 4.6). 

4.3.1 Spectral characterisation  

4.3.1.1 Mass spectrometric analysis 

Mass spectrometric analysis of 16 and 17 & 18 and 19 confirmed the exact 

composition with a molecular-ion signal at m/z 975.1156 (M+1) 16 and 915.1786 

(M+1) 17 & 1132.9846 (M) 18 and 1073.0502 (M+1) 19 respectively (Figures 4.4 – 

4.7).  

 

Figure 4.4: ESI-MS spectrum of 16. 
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Figure 4.5: ESI-MS spectrum of 17. 

 

 

Figure 4.6: ESI-MS spectrum of 18. 
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Figure 4.7: ESI-MS spectrum of 19. 
 

4.3.1.2 NMR Analysis 

The 1HNMR spectrum of 16 in CD2Cl2 is shown in Figure 4.8a. At room 

temperature, the macrocycle 16 exhibits three sets of doublets at 6.43, 6.51, and 6.97 

ppm, corresponding to six pyrrolic -CH hydrogen atoms. The remaining pyrrolic -

CH protons as well as the meso-aryl protons resonated between 7.05 and 7.16 ppm. The 

correlation between the signals at 6.43 and 6.51 ppm revealed that these pyrrole units 

were linked by a dipyrroethene bridge, and the correlation between the signals at 6.97 

and 7.14 ppm revealed that these pyrrole units were linked by dipyrromethene. Owing 

to rapid tautomerism, one broad signal was observed at 6.25 ppm for the NH hydrogen 

atoms. To reveal the NH signals, we further performed variable-temperature (VT) 1H 

NMR spectroscopy (Figure 4.9). At -20 ̊C, well-resolved NH signals were observed at 

6.01 and 6.07 ppm. The pyrrolic -CH proton signal initially merged with the phenyl 

proton peaks were separated out and resonated as doublets at 7.16 ppm. The upfield 

shift of the inner NH signals as compared to those of reported core-modified 

homoporphyrins19,20 clearly suggests that the [20] homoporphyrin experiences a 

moderate aromatic character. 
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After the addition of trifluoroacetic acid (TFA), all the signals for pyrrolic -CH 

hydrogen atoms were shifted downfield as compared to the free base and resonated 

between 6.76 and 7.87 ppm (Figure 4.10). At room temperature, of four NH protons, 

only two were observed as a broad singlet at 6.45 ppm. The other two NH signals were 

observed as a sharp singlet at 5.85 ppm. Overall, as observed in the free base, the 

moderate diatropic ring current was further retained in the protonated state, which 

suggests the existence of Möbius aromaticity even after protonation. 

The insertion of RhI (16) resulted in major changes in the 1H NMR spectral 

pattern (Figure 4.8b). Upon coordination, the appearance of two NH signals at 7.43 and 

5.34 ppm suggested that the RhI center coordinated with the ligand in a BODIPY 

bonding mode, and the -CH signals of each pyrrole ring resonated as individual peaks 

between 6.02 and 7.06 ppm, thus reflecting the unsymmetrical nature of the complex. 

These signals were confirmed by 1H-1H COSY spectral analysis (Figure 4.12). The 

correlations were found between (i) one of the uncoordinated pyrrolic -CH protons 

and the NH proton and the two -CH protons resonated as triplets at 6.02 and 6.19 ppm, 

(ii) the pyrrolic -CH protons correlated with the NH proton and appeared at 6.96 and 

7.06 ppm. The RhI-coordinated pyrrolic -CH protons were shifted slightly upfield as 

compared to the free base and appeared between 6.44 and 6.84 ppm. Furthermore, the 

signal for one of the pyrrolic NH atoms observed at 5.34 ppm at room temperature was 

shifted upfield upon lowering of the temperature and observed at 4.8 ppm at 193 K 

(Figure 4.13), thus clearly indicating the Möbius aromatic character of the system even 

after complexation of the ligand with the RhI ion. 

 



                                                                                                                     Chapter 4 

 

97 
 

 

Figure 4.8: 1H NMR spectra of 16 and 18 in CD2Cl2. 

 

 

 

 

 

 

 

 

 

Figure 4.9: Variable temperature 1H NMR spectrum of 16 in CD2Cl2. 
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Figure 4.10: 1H – 1H COSY spectrum of 16 in CD2Cl2 

 

Figure 4.11: 1H NMR spectrum of 16.H+ in CD2Cl2. 
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Figure 4.12: 1H – 1H COSY spectra of 18 in CD2Cl2. 

 

Figure 4.13: Variable temperature 1H NMR spectroscopy of 18 in CD2Cl2. 
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4.3.1.3 Single crystal X-ray structure and analysis of 17 & 19 

The explicit structure of homoporphyrin 17 was unambiguously confirmed by 

single-crystal X-ray diffraction analysis (Figure 4.14a & b and Table 4.2). As observed 

by NMR analysis, the dipyrroethene and dipyrromethene units are linked by meso-aryl 

bridges, and all pyrrolic nitrogen atoms point inward. Of the four pyrrolic units, three 

are amino (N1, N3 and N4) and one is imino (N2) in nature. Two amine-like pyrrole 

units (N1 and N4) are connected through a meso phenyl-substituted vinylene and/or 

ethylene C20-C21 bridge. The structure is substantially distorted from planarity and 

was found to have a Möbius topology with a 20 electron circuit. The tilt angles of the 

pyrrole units N1- N4 with respect to the mean plane defined by the 25 inner-core atoms 

are 42.70(6)º [N1], 17.78(5)º [N2], 21.12(5)º [N3] and 63.69(7)º [N4]. The remarkable 

tilting of the pyrrole rings N1 and N4 is caused by the steric congestion imposed by the 

meso-phenyl-substituted vinylene bridge, which leads to the Möbius conformation with 

overall -electron conjugation. Furthermore, the torsion angle at the twisted position 

(C18-C19-C20-C21) is 72.36º, which is higher than that of Möbius systems reported to 

date,31,32 thus revealing the moderate aromatic behaviour of the [20] system (Table 

4.1 and Figure 4.2 a).  The single crystal X-ray diffraction analysis also reveals a 1:1 

complex of methanol with homoporphyrin 17. In the solid state, the unprotonated 

freebase form 17 binds methanol forming an out of plane complex (Figure 4.14 b). 

There are two intermolecular hydrogen bonding interaction between the amine pyrrole 

NH (N1) and imine pyrrole N (N2) of 17 with the methanol molecule with the distances 

and angles for N1-H1A···O2, O2-H2B···N2 are 2.12 Å, 171.71˚ and 1.87 Å, 165.02˚ 

respectively. The interactions in 17 involving Npyrrole···OMeOH with distance of 2.83 Å 

- 2.97 Å and angle of 165˚ - 172˚. 
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Figure 4.14: Single crystal X-ray structure of 17 and 19. a) & c) Top view and b) & d) 

side view. The meso-aryl groups in b) and d) and solvent molecule in a) are omitted for 

clarity. 

The insertion of RhI (19) was confirmed by single-crystal X-ray analysis (Figure 

4.14c & d and Table 4.2). The metal ion was coordinated to two of the four pyrrole 

rings, one from the dipyrroethene unit and another from the dipyrromethene unit. In the 

twisted Möbius topology of 19 with moderate aromatic character, the pyrrole rings 

connected to the ethylene bridge (N1 and N4) deviate strongly from the mean plane 

with tilt angles of 79.48(2)º [N1] and 41.18(2)º [N4] to release the steric strain of the 

macrocycle, and the torsion angle at C20-C21-C1-C2, found to be 67. 67.33º, is less 

than in 17, thus maintaining the moderate aromatic character of the [20] system (Table 

4.1 and Figure 4.21 b).23-28 Furthermore, the upfield shift of the NMR signal for one of 

the inner NH atoms was confirmed by the close proximity of the hydrogen atom to the 

metal center, with a N2-H2···Rh bond distance and angle of 2.848(1) Å and 128.89(4)º 
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(Figure 4.22 b). Overall, the variable temperature NMR studies and single crystal 

analysis proves that both the freebases and the Rh complexes exhibit moderate 20 

Möbius aromatic character rather than 20 Hückel antiaromatic character.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: Self-assembled dimers of 17. The bond distances and angles are: a) N4-

H4A…F2: 2.878(3)Å & 145.96(3)°; b) C8-H8…F5: 2.469(2)Å & 162.30(1)°; c) C18- 

H18…F3: 2.641(2)Å & 155.08(2)° respectively. 

 



                                                                                                                     Chapter 4 

 

103 
 

 

Figure 4.16: 1-D arrays of 17. The bond distances and angles are: a) C23-H23…F8: 

2.624(2)Å & 139.70(2)º; b) C46-H46B…F2: 2.565(2)Å & 146.19(2)°; c) C44-H44…

F6: 2.634(2)Å & 142.43(1)º respectively. 

 

Figure 4.17: 1-D arrays of 17. The bond distances and angles are: C46-H46B…F2: 

2.565(2) Å & 146.19(2)º; c) C44-H44…F6: 2.634(2) Å & 142.43(1)º. 
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Figure 4.18: self-assembled dimers of 19. a), b) and c) are self-assembled dimers. The 

bond distances and angles are: a) C7-H7…F2: 2.503(5)Å & 166.47(5)°; b) C18- H1…

F5 2.806(5)Å & 128.19(4)° and c) C41- H41…F10: 2.601(4)Å & 107.23(4)° 

respectively. 

 

Figure 4.19: Self-assembled dimers of 19. a) and b) are self-assembled dimers. The 

bond distances and angles are: a) C46-H46C…F6: 2.741(5)Å & 125.17(6)°; C46- 
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H46C…F7: 2.711(7)Å & 134.02(6)° and b) C17-H17…PF(п): 2.844(9)Å & 

150.66(4)° respectively. 

 

Figure 4.20: 2-D array of 19. The bond distances and angles are: C46- H46B…F4: 

2.696(5)Å & 129.28(6)°; b) C24-H24…F8: 2.496(6)Å & 154.38(6)°. 

Table 4.1: Torsion angles (°) at the twisted position of 17 and 19: 

 

 

 17 19 

C18-C19-C20-C21 -72.35° -125.30° 

C19-C20-C21-C1 -21.35° 13.96° 

C20-C21-C1-C2 136.22° 67.32° 
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Figure 4.21: Torsion angles at the twisted position (in deg.) in 17 (a) and 19 (b). (meso 

substituents were omitted for clarity). 

 

Figure 4.22: Bond lengths in 17 (a) and 19 (b) (Å). 
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Table 4.2: Crystal data for 17 and 19 

Crystal parameters 17 19 

Formula C52H28F10N4O C54H27F10N4O3Rh 

M/g mol-1 914.78 1072.70 

T/K 293 K 100 K 

Crystal dimensions/mm3 0.3 × 0.25 × 0.2 0.12 × 0.08 × 0.09 

Crystal system triclinic triclinic 

Space group P-1 P-1 

a/Å 9.9591(4) 11.829(2) 

b/Å 14.3493(6) 14.780(3) 

c/Å 16.3623(7) 15.134(3) 

α/° 74.593(2) 88.57(3) 

β/° 86.207(2) 75.02(3) 

γ/° 85.015(2) 83.42(3) 

V/Å3 2243.46(16) 2539.1(10) 

Z 2 2 

ρcalcd/mg m-3 1.402 1.403 

μ/mm-1 0.115 0.419 

F(000) 968.0 1076.0 

Reflns. Collected 49210 29895 

Indep.reflns.[R(int)] 10883 [0.0380] 9344 [0.2748] 

Max/min transmission 0.977 and 0.926 0.745 and 0.398 

Data/restraints/parameters 10883/0/640 9344/0/650 

GOF on F2 1.027 0.917 

Final R indices[I > 2σ(I)] R1 = 0.0539, 

wR2 = 0.1529 

R1 = 0.0854, 

wR2 = 0.1942 

R indices (all data) R1 = 0.0902, 

wR2 = 0.1862 

R1 = 0.1719, 

wR2 = 0.2271 

Largest diff peak and hole [e Å-3] 0.66 and -0.24 1.32 and -1.29 

 

The crystals have been deposited in the Cambridge Crystallographic Data Centre with 

reference no. CCDC 1565611, CCDC 1501407. The highly disordered solvent 

molecules in 17 were removed by the SQUEEZE routine using the PLATON program 

to proceed to the final refinement of the main structure.33  

4.3.1.4 Electronic spectral analysis 

The electronic absorption spectra of 16, protonated derivative 16.H+ and RhI 

complexes 18 were recorded in CH2Cl2 (Figures 4.23). For example, the macrocycle 16 
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showed broad absorption bands from 366 to 442 nm and a prominent Q-like band at 

683 nm. Upon protonation of 16 with TFA, the broad bands were split into two well-

defined bands at 407 and 499 nm, whereas the Q-like band was red-shifted by 84 nm 

and observed at 767 nm. On the other hand, the RhI complex 18 displayed a Soret-like 

band at 416 nm along with a shoulder at 470 nm and the lower-energy band was red-

shifted by 59 nm in comparison to 16 and appeared at 742 nm. The molar extinction 

coefficients of these molecules were found to be in the order of 105, thus suggesting 

their aromatic behavior and Möbius aromaticity instead of Hückel antiaromatic 

character. 

 

 

 

 

 

 

Figure 4.23: Electronic absorption spectra of 16, 16. H+ and 18 in CH2Cl2. 

4.3.1.5 Theoritical calculation 

The molecular systems 16, 17, 16.H+, 17.H+, 18 and 19 were optimized at the 

B3LYP/DGDZVP level of density functional theory.34 For evaluation of the degree of 

aromaticity, NICS(0), HOMA, and BLA calculations and AICD plots were considered 

as the best index.35 The NICS(0) and HOMA values of 16 and 18 are shown in Figure 

16 

18 

16. H
+
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4.24 and the NICS(0), HOMA and BLA values of 16-19 are listed in Table 4.3. The 

NICS(0) values found are between -6.30 and -9.16 ppm; the HOMA values are 0.53 

and 0.68 and the BLA values are between 0.081 and 0.104 Å (Table 4.3 and Figure 

4.26). All these values are comparable with those previously reported for antiaromatic 

molecules with Möbius aromatic character.23-28 The clockwise current density from the 

AICD plots further supports the diatropic ring current and aromaticity (Figure 4.25). In 

particular, a higher degree of aromaticity in 16.H+ as compared to 16 and 18 was 

reflected by the moderate increase in diatropic ring current indicated by NMR analysis, 

the lower torsion angles of the optimized geometry (Table 4.4), and high negative 

NICS(0) values. Overall, the Möbius aromatic character was further corroborated by 

the theoretical studies. 

Table 4.3. NICS(0) (ppm), HOMA and BLA (Å) values of 16, 17, 16.H+, 17.H+, 18 

and 19 

Calculation 16 17 16.H+ 17.H+ 18 19 

NICS(0) -6.30 -6.80 -9.16 -9.08 -6.53 -6.90 

HOMA 0.62 0.63 0.68 0.65 0.58 0.53 

BLA 0.102 0.099 0.084 0.081 0.104 0.102 
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Figure 4.24: Optimized geometry (B3LYP/DGDZVP level) of a) 16 and b) 18 with 

NICS(0) and HOMA values (in parentheses). 

Figure 4.25: a), b) and c) are AICD Plots of 16 (a), 16.H+ (b) and 18 (c) at isosurface 

value 0.015 calculated at B3LYP/DGDZVP level of DFT. 
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Figure 4.26: Bond length data in Å for 16, 16.H+ and 18 at B3LYP/DGDZVP level. 

Table 4.4: Torsion angles at the twisted position of 16-19 obtained from optimized 

structure: 

 16 17 16.H+ 17.H+ 18 19 

C18-C19-C20-C21 -53.16° -52.59° -49.41° -48.82° -133.27° -133.27° 

C19-C20-C21-C1 -26.84° -27.11° -32.13° -32.87° 20.72° 21.18° 

C20-C21-C1-C2 147.86° 148.41° 145.69° 146.88° 61.27° 60.51° 
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4.4 Conclusion 

In summary, we have successfully isolated a stable meso-aryl [20] 

tetraphyrin(2.1.1.1): a system reported to be unstable until now. Thus, we have 

described the simplest expanded porphyrin, a missing link in the rich area of expanded 

porphyrinoids, for the first time. The present study demonstrated the smallest Möbius 

aromatic character of [20] homoporphyrins in three different forms: neutral, 

protonated, and as RhI ion complexes. The Möbius aromaticity was unambiguously 

supported by spectral studies and theoretical calculations and finally confirmed by 

crystal analysis.  

4.5 Experimental Section 

4.5.1 General Information  

  The reagents and materials for the synthesis were used as obtained from Sigma 

– Aldrich chemical suppliers. All solvents were purified and dried by standard methods 

prior to use. NMR solvents were used as received. The NMR spectra were recorded 

with Bruker 400 MHz or 500 MHz with TMS as internal standard. ESI mass spectra 

were recorded on Bruker, micro-TOF-QII mass spectrometer. Electronic absorption 

spectra was recorded on Perkin Elmer – Lambda 25 UV-Visible spectrophotometer. X-

ray quality crystals for the compounds were grown by the slow diffusion of n-hexane 

over CH3OH in 17 and n-hexane over CH2Cl2 in 19. Single-crystal X-ray diffraction 

data of 17 and 19 were collected on a Bruker KAPPA APEX-II, four angle rotation 

system, Mo-K radiation (0.71073 Å). Geometry optimization of 16-19 were done at 

the B3LYP level of density functional theory34 using the DGDZVP basis set (double- 

valence plus polarization). All structures were verified as energy minima using 
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frequency calculation. For all the calculations, Gaussian09 suites of programs were 

used. 

4.5.2 Synthetic procedure and spectral characterization 

4.5.2.1 Synthesis of 16: To a 250 ml round bottom flask containing meso-5,6-

diphenyldipyrroethane (20) (0.2 g, 0.64 mmol) and 1,9-

bis(pentafluorophenylhydroxymethyl)-5-(pentafluorophenyl)-dipyrromethane (21) 

(0.45 g, 0.64 mmol) was added in 150 ml of dry CH2Cl2 and stirred for 15 min under 

N2 atmosphere with light protection. p-Toluenesulfonic acid (p-TSA) (0.024 g, 0.128 

mmol) was added and the mixture was allowed to stir for 1 h. To the reaction mixture, 

2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) (0.44 g, 1.92 mmol) was added and 

allowed to stir for further 1 h at room temperature. The entire reaction mixture was 

filtered through a pad of alumina and eluted with CH2Cl2 until the eluent was no longer 

dark. The resulting crude mixture was concentrated by rotary evaporator to give a dark 

solid. The crude solid was purified by silica gel column chromatography (100–200 

mesh). The green fraction eluted with 15% CH2Cl2/n-hexane and identified as 

homoporphyrin 16 in 15% yield.  

1H NMR (400 MHz, CDCl3, 298 K): δ = 7.16 (s, 5H), 7.14 (m, 2H), 7.11 – 7.05 (m, 

5H), 6.97 (d, J = 4.9 Hz, 2H), 6.51 (d, J = 3.9 Hz, 2H), 6.43 (d, J = 3.9 Hz, 2H), 6.28 

(brs, 2H). 

UV-Vis (CH2Cl2): λmax/nm (ε/M-1cm-1) = 366 (2.79 ×104), 414 (2.58 × 104), 442 (2.56 × 

104), 683 (1.61 × 104). 

ESI-MS: m/z calculated for C51H21F15N4 = 974.1527; found = 975.1156 (M+1). 
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4.5.2.2 Spectral data for 16.H+: 1H NMR (400 MHz, CD2Cl2, 298K): δ = 7.87 (d, J = 

4.5 Hz, 2H), 7.67 (d, J = 4.5 Hz, 2H), 7.16 – 7.07 (m, 10H), 6.92 (t, J = 3Hz, 2H), 6.76 

(t, J = 3Hz, 2H), 6.45 (brs, 2H).  

UV-Vis (CH2Cl2): λmax/nm (ε/M-1cm-1) = 407 (3.13 × 104), 499 (2.55 × 104), 767(1.50 × 

104). 

4.5.2.3 Synthesis of 17: The above procedure was followed by using 5,6-

diphenyldipyrroethane (20) (0.30 g, 0.96 mmol), 1,9-

bis(pentafluorophenylhydroxymethyl)-5-(4-methoxyphenyl)-dipyrromethane (22) 

(0.62 g, 0.96 mmol), p-TSA (0.036 g, 0.192 mmol) and DDQ (0.65 g, 2.88 mmol). The 

green fraction was eluted with 25% CH2Cl2/n-hexane and identified as 17 in 15% yield. 

1H NMR (400 MHz, CDCl3, 298 K): δ = 7.43 (d, J = 8.5 Hz, 2H), 7.13 – 7.10 (m, 8H), 

7.07 – 7.04 (m, 6H), 7.00 (d, J = 8.7 Hz, 2H), 6.45 (d, J = 4.0 Hz, 2H), 6.37 (d, J = 4.0 

Hz, 2H), 3.87 (s, 3H). 

UV-Vis (CH2Cl2): λmax/nm (ε/M-1cm-1) = 369 (3.65 × 104), 418 (3.67 × 104), 453 (3.51 

× 104), 693 (2.07 × 104). 

ESI-MS: m/z calculated for C52H28F10N4O = 914.2103; found = 915.1786 (M+1). 

4.5.2.4 Spectral data for 17.H+: 1H NMR (700 MHz, CD2Cl2): δ = 7.76 (d, J = 4.3 Hz, 

2H), 7.62 (s, 4H), 7.19 (m, 4H), 7.10 (m, 4H), 7.02 (m, 2H), 6.97 (m, 1H), 6.87 (s, 1H), 

6.75 (d, J = 3.6 Hz, 2H), 6.67 (s, 2H), 3.90 (s, 3H).  

UV-Vis (CH2Cl2): λmax/nm (ε/M-1cm-1) = 384 (3.22 × 104), 414 (3.36 × 104), 495 (2.86 

× 104 ), 782 (2.12 × 104). 

4.5.2.5 Synthesis of 18: To a solution of 16 (0.02 g, 0.02 mmol) in 20 ml of CH2Cl2, 

anhydrous sodium acetate (0.017 g, 0.2 mmol) was added followed by [Rh(CO)2Cl]2 

(0.016 g, 0.04 mmol). The reaction was heated under reflux for 12 h. The resulting 

crude mixture was concentrated by rotary evaporator to give a dark solid. The crude 
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solid was purified by silica gel column chromatography (100 – 200 mesh). The green 

fraction eluted with 10% CH2Cl2/n-hexane and identified as the rhodium complex 18 

in quantitative yield. 

1H NMR (400 MHz, CD2Cl2, 298 K): δ = 7.43 (s, 1H), 7.29 (t, J = 4.6 Hz, 4H), 7.15 

– 7.12 (m, 3H), 7.09 – 7.04 (m, 4H), 6.96 – 6.94 (m, 1H), 6.84 (d, J = 4.5 Hz, 1H), 6.59 

(dd, J = 8.1, 4.5 Hz, 2H), 6.45 (d, J = 4.4 Hz, 1H), 6.19 (t, J = 3.0 Hz, 1H), 6.02 (t, J = 

3.0 Hz, 1H), 5.34 (s, 1H). 

ESI-MS: m/z calculated for C53H20F15N4O2Rh = 1132.0402; found = 1132.9846 (M).  

UV-Vis (CH2Cl2): λmax(nm) (ε[M-1cm-1]) = 416 (3.38 × 104), 470 (1.45 × 104), 742 

(0.99 × 104). 

4.5.2.6 Synthesis of 19: The above procedure was followed by using 19 (0.02 g, 0.022 

mmol), [Rh(CO)2Cl]2 (0.017 g, 0.044 mmol) and anhydrous sodium acetate (0.018 g, 

0.22 mmol). The green fraction eluted with 20% CH2Cl2/n-hexane and identified as 19 

in 50% yield. 

1H NMR (500 MHz, CD2Cl2, 298 K): δ = 7.51 (d, J = 8.5 Hz, 2H), 7.36 - 7.28 (m, 

7H), 7.16 - 7.04 (m, 5H), 7.02 - 7.00 (m, 3H), 6.78 (d, J = 4.5 Hz, 1H), 6.63 - 6.61 (m, 

2H), 6.43 (d, J = 4.5 Hz, 1H), 6.16 (t, J = 3 Hz, 1H), 5.99 (t, J = 3 Hz, 1H), 5.09 (brs, 

1H), 3.88 (s, 3H). 

ESI-MS: m/z calculated for C54H27F10N4O3Rh = 1072.0979; found = 1073.0502 

(M+1).  

UV-Vis (CH2Cl2): λmax(nm) (ε[M-1cm-1]) = 423 (2.85 × 104), 477 (2.17 × 104), 774 (1.7 

×104). 
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5.1 Introduction   

In the previous chapter, we have already discussed about the expanded porphyrin 

and its applications. The present chapter mainly focuses on expanded porphyrins 

with five pyrrole / heterocyclic rings in the macrocyclic core. In this series, 

sapphyrins, pentaphyrins, smaragdyrins, isosmaragdyrin, orangarin and 

ozaphyrin are known in the literature. In the introduction part, we highlight 

mainly pentaphyrin (1), sapphyrin (2) and smaragdyrin (3) (Figure 5.1). 

Depending on the number of meso-carbons between the five pyrrole / 

heterocyclic units, these analogues are classified as follows. In the case of 

pentaphyrins, the pyrrole rings are connected with five meso-carbon atoms,2 

whereas, the number of meso carbon atoms are reducted to four in sapphyrin and 

three in smaragydirn along with one and two direct bonds between α-carbon 

atoms of pyrrole / heterocyclic rings respectively.3   

 

Figure 5.1: Chemical structures of 1) pentaphyrin, 2) sapphyrin and 3) 

smaragdyrin. 

 

The first stable pentaphyrin, β-Decaalkyl-substituted [22]pentaphyrin(1.1.1.1.1) 

4 was synthesized by Gossauer et al.2 The compound 4 was synthesized by 

condensation of the known dipyrromethane 5 with the dialdehyde 6 in the 

presence of 33% hydrobromic acid in acetic acid followed by oxidation with 

chloranil and afforded in 31% overall yield (Scheme 5.1). 
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Scheme 5.1: Synthesis of 4. 

On the other hand, the meso-aryl pentaphyrins are known to undergo spontaneous 

N-fusion reaction. The first example of a meso-aryl fused expanded porphyrin, 

i.e N-fused penta-phyrin (NFP5) (7) was reported by Osuka and coworkers.4 7 

was synthesized by Rothemund-type acid-catalyzed condensation of 

pentafluorobenzaldehyde with pyrrole and followed by oxidation with 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). Two major products 7a and 7b 

were obtained whose parent mass peaks reflected to the pentapyrrolic macrocycle 

with overall isolated yield of 7 was 15%. The ratio of product (7a and 7b) 

formation changed impressively depending on the oxidant used and converged 

to 7a when DDQ was used in excess (2.5 equiv) (Scheme 5.2). The crystal 

analysis of 7b revealed the formation of fused tri-pentacyclic ring in the core. 

The 1H NMR spectral studies suggested the 24π antiaromatic characteristics of 

7b based on the presence of NH proton at 13.73 ppm and the β-CH protons at 8.2 

to 5.5 ppm. 
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Scheme 5.2: Redox reaction between 7b and 7a. 

 In 1966, another pentapyrrolic analogue sapphyrin was first synthesized by 

Woodward during their efforts to synthesize vitamin B12.
1 These pentapyrrolic 

compounds were termed as “sapphyrins” due to their intense blue-colored 

crystalline form. Initially, sapphyrin (8) was obtained in 1% yield by [4 + 1] acid 

catalyzed condensation between the linear tetrapyrrolic precursors (9) and 2,5-

diformyl-3,4-dimethylpyrrole (10) under aerial oxidation (Scheme 5.3). 

 

Scheme 5.3: Synthesis of 8. 

Later, [22]sapphyrins have been widely exploited specifically as anionic sensors 

by Sessler et al.5 The modified synthetic methodologies were reported for the 

synthesis of sapphyrin (11) and shown in scheme 5.4.6  

The [3 +2] MacDonald type condensation of directly pyrrole-pyrrole linked 
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precursor 12 with tripyrromethene dicarboxylic acid (13) afforded 11 in ~40% 

yield.   

 

Scheme 5.4: Synthesis of 11. 
 
The first meso-aryl sapphyrin (14) was reported by Latos-Grażyński and co-

workers.7 14 was obtained by Rothemund type of reaction between pyrrole (15) 

and benzaldehyde (16), using BF3.OEt2 as acid catalyst (Scheme 5.5) in 1% yield. 

The 1H NMR spectral analysis revealed that the pyrrole unit opposite to the 

bipyrrole ring was inverted and both β-CH protons were in aromatic ring current. 

Upon protonation by trifluoroacetic acid (TFA), the respective pyrrole ring was 

180° rotated to obtain a normal structure as observed in 8 and 11. 

The modified synthetic methodologies with better yield was reported by 

Chandrashekar and co-workers. The 5-phenyl dipyrromethane (17) was treated 

with 1 equiv. of TFA followed by chloranil oxidation gave the sapphyrin (14) in 

11% yield (Scheme 5.5).8 
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Scheme 5.5: Synthesis of 14. 

The first carbasapphyrin 18 was reported by Lash and coworkers. The [4 +1] 

MacDonald condensation between tetrapyrrole dicarboxylic acid (19) and 1,3-

diformyl indene (20) (Scheme 5.6) followed by oxidation with DDQ to afford 18 

in 38% yield.9 

 

Scheme 5.6: Synthesis of Carbasapphyrin 18. 

Very recently unsymmetrical heterobenzisapphyrin 21 was reported by 

Ravikanth and co-workers by adopting [4 + 1] acid-catalyzed condensation 

reaction to obtain 21 in ~9% yield (Scheme 5.7).11 The spectral and structural 

analyses revealed that 21 is a planar molecule with an inverted furan ring and 

overall adopt nonaromatic characteristic (Scheme 5.7).  
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Scheme 5.7: Synthesis of Carbasapphyrin 21. 
 
 The chemistry of sapphyrins has been well-established due to proficient 

synthetic approaches. On the other hand, smaragdyrins are not explored 

considerably as the molecules are unstable, however, recently several attempts 

have been made to synthesize smaragdyrins.  

Woodward and co-workers first recognized the existence of smaragdyrin.1 The 

term “smaragdyrin” originated as the colour of the macrocycle resembles with 

emerald stone. In 1972, while synthesizing sapphyrins, Broadhurst, Grigg, and 

Johnson obtained smaragdyrin (22) and coined the name as norsapphyrins 

(scheme 5.8).11 Interistingly, they called the molecule norsapphyrins but the 

spectral confirmation suggested norsapphyrins and smaragdyrin[1.1. 0.1.0] are 

identical.  

 

Scheme 5.8: Synthesis of 22. 

Finally, Chandrashekar and co-workers succeeded through rational synthetic 

approach to make stable meso-aryl core-modified smaragdyrins 25.12 In the 
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presence of TFA acid-catalyst, they adopted [3 + 2] oxidative coupling reaction 

between meso-aryl dipyrromethane 23 and oxatripyrrane / thiatripyrrane 24 

followed by chloranil oxidation to obtain 25 in ~50% yield (scheme 5.9). 

 

Scheme 5.9: Synthesis of 25. 

Thereafter, several core-modified smaragdyrin molecules were reported by Ravikanth 

and co-workers and exploited its coordination chemistry as well as sensing properties. 

 Recently, Song and co-workers were demonstrated the synthesis 

of BF2.complex of 28, which was obtained in 13% yield by Substitution Aromatic 

Nucleophilic (SNAr) reaction with BF2 complex of 1,9-dibromo-5-

mesityldipyrromethane (26) with 5,10-dimesityltripyrromethane (27). The BF2 unit was 

removed by p-toluenesulphonic acid (p-TSA) condition to afford freebase 29 in 90% 

yield with antiaromatic characteristics (scheme 5.10).13  

 

Scheme 5.10: Synthesis of 28 and 29. 

           The structural isomer of smaragdyrin known as isosmaragdyrin (1.1.1.0.0) was 

first reported by Sessler and co-workers. The HCl acid-catalyzed condensation of α-

free tripyrrole (31) with diformyl dipyrromethane (32) to obtain 30 in 38% `yield, 
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whereas, 34 was in 38% yield by using 33, instead of 32, under similar reactions 

conditions. Similarly, the respective core-modified analogue 37 was obtained in 38% 

yield.  The macrocycles 30, 34 and 37 are aromatic and found stable in protonated form 

as shown in Scheme 5.10 (Scheme 5.11).14,15 

 

Scheme 5.11: Synthesis of 30, 34 and 37. 

5.2 Objective of our work 

As per the literature survey, the syntheses of smaragdyrin [1.1.0.1.0] and 

its core-modified analogues are well known in the literature, however, only one 

report on respective structural isomer, isosmaragdyrin [1.1.1.0.0] and its core-

modified derivative is known till date. Both the analogues are stable in the anion 

bound form and their coordination chemistry is hitherto unknown in the 

literature. Hence, the main objective of this chapter is to isolate the stable 

isosmaragdyrin in its freebase form and also to explore its coordination 

chemistry.  

In this chapter, we wish to report the synthesis, spectral and structural 

characterization of isosmaragdyrin [1.1.1.0.0] with a N3C2 core. Tripyrrole in the 
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macrocyclic core is replaced by 2,6-diphenylpyridyl unit, where the arene and 

pyridyl units are incorporated in the macrocyclic core for the first time. The core 

is utilized to stabilize the trifluoroacetate anion, Rh and Pt ion in +1 and +3 

oxidation state to form Rh(I) and organo-Pt(III) complex. The local aromaticity 

of the m-arene unit (m1 and m2) and pyridyl unit (Py) in the core leads to overall 

nonaromatic characteristics in (i) freebase; (ii) protonated and (iii) metal ion 

inserted form.  

5.3 Results and discussions 

5.3.1 Synthesis 

Scheme 5.12: Synthesis of 38, 39 and 40. 

 The requisite key precursors for the synthesis of target molecue are 

obtained as follows: The Suzuki-Miyaura cross coupling reaction of  

formylphenylboronic acid in 1:3 mixture of H2O and tetrahydrofuran gave 3,3'-

(pyridine-2,6-diyl)dibenzaldehyde 41 in 85% yield. The Grignard reaction of 41 

with freshly prepared mesitylmagnesium bromide in dry toluene under reflux 

conditions afforded (pyridine-2,6-diylbis(3,1-phenylene))bis(mesitylmethanol) 

42 in 65% yield. 2,6-bis(3-(mesityl(1H-pyrrol-2-yl)methyl)phenyl)pyridine 43 

was synthesized by refluxing a 1,2-dichloroethane solution of 42 with excess 

pyrrole in the presence of BF3.OEt2. The p-toluenesulfonic acid catalyzed 



  Chapter 5 

 

129 
 

condensation of 43 with 2,3,4,5,6-pentafluorobenzaldehyde followed by 

oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) gave the 

target molecule 38 in 15% yield. The coordination chemistry of 38 was 

performed under N2 atmosphere; (i) by refluxing a p-xylene solution of 38 in the 

presence of [Rh(CO)2Cl]2 to afford 39 in 7% yield and (ii) by refluxing 

chlorobenzene solution of 38 with PtCl2 to form 40 in 67% yield. 

5.3.2 Spectral Characterization 

5.3.2.1 Mass spectrometric analysis 

The high resolution-electron spray ionization (HR-ESI) mass spectrometric 

analyses of 38, 39 and 40 were shown in Figure 5.2 – 5.4. The exact composition 

of 38 was confirmed by observing a mass peak at m/z = 800.3090. The molecular 

ion signal of Rh(I) complex 39 was exhibited at m/z = 958.1914 (M+1) (Figure 

5.3). Whereas the molecular ion peak of complex 40 was observed with an 

extrusion of a chlorine atom at m/z = 993.2521 (M-Cl) (Figure 5.4). 

 

Figure 5.2: ESI-MS spectrum of 38. 
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Figure 5.3: ESI-MS spectrum of 39. 

 

Figure 5.4: ESI-MS spectrum of 40. 

5.3.2.2 NMR Analysis 

The 1H NMR spectral analysis of 38 – 40 in CD2Cl2 at room temperature are 

shown in Figure 5.5. The compound 38 with C2 symmetry / centro symmetry (fix the 

right symmetry) exhibits the signals exactly for half of the molecule (Figure 5.5a). The 

pyrrolic β-CHs [H(9, 13)] and [H(8, 14)] observes as a set of doublets at 6.08 and 6.47 

ppm. The peripheral m-phenylene protons [H(4, 18)] appears as broad signal at 6.90 
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ppm, whereas [H(2, 20)] and [H(3, 19)] are as a set of doublet and as a triplet at 7.78 

and 7.35 ppm and the core protons [H(27, 28)] are as singlet at 9.01 ppm respectively. 

The signals of a pyridine moiety observes as doublet at 7.74 [H(23, 25)] and a triplet at 

7.91 ppm [H(24)]. The mesityl-CH and -CH3 protons exhibits as singlets at 6.92 ppm 

and 2.32 & 2.03 ppm. The resonance of inner NH proton evolves as a broad signal at 

8.65 ppm at 213 K in variable temperature NMR experiment (Figure 5.6). The 

diprotonated ligand 38.2H+ was accomplished by gradual addition of trifluoroacetic 

acid (TFA) into CD2Cl2 solution of 38 (Figure 5.7). After 38 equiv. the resonance of 

amine and protonated imine protons appeared as singlet at 12.01 ppm and the 

pyridinium NH at 14.36 ppm. The overall spectral pattern in 38 and 38.2H+ simulate 

typical nonaromatic characteristics as oberved in m-benziporphyrinoids, 

pyriporphyrinoids and its expanded analogues.10  

The 1H NMR spectral pattern of 39 is reminiscent to that of 38 with moderate 

changes in chemical shift values and shown in Figure 5.5b. The absence of inner core 

pyrrolic NH [H(2)] and the presence of two m-phenylene CH protons [H(27,28)] at 9.76 

ppm reveals that the coordination occurs only in the dipyrromethene moiety. The 

pyrrolic -CHs are resonated as a set of doublets at 5.97 and 6.42 ppm. The peripheral 

m-phenylene protons are appeared at 6.78 [H(4,18)], 7.40 [H(2,20)]and 7.21 [H(3,19)] 

ppm. The pyridine protons are resonated as a doublet at 7.65 [H(23,25)] and a triplet at 

7.92 [H(24)] ppm. The aromatic mesityl-CH protons are observed at 6.87 and 6.99 ppm 

and the methyl protons are at 2.34, 2.33 and 1.72 ppm. Overall, the 1H NMR analysis 

of  39 retains its nonaromatic character as observed in 38.  

The 1H NMR spectrum of 40 shows the unsymmetrical nature as compared to 

38 and shown in Figure 5.5c. signals. The disappearance of one of the m-phenylene 
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(m2) inner core CH protons [H(27)] and appearance of other m-phenylene (m1) CH 

proton [H(28)] at 8.53 ppm and pyrrolic NH [H(2)] at 11.96 ppm reveal the formation 

of organo-Pt(II) complex and suggests the different mode binding as compared to 39. 

The deshielded NH proton suggests strong intramolecular hydrogen bonding 

interaction. The pyrrolic β-CH protons are resonated between 5.95 and 6.69 ppm. The 

peripheral-CH protons [H(2,3,4)] of cyclometallated phenyl rings are appeared between 

7.07 and 7.54 ppm, whereas the -CH protons [H(18,19,20)] of non-cyclometallated 

phenyl rings are observed between 6.82 and 7.65 ppm. The meso-mesityl -CH and 

methyl protons are resonated as singlets in the range of 6.88-7.03 and 1.88-2.35 ppm, 

respectively.   

 

Figure 5.5: 1H-NMR spectra of 38, 39 and 40 in CD2Cl2. 
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Figure 5.6: Variable temperature 1H-NMR spectrum of 38 CD2Cl2. 

 

Figure 5.7: 1H NMR of 38 with various equiv. of TFA in CD2Cl2. 

5.3.2.3 Single crystal X-ray structure and analysis of 38, 39 and 40 

 The molecular structures of 38, 38.2H+, 39 and 40 were unambiguously 

confirmed by single crystal X-ray analyses and shown in Figure 5.8 & 5.9 and the 

crystal data are in Table 5.1. All the crystals were grown in CH2Cl2/n-pentane solvent 
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mixture. The anticipated nonaromatic character of 38 from 1H NMR spectral analysis 

is further reflected from the crystal analyses. The carbon-carbon bond lengths in the 

dipyrromethene moiety exhibit an alternative single and double bond characters, proves 

the effective π-delocalization (Figure 5.17). However, the bond lengths within the m-

phenylene rings and pyridine units are between 1.333(5) Å and 1.417(5) Å, which 

resembles with sp2–sp2 double-bond character. The m-phenylene units are connected 

with pyridine as well as dipyrromethene unit by sp2-sp2 single bond [1.472(6) Å & 

1.482(5) Å] lengths. The 2,6-diphenylpyridyl unit in the core maintains individual 

aromatic character, thus the effective π-electron delocalization in the dipyrromethene 

units are restricted by m-phenylene (m1 & m2) and pyridyl (Py) units and adopts 

nonaromatic characteristic. Further, the crystal analyses revealed that the m-phenylene 

units are highly deviated from the mean plane containing 18 inner core atoms with the 

dihedral angle of 41.88(1)° (m1) and 36.04(1)° (m2), where the pyridine units is 

deviated from the plane with the tilt angle of 21.94(9)° (Py). 

The molecular structure of 38.2H+ exists in crystallographic two-fold axis 

(Figure 5.18), thus, more symmetric as compared to 38. All the imine nitrogens are 

protonated and are in intermolecular hydrogen bonding with one trifluroacetate anion 

and located above the mean macrocyclic plane. The bond distance and angle of N2-

H2…F6 and N3-H3...O1 are 2.85 (3)Å & 102.37(7)° and 2.34 (2) Å & 139.90 (7)°. The 

bond lengths within m-phenylene rings (m1 & m2) and the pyridine ring (Py) are similar 

as observed in 38, thus maintains the individual aromatic character and overall retain 

the nonaromatic characterister. 

As observed from the 1H NMR studies, the crystal structure of 39 (Figure 5.8c 

& d) reveals that the dipyrromethene unit is coordinated with Rh(CO)2 unit and the Rh 

ion is in +1 oxidation state and is located at 2.05 Å below the mean plane containing 
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18 inner core atoms. The bond lengths between N1-Rh & N2-Rh are 2.120(7) Å and 

2.149(7) Å respectively. The bond angles around Rh(I) metal ion are N1-Rh...N2: 

90.41(2)°, N2-Rh...C53: 90.11(4)°, C53-Rh...C54: 86.25(5)° and C54-Rh...N1: 

92.71(4)°, thus, the geometry around the metal center is square planar. In addition, there 

is no major deviation in the bond lengths in m-phenylene (m1 & m2), pyridine (Py) and 

dipyrromethene units (Figure 5.19), thus maintains the nonaromatic character as 

observed in 38.   

In the molecular structure of 40, the pyrrole (N2), m-phenylene (m2) and 

pyridine (Py) are coordinated with Pt ion and the additional coordination site is ocupide 

the chloride ligand to generate the organo-Pt(II) complex. The bond lengths around the 

metal center are Pt-N3, Pt-C27, Pt-N2 and Pt-Cl are 2.087(9) Å, 1.964(1) Å, 2.044(8) 

Å and 2.414(3) Å (Figure 5.20) and the bond angles of N3-Pt-C27, N2-Pt-C27, N3-Pt-

Cl and N2-Pt-Cl are 80.21 (4)°, 92.82 (4)°, 99.43 (2)° and 88.31 (2)° respectively, thus 

the geometry around the metal center is square planar. It is pertinent to point out that 

the particular arrangement of Pt(II) complex in the core reveals the typical 

unsymmetrical pincer complex inside the macrocyclic core by forming one five 

membered ring (Pt-N3-C26-C1-C27) and a six membered ring (Pt-N2-C7-C6-C5-C27). 

The observed deshielded NH signal in the 1H NMR studies is further supported by the 

cyrstal analyses with strong intermolecular hydrogen bonding between the axial 

chloride ligand (Cl) and pyrrole (N1-H1) with bond length and angle of N1-H1...Cl 

2.32(3) Å and 155.00(6)°. Notably, due to the incorporation of metal–chloride bond 

into the macrocyclic core, N3-Pt-N2 fragment is distorted from linearity [172.15(3)°] 

and also C27-Pt-Cl is bent at an angle of 161.98(4)°. As a consequence; (i) the distance 

between C1 of m2 ring and Pt(II) ion is 2.85(1) Å, which is in between the van der 

Waals and covalent diameter, thus forms η1 coordination. (ii) In addition to N1-H1...Cl, 
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the intermolecular interaction is further observed between N1-H1 and Pt(II) and the 

bond length and angle of N1-H1...Pt is 2.79 (7) Å and 136.52(5)°. Finally, the 

nonaromatic characteristic as reflected in 38 and 39 are further observed in the crystal 

analysis of 40, thus retained as such. 

 

Figure 5.8: The solid state structures of 38, 39 and 40. a), c) and e) top views and b), 

d) and e) side views. The hydrogen atoms and meso-aryl substituents are omitted clarity. 

 

Figure 5.9: Single crystal X-ray structure of 38.2H+ with trifluoroacetate anion. a) Top 

view and b) side view. The hydrogen atoms and meso-aryl groups are omitted for 

clarity. 
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Figure 5.10: a), b), c) are Self-assembled dimers 38. The bond distances and angles 

are: a) C9-H9…F4: 2.628(3) Å & 144.42(3)°; b) C28-H28…F1: 2.527(2) Å & 

127.72(3)° and C46-H46…F1: 2.546(2) Å & 151.91(2)°; c) C19-H19…Py(π): 3.010(1) 

Å and 152.24(3)°; Ph(π)1- Ph(π)2: 3.634(3) respectively (hydrogens and the meso-aryl 

groups are omitted for clarity). 

 

Figure 5.11: 2-D array of 38. The bond distances and angles are C23-H23…F3: 

2.548(2)Å and 133.91(3)°; C36-H36…F3: 2.541(3)Å and 150.59(3)° respectively 

(hydrogens and the meso-aryl groups are omitted for clarity). 
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Figure 5.12: a), b) are Self-assembled dimers 39. The bond distances and angles are: 

a) C36-H36…F2: 2.774(1) Å & 157.66(1)°; b) Ph(π)1-Ph(π) 2: 4.390(1) Å  respectively 

(hydrogens and the meso-aryl groups are omitted for clarity). 

 

Figure 5.13: 1-D array of 39. The bond distances and angles are C44-H44…F3: 

2.877(1)Å and 142.23(1)°; respectively (hydrogens and the meso-aryl groups are 

omitted for clarity). 



  Chapter 5 

 

139 
 

 

Figure 5.14: 2-D array of 39. The bond distances and angles are C45-H45…F5: 

2.759(1)Å and 133.87(1)°; C36-H36…F5: 2.702(1)Å and 127.16(9)° respectively 

(hydrogens and the meso-aryl groups are omitted for clarity). 

 

Figure 5.15: a), b) are Self-assembled dimers 40. The bond distances and angles are: 

a) C9-H9…F2: 2.821(8) Å & 133.99(7)° and C37-H37…F3: 2.477(9) Å & 135.89(9)°; 

b) C31-H31…F4: 2.604(8) Å & 155.95(8)° respectively (hydrogens and the meso-aryl 

groups are omitted for clarity). 
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Figure 5.16: 2-D array of 40. The bond distances and angles are C35-H35…F2: 

2.579(9)Å and 159.43(7)°; C9-H9…F2: 2.821(8)Å and 133.99(7)° respectively 

(hydrogens and the meso-aryl groups are omitted for clarity). 

 

Figure 5.17: Bond lengths of 38 in (Å). 
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Figure 5.18: Bond lengths of 38.2H+ in (Å). 

 

Figure 5.19: Bond lengths of 39 in (Å). 
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Figure 5.20: Bond lengths of 40 in (Å). 
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Table 5.1: Crystal data for 38, 38.2H+, 39 and 40 

Crystal parameters 38 38.2H+ 39 40 

Formula C52H38F5N3 C56H40F11N3O4 C54H37F5N3O2

Rh 

C52H37F5N3ClPt 

M/g mol-1 799.85 1027.91 957.79 1029.39 

T/K 100 268(40) 296.87(10) 299.2(4) 

Crystal dimensions/mm3 0.729 × 0.452 

×0.192 

0.18 × 0.16 × 

0.1 

0.22 × 0.15 × 

0.12 

0.362 × 0.25 × 

0.212 

Crystal system triclinic monoclinic orthorhombic monoclinic 

Space group P-1 C2/c C2221 C2/c 

a/Å 12.1765(4) 17.3774(4) 12.7471(2) 31.6392(15) 

b/Å 13.0482(6) 19.4464(3) 24.2024(4) 8.7956(4) 

c/Å 15.2310(5) 20.1641(4) 35.7587(13) 37.084(2) 

α/° 111.513(4) 90 90 90 

β/° 112.548(4) 97.8318(19) 90 93.548(5) 

γ/° 93.946(3) 90 90 90 

V/Å3 2016.53(15) 6750.4(2) 11031.9(5) 10300.1(9) 

Z 2  4 8 1 

ρcalcd/mg m-3 1.317 1.011 1.156 1.489 

μ/mm-1 0.765 0.727 2.958 5.819 

F(000) 832.0 2112.0 3920.0 4593.0 

Reflns. collected 28909 47161 22736 39416 

Indep.reflns.[R(int)] 7384 [0.2074] 5960 [0.0793]  11555 [0.0730] 9420 [0.1227] 

Max/min transmission 0.863, 0.693 0.930, 0.877 0.701, 0.617 0.291, 0.218 

Data/restraints/paramete

rs 

7384/0/535 5960/90/404 11555/582/592 9420/0/565 

GOF on F2 0.952 1.103 1.120 0.994 

Final R indices[I > 

2σ(I)] 

R1 = 0.0804, 

wR2 = 0.2193 

R1 = 0.1135, 

wR2 = 0.4346 

R1 = 0.1014, 

wR2 = 0.2736 

R1 = 0.0907, 

wR2 = 0.2424 

R indices (all data) R1 = 0.1331, 

wR2 = 0.2602 

R1 = 0.1184, 

wR2 = 0.4527 

R1 = 0.1123, 

wR2 = 0.2901 

R1 = 0.1237, 

wR2 = 0.2739 

Largest diff peak and 

hole  

[e Å-3] 

0.41 and -0.41 0.52 and -0.31 1.89 and -2.49 4.56 and -1.81 

 

5.3.2.4 Electronic absorption and Emission analyses 

The steady state electronic absorption spectra of 38, 38.2H+, 39 and 40 were 

recorded in CH2Cl2 and shown in Figure 5.21 and their molar extinction coefficients 

were listed in table 5.2. The spectral pattern and the molar extinction coefficient values 

are in the order of 104 reflects further the nonaromatic characteristic as observed in 
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contracted, normal and expanded m-benziporphyrinoids.11 Compound 38 exhibits 

relatively two sharp absorption bands at 299 and 359 nm and a broad absorption band 

at 552 nm. In contrast, 38.2H+ shows two prominent absorption bands with almost an 

equal intensity at 347 and 664 nm, where the higher energy band is 112 nm 

bathochromically shifted with respect to 38 along with higher molar extinction 

coefficient. In 39, two intense bands at 366 nm and 700 nm along with shoulder band 

at 656 nm are observed. The intense bands are bathochromically shifted and their molar 

extinction coefficient values are the highest as compared to 38, 38.2H+ and 40. In 

addition to these bands, a shoulder appeared at 656 nm. However, the compound 40 

exhibited three broad bands at 309, 389 and 700 nm and a shoulder band at 495 nm.  

The emission spectra of 38, 39 and 40 were investigated in CH2Cl2 and shown in 

Figure 5.22. The ligand 38 and the complex 40 are weakly emissive, however, complex 

39 is non-emissive. The compound 38 shows an emission maximum at 398 nm whereas 

40 exhibits emission maxima at 370 and 414 nm. The fluorescence quantum yield (ФF)  

of 38 and 40 were found to be 0.003 and 0.001 respectively. 

Table 5.2.  Electronic absorption spectral data of 38, 38.2H+, 39 and 40 & emission 

spectral data of 38 and 40 

[a]Concentration ≈ 10-6 M; [b] quantum yield calculated with respect to 5,10,15-

tetraphenylporphyrin. 

 

Compd.[a] maxnm (/M-1cm-1) em/nm f/%
[b] 

38 

38.2H+ 

39 

40 

299 (2.83), 359 (2.95), 552 (1.93) 

347 (4.56), 664 (4.43) 

366 (7.02), 656 (4.49), 710 (7.45)  

309 (1.89), 389 (1.57), 495 (0.51), 700 (1.34) 

   398 

    --- 

    --- 

370, 414 

0.3 

--- 

--- 

0.1 
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Figure 5.21: The electronic absorption spectra of 38, 38.2H+, 39 and 40 in CH2Cl2. 

 

Figure 5.22: The emission spectra of 38 and 40 in CH2Cl2. 
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5.3.2.5 Electrochemical properties  

The electrochemical properties of 38 – 40 were investigated by cyclic voltammetry 

(CV) and differential pulse voltammetry (DPV) in a CH2Cl2 solution containing 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) (Figure 5.25) and their 

electrochemical potentials were listed in table 5.3. Four irreversible oxidation waves at 

0.14, 0.27, 0.58 and 0.70 V and a quasi-reversible reduction wave at -1.68 V were 

observed for 38. On the other hand, complex 39 exhibited three quasi-reversible 

oxidation waves at 0.05, 0.28 and 0.23 V and and an irreversible and a quasi-reversible 

reduction waves at -1.68 and -1.75 V respectively. To our surprise, the first reduction 

potential in 39 was same as observed in 38 and its oxidation potential was positively 

shifted only by 0.01 V suggested that the redox process in 39 is ligand centered rather 

than metal centered. As compared to 38 and 39, the electrochemical potential values 

were different for 40. The first reduction and the second oxidation waves were 

reversible and appeared at -1.60 and 0.10 V respectively. Whereas the second reduction 

appeared as a quasi-reversible wave at -1.75 V which is consistant with the reduction 

of heteroaromatic ring of cyclometalated-PtII complexes . All other oxidation processes 

were irreversible and appeared at -0.18, 0.42 and 0.68 V. Eventually, the 

electrochemical HOMO-LUMO gap (ΔEH-L) of 38, 39 and 40 were found to be 1.82, 

1.73 and 1.41 V. The abrupt change in ΔEH-L of 40 might be accounted for the sigma 

donation from carbon atom of the cyclometalated ligand to PtII which uplifts the energy 

level of HOMO. 
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Figure 5.23: Cyclic (_) and differential pulse (....) voltammograms of 38, 39 and 40. 

Table 5.3. Electrochemical data of 38, 39 and 40 

Compound Eox4 Eox3 Eox2 Eox1 Ered1 Ered2 EHL(eV) 

38 0.68 0.42 0.10 -0.18 -1.56 -1.75 1.41 

39 ... 0.73 0.28 0.05 -1.68 -1.74 1.73 

40 0.70 0.58 0.27 0.14 -1.68 ... 1.82 

 

5.4 Conclusion 

In summary, we have successfully demonstrated the synthesis, spectral and structural 

characterization of arene and pyridyl unit incorporated isosmaragdyrin [1.1.1.0.0]. To 

the best of our knowledge, this is the first stable isosmaragdyrin in the freebase form. 

The bimodular N3C2 core was further explored for coordination chemistry, where the 

trifluoroacetate anion is stabilized upon protonation and Rh(I) and organo-Pt(II) 

complexes are inserted upon metalation. The spectral analyses revealed the 

nonaromatic characteristic in all the compounds and further confirmed by crystal 
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analyses. Finally, the electrochemical studies revealed that the redox process was of 

ligand centered rather than metal upon Rh(I) ion insertion, whereas the influence of M-

C bond was observed from Pt(II) complex.  

5.5 Experimental Section 

5.5.1 General Information 

 The reagents and materials for the synthesis were used as obtained from Sigma 

Aldrich chemical suppliers. All solvents were purified and dried by standard methods 

prior to use. The NMR solvents were used as received and the spectra were recorded in 

Bruker 400 MHz and 700 MHz spectrometer with TMS as an internal standard. The 

ESI mass spectra were recorded in Bruker, micro-TOF-QII mass spectrometer. The 

Electronic absorption spectra were recorded in Jasco V-730 UV-Visible 

spectrophotometer. The X-ray quality crystals for the compounds were grown by slow 

diffusion of n-pentane over CH2Cl2 solution. Single-crystal X-ray diffraction data of 

38, 38.2H+, 39 and 40 were collected in a Rigaku Oxford diffractometer. Fluorescence 

quantum yields were determined by using meso-tetraphenylporphyrin (TPPH2) (Фf = 

0.11) as a reference. 

5.5.2 Synthesis and spectral characterization 

5.5.2.1 Synthesis of 41: 2,6 dibromo pyridine (3 gm, 12.6 mmol) and 3 formyl phenyl 

boronic acid (4.7 gm, 31.6 mmol) was dissolved in 3:1 (V/V) THF and water solvents 

mixture under nitrogen atmosphere. K2CO3 (8.7 gm, 63 mmol) was immediately added 

to the reaction mixture and purged with for about 15 minutes. Pd(Ph3P)4 (1.16 gm, 1 

mmol) was added under nitrogen atmosphere. The reaction was kept for 8 hours then 

work up was performed. The compound was purified by column chromatography using 



  Chapter 5 

 

149 
 

silica gel (100-200 mesh) in Hexane / EtOAc (70:30) mixture to afford white crystalline 

solid 41 in 85% Yield. 

1H NMR (700 MHz, CDCl3, 298K): δ = 10.15 (s, 2H), 8.62 (s, 2H), 8.48 (d, J = 7.7 

Hz, 2H), 7.97 (d, J = 7.5 Hz, 2H), 7.92 (t, J = 7.8 Hz, 1H), 7.83 (d, J = 7.8 Hz, 2H), 

7.70 (t, J = 7.6 Hz, 2H).  

13C NMR (176 MHz, CDCl3): δ = 192.43, 155.80, 140.24, 138.22, 137.01, 133.06, 

130.43, 129.69, 128.24, 119.60. 

ESI-MS: m/z calculated for C19H13NO2 = 287.0946; found = 288.1048 (M+1). 

5.5.2.2 Synthesis of 42: The compound 41 (1.5 gm, 5.2 mmol) was dissolved in toluene 

under nitrogen atmosphere. Freshly prepared solution of mesityl magnesium bromide 

was added dropwise in ice bath condition. Then the reaction was refluxed overnight. 

The reaction mixture was quenched with 2N HCl and work up was performed, dried by 

sodium sulphate and purified by column chromatography using silica gel (100-200 

mesh) in Hexane / EtOAc (70:30) to afford 42 in 65% yield. 

1H NMR (700 MHz, CDCl3, 298K): δ = 8.13 (s, 2H), 8.02 (d, J = 7.6 Hz, 2H), 7.76 (t, 

J = 7.7 Hz, 1H), 7.64 (d, J = 7.8 Hz, 2H), 7.40 (t, J = 7.7 Hz, 2H), 7.23 (t, J = 6.5 Hz, 

2H), 6.88 (s, 4H), 6.41 (s, 2H), 2.38 (s, 2H), 2.29 (s, 18H).  

13C NMR (176 MHz, CDCl3): δ = 156.84, 143.63, 139.40, 137.42, 137.36, 137.10, 

136.43, 130.10, 128.57, 126.93, 126.19, 125.39, 124.15, 118.77, 71.13, 20.92, 20.71. 

ESI-MS: m/z calculated for C37H37NO2 = 527.2824; found = 528.2903 (M+1).  

5.5.2.3 Synthesis of 43: The compound 42 (0.500gm, 0.90 mmol) was dissolved in 

DCE under nitrogen atmosphere. Pyrrole (6.2 ml, 90 mmol) was added to the solution 

and allowed to stir for 10 minutes. Then BF3.OEt2 (0.702ml, 5.68 mmol) was slowly 

added and reaction mixture was allowed to reflux for 8 hours. Further workup was 

performed using CH2Cl2 and water, dried by sodium sulphate and purified by column 
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chromatography using silica gel (100-200 mesh) in Hexane / EtOAc (90:10) to afford 

43 in 37% yield.  

1H NMR (700 MHz, CDCl3, 298K): δ = 8.01 (d, J = 7.7 Hz, 2H), 7.98 (s, 2H), 7.86 

(s, 2H), 7.73 (t, J = 7.8 Hz, 1H), 7.57 (d, J = 7.8 Hz, 2H), 7.40 (t, J = 7.7 Hz, 2H), 7.23 

(d, J = 7.6 Hz, 2H), 6.89 (s, 4H), 6.69 (s, 2H), 6.17 (d, J = 4.6 Hz, 2H), 6.02 (s, 2H), 

5.90 (s, 2H), 2.30 (s, 6H), 2.09 (s, 12H). 

13C NMR (176 MHz, CDCl3): δ =156.78, 141.67, 139.55, 137.79, 136.41, 135.76, 

132.98, 130.39, 129.39, 128.83, 127.44, 125.27, 118.71, 116.46, 108.49, 107.51, 44.88, 

21.26, 20.92. 

ESI-MS: m/z calculated for C45H43N3 = 625.3457; found = 626.3521 (M+1). 

5.5.2.4 Synthesis of 38: The compound 43 (0.150gm, 0.24 mmol) was mixed in 120 

ml CH2Cl2 under nitrogen atmosphere covered with aluminum foil. 

Pentafluorobenzaldehyde (0.061gm, 0.311 mmol) was added in the reaction mixture 

and allowed to stir. After 10 minutes p-TSA (0.020 gm, 0.119 mmol) was added under 

same condition and allowed to stir for about 6 hours. Then DDQ (0.163 gm, 0.718 

mmol) was added and reaction was continued for another 2 hour in absence of nitrogen 

atmosphere. The crude product was passed through basic alumina and purified by using 

silica gel column (100-200 mesh). The purple color band was eluted with CH2Cl2 / 

Hexane (60:40) and identified as 38 in 15% yield.   

1H NMR (400 MHz, CD2Cl2, 298K): δ = 9.01 (s, 2H), 7.91 (t, J = 7.8 Hz, 1H), 7.78 

(d, J = 7.7 Hz, 2H), 7.74 (d, J = 7.8 Hz, 2H), 7.35 (t, J = 7.8 Hz, 2H), 6.92 (s, 4H), 6.90 

(s, 2H), 6.47 (d, J = 5.2 Hz, 2H), 6.08 (d, J = 5.1 Hz, 2H), 2.32 (s, 6H), 2.03 (s, 12H). 

13C NMR (100 MHz, CD2Cl2): δ = 160.64, 157.34, 152.04, 149.93, 142.69, 139.62, 

138.84, 138.13, 137.57, 137.45, 137.24, 135.12, 130.12, 129.06, 128.75, 128.37, 

128.16, 125.66, 123.88, 123.47, 119.39, 115.79, 31.33, 29.69, 29.66, 29.37, 29.34. 
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ESI-MS: m/z calculated for C52H38F5N3 = 799.2986; found = 800.3090 [M+1]. 

UV-Vis (CH2Cl2): λmax(nm) (ε[M-1cm-1]) = 299 (2.83 × 104), 359 (2.95 × 104), 552 

(1.93 × 104). 

5.5.2.5 38.2H+: 1H NMR (400 MHz, CD2Cl2, 298K): δ = 14.58 (s, 1H), 12.47 (s, 2H), 

8.97 (s, 2H), 8.55 (t, J = 7.9 Hz, 1H), 8.17 (d, J = 7.9 Hz, 1H), 7.98 (s, 1H), 7.57 (t, J = 

7.6 Hz, 2H), 7.28 (s, 1H), 7.20 (d, J = 7.7 Hz, 2H), 7.05 (d, J = 7.8 Hz, 1H), 6.97 (s, 

2H), 6.65 (d, J = 5.0 Hz, 2H), 6.60 (s, 2H), 6.21 (d, J = 5.0 Hz, 2H), 2.33 (s, 6H), 2.01 

(s, 6H), 1.39 (s, 6H). 

UV-Vis (CH2Cl2): λmax(nm) (ε[M-1cm-1]) = 347 (4.56× 104), 664  (4.43× 104). 

5.5.2.6 Synthesis of 39: The compound 38 (0.010 gm, 0.001 mmol) was dissolved in 

20 ml p-xylene under nitrogen atmosphere. The solution was purged with nitrogen for 

10 minutes. [Rh(CO)2Cl]2 (20 mg, 0.028 mmol) was added to it. The reaction was 

continued to reflux for overnight. The crude product was purified using neutral alumina 

column in CH2Cl2 / CH3OH (90:10) to obtain green fraction. The green crystals were 

identified as 39 in 7% yield.  

1H NMR (400 MHz, CD2Cl2, 298K): δ = 9.76 (s, 2H), 7.92 (t, J = 7.7 Hz, 1H), 7.65 

(d, J = 7.7 Hz, 2H), 7.40 (d, J = 7.6 Hz, 2H), 7.21 (t, J = 7.7 Hz, 2H), 6.99 (s, 2H), 6.87 

(s, 2H), 6.78 (d, J = 8.0 Hz, 2H), 6.42 (d, J = 5.3 Hz, 2H), 5.97 (d, J = 5.3 Hz, 2H), 2.34 

(s, 6H), 2.33 (s, 6H), 1.72 (s, 6H). 

13C NMR (100 MHz, CD2Cl2): δ =141.30, 141.25, 140.22, 138.69, 137.65, 137.48, 

137.25, 136.88, 131.45, 129.87, 128.63, 128.21, 128.09, 127.43, 118.27, 20.79, 20.37, 

19.56. 

ESI-MS: m/z calculated for C54H37F5N3O2Rh = 957.1861; found = 958.1914 [M+1]. 

UV-Vis (CH2Cl2): λmax(nm) (ε[M-1cm-1]) = 366 (7.02 × 104), 656 (4.49 × 104), 710 

(7.45 × 104). 
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5.5.2.7 Synthesis of 40: The compound 38 (0.010 gm, 0.0126 mmol) was dissolved in 

15 ml of dry chlorobenzene in nitrogen atmosphere. PtCl2 (0.017 gm, 0.063 mmol) was 

added into the reaction mixture and refluxed for 24 hours under nitrogen atmosphere. 

The crude reaction mixture was rotary evaporated and subjected to neutral alumina 

column chromatography. The blue fraction was eluted with CH2Cl2 / hexane (1:9) and 

recrystallized from CH2Cl2 / hexane to obtain 40 in 67% yield. 

1H NMR (400 MHz, CD2Cl2, 298K): δ = 11.96 (s, 1H), 8.53 (s, 1H), 7.97 (t, J = 7.7 

Hz, 1H), 7.86 (d, J = 7.0 Hz, 1H), 7.74 (d, J = 8.0 Hz, 1H), 7.65 (d, J = 7.1 Hz, 1H), 

7.54 (d, J = 7.7 Hz, 1H), 7.44 (d, J = 6.2 Hz, 1H), 7.14 (d, J = 7.7 Hz, 1H), 7.07 (d, J = 

7.6 Hz, 1H), 7.03 (s, 1H), 6.98 (s, 1H), 6.93 (s, 1H), 6.88 (s, 1H), 6.82 (d, J = 7.8 Hz, 

1H), 6.69 (d, J = 5.3 Hz, 1H), 6.49 (d, J = 4.0 Hz, 1H), 6.19 (d, J = 5.2 Hz, 1H), 5.95 

(d, J = 5.1 Hz, 1H), 2.35 (s, 3H), 2.32 (s, 3H), 2.26 (s, 3H), 2.03 (s, 3H), 2.00 (s, 3H), 

1.88 (s, 3H).  

13C NMR (100 MHz, CD2Cl2): δ = 167.03, 141.66, 141.24, 138.58,138.27, 137.95, 

137.71, 136.46, 135.22, 134.98, 134.15, 132.70, 130.42,129.98, 129.81, 129.00, 

128.46, 128.41, 128.16, 128.01, 127.81, 127.35, 125.34, 124.43, 123.79, 117.92, 20.84, 

20.50, 20.40, 19.51, 19.36. 

ESI-MS: m/z calculated for C54H37F5N3ClPt = 993.2555 (M-Cl); found = 992.2532 

[M-Cl]. 

UV-Vis (CH2Cl2): λmax(nm) (ε[M-1cm-1]) = 309 (1.89 × 104), 389 (1.57 × 104), 495 

(0.51× 104), 700 (1.34 × 104). 
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6.1 Introduction 

Decaphyrin is an expanded porphyrin analogue in which ten hetero-/carbocyclic 

rings are connected with or without meso carbon bridges. Expanded porphyrins with 

eight pyrrole / heterocyclic rings are well documented in literature, however, the higher 

analogues are hardly reported due to synthetic difficulties, conformation flexibilities 

and stability.  

The first decaphyrin, turcasarin, a [40]decaphyrin[1.0.1.0.0.1.0.1.0.0] (3) was 

reported by Sessler and co-workers.1 The compound 3 was synthesized by acid-

catalyzed condensation of 4,4-diethyl-5.5'-diformyl-3,3'-dimethyl-2,2'-bipyrrole (1) 

with 2,5-bis(4-propyl-2-pyrroly1)pyrrole (2) in the presence of HCl (Scheme 6.1). 1H 

NMR analysis of 3 revealed nonaromatic character of the crystal analysis confirmed 

that 3 owned twisted "figure-eight" conformation with C2-symmetry. 

 

Scheme 6.1: Synthesis of turcasarin (3). 

The same group also demonstrated the synthesis of respective core-modified 

analogue. The synthesis of di-oxa derivative of turcasarin (4) was shown in Scheme 

6.2. The compound 4 was achieved by HCl acid-catalyzed condensation of 5.5'-

diformyl-2,2'-bipyrrole (5) with 2,5-bis(4-propyl-2-furanyl)pyrrole (6). As observed in 

3, the macrocycle (4) also adopted figure-eight conformation in the solid state.2  
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Scheme 6.2: Synthesis of dioxa-turcasarin (4). 

Afterwards the synthetic endeavor was diverted to achieve planar decaphyrin in 

lieu of figure-eight conformation. The first planar octaphyrin (8) was reported by Osuka 

and coworkers by introducing a bridging moiety inside the macrocyclic core. The planar 

molecule was synthesized by acid-catalyzed condensation followed by oxidation 

between tripyrro-methane diol (9) and two equivalents of 1,4-phenyldipyrromethane 

(10) (Scheme 6.3).3  

 

Scheme 6.3: Synthesis of planar decaphyrin (8). 

The crystal analysis of 8 revealed that the macrocycle adopted C2-symmetric nonplanar 

structure, instead of regular figure-eight conformation. The introduction of phenylene 
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bridge inside the core led to substantially influence the structural as well as electronic 

properties.  

In porphyrinoids, the pyrrole units are mainly connected with meso-carbon 

bridges. In expanded porphyrin, pyrrole units in the core was not connected with meso-

carbon units. The first meso-free decaphyrin (9) was synthesized by T. Okujima and 

coworkers.4 The cyclo[10]pyrrole (9) was achieved by croconic acid-catalyzed 

oxidative coupling of acenapthylene ring appended bipyrrole unit, where the croconate 

dianion played as template (Scheme 6.4). The crystal analysis proved the binding of 

croconate dianion. In addition, the absence of meso-atoms resulted the saddle type 

conformation in the solid state.  

 

Scheme 6.4: Template Synthesis of decaphyrin (9). 

The arene ring incorporated core-modified decaphyrin, dibenzidecacphyrin 

(1.1.1.0.0.1.1.1.0.0.0) (11) and its Bis-BF2 complexes was reported by Ravikanth and 

coworkers (Scheme 6.5).5 The compound 11 was synthesized by TFA acid-catalyzed 

condensation followed by oxidation of m-phenylene based pentapyrrane (12) with 

pentafluorobenzaldehyde (13). The figure-eight conformation was reflected from the 

single crystal X-ray analysis of 11.  
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Scheme 6.5: Synthesis of decaphyrin (11). 

6.2 Objective of our work 

From the literature reports, the decaphyrin mainly adopts figure-eight 

conformation. In order to avoid such flexible conformation, the researchers introduced 

(a) insertion of bridging unit between the meso-carbon atoms and (ii) reduction of 

number of meso-carbon units in the macrocyclic framework. Further, the coordination 

chemistry of these macrocycles is scarcely reported. To explore such chemistry in open 

framework decaphyrin is hitherto unknown in the literature. In addition, though variety 

of expanded carba porphyrinoids are known, however, only two reports on 

decacarbaporphyrinoids are reported in the literature. Hence, the main objective of this 

chapter is to (i) introduce higher arene units in order to achieve an open framework in 

the decaphyrin macrocycle (14) and (ii) also explore its coordination chemistry (15).6 

6.3 Results and discussions 

6.3.1 Synthesis  

The starting material terphenyl dicarbaldehyde 16 was synthesized as per the 

reported procedure.7 By using freshly prepared phenylmegnesium bromide in dry THF, 

compound 16 is converted into respective diol 17 in 80% yield. The final precursor, 

terphenyl dipyrromethane 18, is synthesized in 45% yield by Lewis acid catalyzed 

condensation of diol 17 with pyrrole in dichloroethane under reflux condition. The final 

target macrocycle 14 was achieved by [5 + 5] acid-catalyzed condensation of 18 with 
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2,3,4,5,6-pentafluoro benzaldehyde in the presence of p-toluenesulfonic acid (p-TSA) 

followed by oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). The 

crude reaction mixture was purified by silica gel (100−200 mesh) column 

chromatography using CH2Cl2/n-hexane (1:4) as eluent and afforded 14 as blue 

crystalline solid in 15% yield. The coordination chemistry was performed by treating 

CHCl3 solution of 14 with [Rh(CO)2Cl]2 salt in presence of triethylamine in CH3OH, 

where the Rh(I) complex 15 was obtained in 60% yield (Scheme 6.6). 

Scheme 6.6: Synthesis of 14 and 15. 

6.3.2 Spectral Characterization 

6.3.2.1 Mass spectral analyses 

The exact composition of 14 and 15 were confirmed by mass spectrometric analysis 

and exhibited a molecular ion signal at m/z: 1429.4235 [M+1] (14) (Figure 6.1) and 

1744.1966 [M] (15) (Figure 6.2). 
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Figure 6.1: HR-MS spectrum of 14. 

 

 

 

 

 

Figure 6.2: HR-MS spectrum of 15. 

6.3.2.2 NMR Analyses 

The 1H NMR spectrum of 14 is shown in Figure 6.3a. The macrocycle has C2h 

symmetry and exhibits only half of the signals.  The pyrrolic -CH protons were 

resonated as a set of doublet at 6.23 ppm [H(9,15)] and 6.71 ppm [H(10,14)], whereas 

the NH was observed as a broad signal at 13.75 ppm and further confirmed by D2O 

exchange experiment. The large deshielded NH signal suggests an intramolecular 

hydrogen bonding with the imine nitrogens. The terminal m-phenylene protons were 
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appeared as two well-separated doublets at 6.76 ppm [H(2')] & 8.01 ppm [H(4')] and a 

triplet, multiplet at 7.07 ppm [H(3')] and 7.31 ppm [H(6')], respectively. Whereas  the 

middle m-phenylene protons were observed at 7.04 ppm [H(6)] as singlet, 7.52 ppm 

[H(4)] & 7.51 ppm [H(2)] as doublet and 7.48 ppm [H(3)] as triplet. Overall, the 

spectral pattern in 14 resembles typical nonaromatic characteristics as oberved in m-

benziporphyrinoids8 and its expanded analogues.5,9-11 

 

Figure 6.3: 1H NMR spectra of 14 (a) and 15 (b) in CDCl3. 

The absence of NH signal in the 1H NMR spectral analysis proves the metal ion 

insertion in the dipyrromethene units of the macrocyclic framework (Figure 6.3b). 

Upon metal ion insertion, the pyrrolic -CH protons [H(9,15) and H(10,14)], terminal 

[H(6',3',2')] and half of the middle m-phenylene CH [H(2,4)] protons are slightly 

deshielded, whereas the remaining half  are moderately upfield shifted. The pyrrolic -

CH protons are resonated at 6.45 [H(9,15)] and 6.87 ppm [H(10,14)]. The terminal m-

phenylene CH protons are observed at 7.65 [H(2')], 7.34 [H(6')], 7.76 [H(4')] and 7.22 
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ppm [H(3')], respectively. The middle m-phenylene CH protons are resonated at 7.57 

[H(4)], 7.69 [H(2)], 8.02 [H(6)] and 7.16 ppm [H(3)]. Overall, the 1H NMR spectral 

pattern of 15 maintains the nonaromatic characteristic even after metal ion insertion. 

6.3.2.3 Single crystal X-ray analyses of 14 and 15 

The structure of 14 was determined through single crystal X-ray diffraction analysis 

(Figure 6.4a & c and Table 6.1). The compound crystallizes in monoclinic crystal lattice 

with P21/n space group. The structure reveals that a set of meso-

pentafluorodipyrromethene and terphenylene units are connected by meso-phenyl 

moieties and exhibited rectangular shape. The deshielded NH signal from spectral 

studies is reflected from crystal analysis with a strong intramolecular hydrogen bonding 

interaction between the pyrrolic amine NH (N1-H1/ N1'-H1') and imine nitrogen (N2/ 

N2') with bond distance and angle of 2.179(3) Å and 122.39 (1)º (N1-H1...N2/ N1'-

H1'...N2'). The bond lengths within the m-phenylene ring of the terphenylene  units are 

between 1.363(5) Å and 1.404(5) Å and are individually connected by sp2-sp2 single 

bond [1.494(4) Å & 1.491(5) Å] and rest of the macrocyclic framework [1.468(4) Å & 

1.475(5) Å], thus maintains the individual aromatic character. Whereas, the effective 

π-delocalization is observed in the dipyrromethene unit with alternate sp2-sp2 single 

1.458(5) Å and double 1.317(6) Å bond character (Figure 6.9). Overall, two individual 

aromatic characters combine together to generate nonaromatic character in the 

macrocyclic framework. The crystal analysis reveals that the terphenylene units are 

parallel to each other and separated with the distance of 5.167(2) Å (A...A') and 

3.956(2) Å (B...B'). The pyrrole units are hardly deviated from the mean plane 

containing meso-carbon atoms (C7-C12-C17-C7'-C12'-C17') with a maximum 

deviation of 3.39(3)º (N2), whereas ring in the terphenylene units are deviated by 
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77.59(1)º (A & A') and 56.58(1)º (B & B'). Further, the macrocycle also generates series 

of arrays through C-H...F intermolecular interactions in the solid state (Figure 6.5-6.6). 

 

Figure 6.4: Single crystal X-ray structures of 14 and 15. a) & b) Top views and c) & 

d) side views. Peripheral hydrogen atoms in a) & d) and meso-aryl groups in c) & d) 

are omitted for clarity. 

The final proof for the proposed metal complex 15 has come from the single 

crystal X-ray structure as shown in (Figure 6.4b & d and Table 6.1). The complex 

crystallizes in triclinic crystal lattice with C2/c space group. The geometry around the 

metal center is square planar where other two coordination sites are occupied by 

carbonyl ligands. As reflected from the spectral studies, two RhI ions are coordinated 

only with the dipyrromethene moieties. The bond lengths of Rh1-N1 / Rh2-N1' and 

Rh1-N2 / Rh2-N2' are 2.082(2) Å, 2.082(3) Å, which are longer than Rh(I) complex of 

tris-p-benzi nonaphyrin.12 Both the RhI ion is 1.10 Å above the mean macrocyclic plane 

(C7-C12-C17-C7'-C12'-C17'). In order to accommodate the Rh(I) ion in the core, one 

of the terminal m-phenylenes (68.94º) [B] and the pyrrole units [17.81º(N1)] and 

[29.14º(N2)] are tilted away from the plane; whereas the middle m-phenylene [34.36º 

(A & A')] and remaining terminal m-phenylene units [16.75º (B')] are moved towards 
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the plane. In addition, the distance between the terphenylene units are higher [8.535(3) 

Å (A...A') and 5.012(2) Å (B...B')] as compared to 14. As observed in 14, there are only 

marginal difference in sp2-sp2 double bond lengths in the terphenylene unit and sp2-sp2 

single and double bond character in the dipyrromethene unit (Figure 6.10), thus retains 

the nonaromatic character as such. 

 

Figure 6.5: 1-D arrays of 14. The bond distances and angles are: a) C33-H33…F1: 

2.598(2) Å and 160.30(3)°; b) C21-H21…F4 2.632(3) Å and 135.35(3)° respectively. 

The hydrogen atoms and meso-aryl groups which are not in hydrogen bonding 

interactions are omitted for clarity. 
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Figure 6.6: 3-D arrays of 14. The bond distances and angles are C15-H15…F2: 

2.865(3) Å and 128.23(2)°; C15-H15…F3 2.862(3) Å and 170.25(2)° ; C21-H21…F4 

2.632(3) Å and 135.35(3)° respectively. The hydrogen atoms and meso-aryl groups 

which are not in hydrogen bonding interactions are omitted for clarity. 
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Figure 6.7: Self-assembled dimers of 15. The bond distances and angles are: a) C34-

H18…F1: 2.579(4) Å and 130.53(3)°; b) C21-H40…F4 2.792(4) Å and 145.89(5)°; c) 

C33-H17…F5: 2.738(3) Å and 113.81(3)° respectively. Peripheral hydrogen atoms are 

omitted for clarity. 
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Figure 6.8: 1-D arrays of 15. The bond distances and angles are: a) C34-H18…F1: 

2.579(4) Å and 130.53(3)°; b) C25-H17…F5 2.738(3) Å and 126.96(3)° respectively. 

The hydrogen atoms and meso-aryl groups which are not in hydrogen bonding 

interactions are omitted for clarity. 

 

Figure 6.9: Bond lengths in (Å) 14 as present in the unit cell. 
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Figure 6.10: Bond lengths in (Å) 15 as present in the unit cell. 
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Table 6.1: Crystal data for 14 and 15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The crystals have been deposited in the Cambridge Crystallographic Data Centre with 

reference no. CCDC 1895632 (14), CCDC 1895633 (15). These data can be obtained 

free of charge from the Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

Crystal parameters 14 15 

Formula C94H54F10N4 C98H52F10N4O4Rh2 

M/g mol-1 1428.4189 1744.1939 

T/K 100(2) K 293(2) K 

Crystal dimensions/mm3 0.25 × 0.22 × 0.2 0.2 × 0.15 × 0.12 

Crystal system monoclinic monoclinic 

Space group P21/n C2/c 

a/Å 9.1781(4) 32.7594(13) 

b/Å 11.6698(6) 13.8658(7) 

c/Å 36.956(2) 21.7462(8) 

α/° 90 90 

β/° 93.560(4) 105.234(4) 

γ/° 90 90 

V/Å3 3950.6(3) 9530.8(7) 

Z 4 8 

ρcalcd/mg m-3 1.202 1.216 

μ/mm-1 0.086 3.371 

F(000) 1472.0 3520.0 

Reflns. collected 40798 47279 

Indep.reflns.[R(int)] 7268 [0.0946] 9913 [0.1438] 

Max/min transmission 0.745 and 0.654 1.000 and 0.164 

Data/restraints/parameters 7268/0/487 9913/0/502 

GOF on F2 1.033 1.060 

Final R indices[I > 2σ(I)] R1 =  0.0796, 

wR2 = 0.2166 

R1 =  0.0616, 

wR2 = 0.1691 

R indices (all data) R1 = 0.1414, 

wR2 =  0.2379 

R1 = 0.0915, 

wR2 = 0.1861 

Largest diff peak and hole 

[e Å-3] 

0.45 and -0.43 1.10 and -1.14 

http://www.ccdc.cam.ac.uk/data_request/cif
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6.3.2.4 Electronic absorption spectral analysis 

The electronic absorption spectra of 14 and 15 were recorded in CH2Cl2 and 

shown in Figure 6.11. The compound 14 shows an intense band at 372 nm and a broad 

band at 634 nm with molar absorption coefficient values in the order of 104. Upon RhI 

ion insertion, the color of the solution changes from blue to green. The bands in 15 are 

red shifted by 6 nm and 82 nm and appeared at 378 nm and 716 nm with marginal 

decrease and increase in the molar extinction coefficient values of respective lower and 

higher wavelength bands. Overall, the spectral pattern resembles typical nonaromatic 

characteristics as observed in m-benziporphyrinoids8 and its expanded analogues.5, 9-11  

 

Figure 6.11: The electronic absorption spectra of 14 and 15 in CH2Cl2. 

6.4 Conclusion 

In conclusion, we have successfully synthesized terphenylene unit (m-m-m) 

incorporated decaphyrin with nonaromatic characteristics. For metal ion insertion, the 

open framework is effectively adjusted to stabilize the RhI ion in square planar 

geometry and retain the nonaromatic characteristics as such. These results are supported 
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by spectral studies and further confirmed by crystal analyses, where the conjugation is 

restricted at the terphenylene units.  

6.5 Experimental Section 

6.5.1 General Information  

The reagents and materials for the synthesis were used as obtained from Sigma 

Aldrich chemical suppliers. All solvents were purified and dried by standard methods 

prior to use. The NMR solvents were used as received and the spectra were recorded in 

Bruker 400 and 700 MHz spectrometer with TMS as internal standard. The ESI (HR-

MS) mass spectra were recorded in Bruker, micro-TOF-QII mass spectrometer. The 

Electronic absorption spectra were recorded in Perkin Elmer–Lambda 750 UV-Visible 

spectrophotometer. The X-ray quality crystals for 14 and 15 were grown by slow 

diffusion of n-hexane over CH2Cl2 solution. Single-crystal X-ray diffraction data of 14 

and 15 were collected in a Bruker KAPPA APEX-II and Rigaku Oxford diffractometer 

respectively.  

6.6 Synthetic procedure and spectral characterization  

6.6.1 Synthesis of 16: The compound 16 was synthesized by using reported procedure.7  

1H NMR (400 MHz, CDCl3, 298K): δ = 10.10 (s, 2H), 8.15 (s, 2H), 7.90 (t, J=9.0, 

5H), 7.85 (s, 1H), 7.66 (d, J=8.5, 2H), 7.62 (s, 1H), 7.59 – 7.55 (m, 1H).  

13C NMR (100 MHz, CDCl3, 298K): δ = 192.24, 141.77, 141.72, 140.55, 140.51, 

136.99, 133.15, 133.13, 129.72, 129.64, 128.11, 128.08, 126.79, 126.02, 125.97.  

HR-MS (ESI-MS): m/z calculated for C20H14O2 = 286.0994; found = 309.0898 

(M+Na). 

6.6.2 Synthesis of 17: Freshly prepared phenylmagnesiumbromide (9.05 g, 50 mmol) 

solution in THF (50 ml) was added under N2 atmosphere at 0 oC into the solution of 16 

(2.9 g, 10 mmol) in 100 ml THF and then allowed to stir at RT for 4 h. The completion 
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of the reaction was monitored by TLC and the reaction was quenched with 2N HCl. 

The crude mixture was extracted with EtOAc, dried over Na2SO4 and concentrated by 

rotary evaporator. Compound was purified by column chromatography using silica gel 

(100-200 mesh) in 15% EtOAc/n-hexane to afford 17 in 80% yield.  

1H NMR (400 MHz, CDCl3, 298K): δ = 7.79 (s, 1H), 7.69 (s, 2H), 7.56 (d, J = 6.0 Hz, 

5H), 7.45-7.41 (m, 6H), 7.39 – 7.33 (m, 6H), 7.29 (t, J = 7.2 Hz, 2H), 5.89 (s, 2H), 2.44 

(s, 2H). 

13C NMR (100 MHz, CDCl3, 298K): δ = 144.52, 143.85, 141.78, 141.54, 129.30, 

129.13, 128.72, 127.82, 126.72, 126.68, 126.45, 126.35, 125.76, 125.58, 76.47. 

HR-MS (ESI-MS): m/z calculated for C32H26O2 = 442.1933; found = 465.1840 

(M+Na). 

6.6.3 Synthesis of 18: The pyrrole (10 mL) was added into the solution of 17 (2 g, 4.5 

mmol) in 1,2-dichloroethane (50 mL) which was kept in an inert atmosphere. After 10 

min 1.4 mL of BF3·OEt2 solution was added and the resulting mixture was stirred under 

reflux for 3 hours. The solution was cooled to room temperature. The compound was 

extracted with EtOAc, dried over Na2SO4 and concentrated by rotary evaporator. The 

crude mixture was purified by column chromatography using silica gel (100-200 mesh) 

in 7% EtOAc/n-hexane to afford 18 in 45% yield. 

1H NMR (400 MHz, CDCl3, 298K): δ = 7.86 (s, 2H), 7.68 (s, 1H), 7.52 – 7.42 (m, 

8H), 7.39 (t, J = 7.6 Hz, 2H), 7.34 – 7.30 (m, 4H), 7.25 – 7.23 (m, 5H), 7.18 (d, J = 7.7 

Hz, 2H), 6.72 (d, J = 4.9 Hz, 2H), 6.18 (d, J = 4.8 Hz, 2H), 5.86 (s, 2H), 5.54 (s, 2H). 

13C NMR (100 MHz, CDCl3, 298K): δ = 143.67, 142.94, 141.60, 141.35, 128.98, 

128.90, 128.58, 127.89, 126.79, 125.68, 117.25, 108.35, 108.09, 50.73. 

HR-MS (ESI-MS): m/z calculated for C40H32N2 = 540.2565; found = 563.2445 

(M+Na). 
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6.6.4 Synthesis of 14: Compound 18 (200 mg, 0.37 mmol) and 

pentafluorobenzaldehyde (86 mg, 0.44 mmol) was dissolved in 200 ml CH2Cl2 solution 

and stirred under N2 atmosphere covered with aluminium foil. After 10 min p-TSA (31 

mg, 18 mmol) was added and allowed to stir under same condition for 3 h. Then 2,3-

Dichloro-5,6-dicyano-1,4-benzoquinone (251 mg, 1.11 mmol) was added to the 

reaction mixture and opened to air. The reaction was further continued for 1 h and the 

formation of product was monitored by TLC. The crude product was passed through 

basic alumina column followed by silica gel (100-200 mesh) column. The blue band 

was eluted with 20% CH2Cl2/n-hexane and identified as 14. The compound was further 

recrystallized from CH2Cl2/n-hexane to afford blue crystalline solid 14 in 15% yield. 

1H NMR (700 MHz, CDCl3, 298K): δ = 13.75 (s, 2H), 8.01 (d, J = 7.3 Hz, 4H), 7.52 

(d, J = 7.8 Hz, 2H), 7.51 (d, J = 7.8 Hz, 2H), 7.48 (t, J = 7.8 Hz, 2H), 7.35-7.33 (m, 

12H), 7.32-7.30 (m, 4H), 7.23-7.22 (m, 8H), 7.07 (t, J = 7.7 Hz, 4H), 7.04 (s, 2H), 6.76 

(d, J = 7.7 Hz, 4H), 6.71 (d, J = 5.1 Hz, 4H), 6.23 (d, J = 5.1 Hz, 4H). 

13C NMR (176 MHz, CDCl3, 298K): δ = 160.18, 148.45, 140.40, 139.66, 138.65, 

133.92, 130.98, 128.13, 127.69, 127.47, 127.45, 127.09, 126.12, 125.04. 

HR-MS (ESI-MS): m/z calculated for C94H54F10N4 = 1428.4189; found = 1429.4235 

(M+H).   

UV-Vis (CH2Cl2): λmax(nm) [ε(M-1cm-1)x104] = 372 (9.43), 634 (3.86). 

6.6.5 Synthesis of 15: A solution of [Rh(CO)2Cl]2 (64 mg, 0.16 mmol) in 5 ml CH3OH 

was added into the solution of 14 (20 mg, 0.028 mmol) and L of Triethylamine in 

CHCl3 (20 ml) under N2 atmosphere. The reaction was allowed to stir for 4 h and the 

formation of product was monitored by TLC. The solvent was evaporated by rotary 

evaporator. The crude complex was purified by neutral alumina column. The green 
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band was eluted with 30% CH2Cl2/n-hexane and identified as 15. The compound was 

further recrystallized from CH2Cl2/n-hexane to afford blue crystalline 15 in 60% yield. 

1H NMR (400 MHz, CDCl3, 298K): δ = 8.02 (s, 2H), 7.76 (d, J = 7.6 Hz, 4H), 7.69 

(d, J = 8.1 Hz, 2H), 7.65 (d, J = 7.6 Hz, 4H), 7.57 (d, J = 8.0 Hz, 2H), 7.40 (s, 20H), 

7.34 (s, 4H), 7.23-7.21 (m, 4H), 7.16 (t, J = 7.8 Hz, 2H), 6.87 (d, J = 5.3 Hz, 4H), 6.45 

(d, J = 4.7 Hz, 4H).  

13C NMR (100 MHz, CDCl3, 298K): δ = 162.21, 159.56, 142.63, 142.10, 141.68, 

141.54, 141.12, 139.13, 138.36, 132.84, 131.42, 129.28, 128.85, 128.10, 127.72, 

126.55, 126.08. 

HR-MS (ESI-MS): m/z calculated for C98H52F10N4O4 = 1744.1939; found = 

1744.1966 (M). 

UV-Vis (CH2Cl2): λmax(nm) [ε(M-1cm-1)x104] = 378 (5.85), 716 (5.26). 
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