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Abstract 

 

The coordination of boron, a small non-metal, to porphyrinoid ligands is a steadily 

developing area of research. Largely overshadowed by the highly fluorescent BODIPY 

compounds, boron porphyrinoids are beginning to emerge as interesting compounds with 

unique chemical properties and potential applications from sensors to electronic materials. In 

the past two decades, the Brothers research group has contributed to this field via the 

synthesis of boron porphyrins and corroles, achieved by insertion of boron into their N4 cores 

using boron trihalides and their derivatives. This has yielded rich chemistry for both the 

boron and the ligands such as the presence of mono and di-boron complexes, several unique 

coordination modes for the boron such as B-O-B, B-H-B and B-B bonding as well as 

tetragonal distortion of the ligands. This thesis will describe the coordination of boron to 

three novel porphyrinoid ligands; calixphyrins, porphyrazines and phthalocyanines. 

 

Chapter 1 gives an overview of the porphyrinoid ligands used to coordinate boron and a brief 

description of their synthesis and properties. This is followed by a summary of current 

literature on boron porphyrinoid chemistry including potential applications for the 

synthesised compounds. 

 

Chapter 2 reports the synthesis of mono-boron calixphyrin complexes using BF3
.
Et2O as the 

boron source. These compounds were synthesised as potential BODIPY analogues, and their 

full structural characterisation is given and their photophysical properties are assessed. A 

minor product that was isolated was shown to isomerise into the major product in solution. 

The kinetics of this isomerism was also investigated 

 

Chapter 3 describes the unusual reduction of calixphyrin ligands when a combination of 

PhBCl2 and N(
i
Pr)2Et is used. Insights into a potential reaction mechanism are provided 

based on experiments using other bases and similar boron reagents with the formula PhBX2. 

During this process, several other mono-boron products were synthesised and their 

characterisations are presented here. 

 

Chapter 4 reports the synthesis of di-boron calixphyrins that can only be made using higher 

reaction temperatures. In the case of B2OF2(Calix), two isomers are formed. The mechanism 



iv 
 

of the isomer formation is investigated using a combination of experimental work and DFT 

calculations. 

 

Chapter 5 describes the synthesis of the first examples of boron porphyrazine compounds. All 

compounds are fully structurally characterised. The reaction of PhBCl2 with H2(OEPz) 

yielded two structural isomers of PhBOBPh(OEPz) with cisoid and transoid geometry; 

presenting the first opportunity to directly compare the properties of isomers of boron 

porphyrinoids with different geometries. 

 

Chapter 6 reports the first known synthesis of boron phthalocyanine complexes along with 

their characterisation which indicates that their properties could be different compared to 

four-coordinated metallophthalocyanines.  
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Chapter 1 

Introduction 

 

1.1: Porphyrins and Porphyrinoids 

 

Porphyrins are a class of tetrapyrroles consisting of four pyrrole groups linked together via 

sp
2
 meso carbons. The resulting macrocycle is a planar, dianionic ligand with a strong 

aromatic ring current that bestows a wide range of physical and chemical properties. The N4 

core of porphyrins is capable of coordinating a wide range of elements from small alkali 

metals such as lithium
1-3

 to large period 6 metals such as lead and bismuth.
4
 As such, 

porphyrins have found many applications such as chemosensors, catalysts, dye-sensitised 

solar cells and photosensitisers for photodynamic therapy (PDT).
5-7

 Porphyrins occur widely 

in nature, for example iron porphyrins in haemoglobin are used for transporting oxygen in the 

blood stream. Because of this, they have been considered the pigments of life.
8
 

 

One of the attractions to porphyrins is that modification of the basic tetrapyrrolic core can 

afford many unique classes of compounds that have properties that are very different to 

porphyrins despite their similar structure (Figure 1.1). These compounds, collectively known 

as porphyrinoids, have been increasingly popular research targets as more synthetic routes 

have made them more accessible. Porphyrins can undergo several structural modifications, 

including the substitution of meso-carbon atoms with heteroatoms such as nitrogen in 

porphyrazines and phthalocyanines, the interruption of their conjugation and loss of 

aromaticity via the incorporation of sp
3
-meso carbons in calixphyrins, ring contraction to give 

porphyrinoids with only three pyrroles such as the subporphyrinoids and conversely, ring 

expansion to give expanded porphyrinoids with more than four pyrroles. To demonstrate the 

potential of novel porphyrinoids, a recent example is the explosion of interest in corroles and 

their analogues which up until the reporting of a large-scale synthesis in 1999 were a mere 

curiosity.
9
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Figure 1.1: Structure of porphyrin and several examples of porphyrinoids. 

 

1.2: Calixphyrins 

 

1.2.1: Introduction 

 

Calixphyrins are a class of non-planar and non-aromatic porphyrinoid macrocycles that are 

characterised by a mixture of sp
2
 and sp

3
 hybridised meso carbon atoms that bridge the 

pyrroles in the macrocycle. They are considered a hybrid between porphyrins which only 
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have sp
2
-meso carbons and calixpyrroles which only have sp

3
-meso carbons. The term 

calixphyrin has been applied to any porphyrinoid that contains a mixture of sp
2
 and sp

3
 meso 

carbons including phlorins, isoporphyrins, porphomethenes and porphodimethenes (Figure 

1.2).
10,11

 For consistency, a nomenclature for calixphyrin compounds has been developed by 

Sessler.
10

 Keeping with the naming pattern for porphyrins and calixpyrroles, calixphyrins are 

known as calix[n]phyrins with n representing the number of pyrrole groups in the compound. 

Sessler also proposed that the naming method must be able to distinguish between the sp
2
 and 

sp
3
 meso carbons within the compound. Using bold lettering to represent sp

2
 carbons, italics 

to represent sp
3
 carbons and starting with the highest order sp

2
 carbon, the compound is 

named in the direction of the nearest sp
2
 carbon around the macrocycle. For example, a four 

pyrrole porphomethene which contains one sp
2
 meso carbon has the notation calix[4]phyrin 

(1,1,1,1). Similarly, a four pyrrole porphodimethene which has opposing sp
2
 and sp

3
 meso 

carbons are known as calix[4]phyrin (1,1,1,1). 

 

 

Figure 1.2: General structures of various calix[4]phyrins. 
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The most common class of calixphyrins studied are calix[4]phyrin (1,1,1,1), historically also 

known as porphodimethenes, due to their higher stability and accessible synthesis compared 

to the other classes of calixphyrins. Most of the work in this thesis was attempted using this 

class of calixphyrin, although calix[4]phyrin (1,1,1,1) was also used to synthesise boron 

calixphyrin compounds. 

 

1.2.2: Properties of Calixphyrins 

 

The presence of sp
3
-meso carbons gives calixphyrins greater flexibility than the planar 

porphyrins hence they tend to adopt non-planar structures (Figure 1.3). The X-ray crystal 

structure of free-base calix[4]phyrin (1,1,1,1) where the two substituents on the sp
3
-meso 

carbon are equivalent shows that the ligand tends to adopts a roof-shape configuration with a 

bend along the sp
3
-meso carbon C∙∙∙C axis. This divides the ligand into two distinct planar 

dipyrrin halves and the ligand has overall C2 symmetry. In free-base calix[4]phyrins (1,1,1,1) 

where the two substituents on the sp
3
-meso carbons are not equivalent, the ligand can also 

adopt a structure with Ci symmetry instead.  

 

 

 

Figure 1.3: X-ray crystal structure of two different calix[4]phyrin (1,1,1,1); the structure on the left is 

adopting C2 symmetry whereas the structure on the right adopts Ci symmetry.
12,13

 

 

Temperature-dependent NMR studies on free-base calix[4]phyrin (1,1,1,1) indicated that 

calixphyrins exist in different conformations in solution, which was observed by the splitting 

of the meso-substituent signals in the 
1
H NMR spectrum at temperatures less than -50°C.

14,15
 

Above this temperature, the 
1
H NMR spectrum appeared as an average of the conformations 

in solution. It was initially proposed that calixphyrins rapidly interconverted between a 

structure with C2 symmetry and Ci symmetry.
10

 However, it was later determined that the 

interconversion was most likely between two energetically equivalent C2 symmetry 

conformations (Figure 1.4). In calixphyrins with two methyl groups on each sp
3
-meso carbon, 
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this explained why only one singlet was observed for these meso-CH3 protons at room 

temperature despite the presence of two chemically inequivalent axial and equatorial sites. 

This interconversion is believed to be driven by the added flexibility provided by the sp
3
-

meso carbons. Subsequently, interconversion was not observed for calixphyrins with bulky, 

less flexible groups at the sp
3
-meso carbons, such as cyclohexyl rings, except at elevated 

temperatures (>95°C).  

 

 

Figure 1.4: Observed fast interconversion of two energetically equivalent conformers of calix[4]phyrin 

(1,1,1,1) in solution (when R1 = R2).
14

 

 

Calixphyrins have been studied mostly as analogues of calixpyrroles which are famous for 

their ability to strongly bind anions due to the presence of four internal N-H protons that can 

hydrogen bond with an anion.
11,16

 In general, calixphyrins do not bind anions as strongly as 

calixpyrrole since they have fewer available N-H protons although this can be improved by 

protonating the ligand. Sessler observed that calixphyrins can bind to halides when changes 

in the UV-Vis spectrum occurred upon addition of tetra-n-butylammonium halide (TBAX, X 

= F, Cl, Br) salts.
12

 Similarly, phlorins have been shown to selectively bind up to two fluoride 

ions.
17

 Bucher attempted to create a calixphyrin/ferrocene based electrochemical sensor for 

anion binding however this proved unsuccessful due to the redox probe being unable to detect 

the binding event.
18

 

 

1.2.3: History of Calixphyrin Synthesis 

 

The field of calixphyrin chemistry can trace its origins back to the isolation of phlorin during 

Woodward’s studies towards the total synthesis of chlorophyll a in 1962.
19

 In the same year, 

spectroscopic analysis of the photoreduction of metalloporphyrins detected several short-

lived calixphyrin species that oxidised back to the porphyrin upon exposure to air.
20

 

Subsequently, calixphyrins were shown to be intermediates in the step-wise oxidation of 

porphyrinogen precursors into porphyrins in the Rothemund porphyrin synthesis.
21

  The first 
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air stable calixphyrins were isolated in the early 1970s via the reductive methylation at the 

meso positions of metal-octaethylporphyrin (OEP) using CH3I to give metal-calix[4]phyrin 

(1,1,1,1)  (Scheme 1.1).
22

 The zinc, nickel and copper derivatives were prepared. A variant of 

this reaction reported by Senge used bulky organolithium reagents followed by alkylation to 

produce calix[4]phyrin (1,1,1,1) with different R groups at the sp
3
-meso carbon.

13
 For a long 

time, this remained the only procedure to prepare calixphyrins. Several limitations existed 

including the production of only symmetrically metallated calix[4]phyrin (1,1,1,1), the 

reductive alkylation did not work on all types of metalloporphyrins, and it was not 

compatible with meso-substituted porphyrins.
23

 

 

 

Scheme 1.1: Reductive methylation of Ni(OEP) using CH3I to give Ni-calix[4]phyrin (1,1,1,1). 

 

An alternative approach proposed by Floriani was the oxidation of octaethylcalix[4]pyrroles 

using SnCl4 to produce tin(IV) complexes of calixphyrins on a multigram scale.
24-26

 Removal 

of the tin using lithium metal followed by aqueous work-up yielded the free-base 

calixphyrins. Alternatively, the lithium intermediate could undergo transmetallation by 

various metals such as Ni, Co, Cu and Fe to give metallocalixphyrin complexes. An 

advantage of this procedure compared to the reduction of porphyrins was that it was the first 

to synthesise calixphyrins using unsubstituted pyrroles. 

 

The most successful and versatile synthetic pathway to calixphyrins is via condensation of 

carbonyl compounds with acyclic oligopyrrole starting materials followed by oxidation using 

DDQ. The main advantages of this procedure are that different functionalities can be installed 

at the meso-carbons and a wide range of calixphyrins including higher analogues with six or 

eight pyrroles are able to be synthesised. Currently, this is the procedure of choice for 

calixphyrin synthesis.
11,27

 The simplest class to isolate, calix[4]phyrin (1,1,1,1), are 

synthesised by the condensation of dipyrromethanes with carbonyl compounds (Scheme 1.2). 

Two variations of this procedure exist. Route A involves the condensation of a ketone, 
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typically acetone, with a mono-substituted dipyrromethane in the presence of an acid catalyst 

such as TFA or BF3
.
Et2O.

12,28
 The major product is the calix[4]phyrin (1,1,1,1) with two 

methyl groups at the sp
3
-meso carbons while the sp

2
-meso carbon contains the substituent 

from the dipyrromethane. Higher calix[n]phyrin analogues can also be isolated from the 

reaction in lower yields although this side reaction can be suppressed by using CH2Cl2 as the 

solvent.
12

 The reaction yield is dependent on the stability of the dipyrromethane starting 

material. For example, the condensation of the electron deficient meso-pentafluorophenyl 

(PFP) dipyrromethane produced the desired calix[4]phyrin (1,1,1,1) in 90% yield,
14

 however, 

the use of the less stable meso-phenyl dipyrromethane produced the calix[4]phyrin (1,1,1,1) 

in only 5% yield.
28

  

 

Scheme 1.2: Synthesis of calix[4]phyrin (1,1,1,1) from dipyrromethane starting materials. 

 

The procedure is not suitable for installing bulky R groups on the sp
3
-meso carbons; however, 

these can be installed via the condensation of bulky di-substituted dipyrromethanes with 

aldehydes via Route B.
14

 Substituents such as cyclohexyl rings have been incorporated into 

the calixphyrin architecture via this procedure. The lower stability of the di-substituted 

dipyrromethanes often results in mixtures of scrambled calixphyrin products due to acid 

catalysed decomposition of the dipyrromethane prior to macrocycle formation. The reaction 

of dimethyl-dipyrromethane with pentafluorobenzaldehyde in propionitrile using BF3
.
Et2O as 

a catalyst produced as the major product the mono-PFP calix[4]phyrin (1,1,1,1) in 35% yield 

with the expected calix[4]phyrin (1,1,1,1) as the minor product in 6% yield. This side 

reaction was suppressed by the addition of basic florisil to the reaction mixture as a solid 

support phase which minimised the acid-catalysed decomposition of dipyrromethane, thus 

producing the desired calix[4]phyrin (1,1,1,1) in 41% yield.
29
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1.3: Phthalocyanines and Porphyrazines 

 

1.3.1: Introduction 

 

In the field of porphyrinoid chemistry, no other macrocycle comes close to rivalling 

porphyrins in terms of research interest and potential applications than phthalocyanines (Pc). 

Consisting of four isoindole units connected via four meso-nitrogen atoms rather than sp
2
-

meso carbon atoms as in porphyrins, phthalocyanines are well known for their intense blue-

green colour and desirable photophysical properties. Phthalocyanines have found widespread 

applications as varied from industrial dyes to chemosensors
30

 and photosensitisers for PDT.
7
 

Closely related to phthalocyanines are porphyrazines (Pz); tetrapyrrolic macrocycles with 

meso-nitrogen atoms but lacking the fused benzo rings. They are considered to be a hybrid 

between porphyrins and phthalocyanines (Figure 1.5).
31

 Although they are not as well-known 

as porphyrins or phthalocyanines, the ability to functionalise them at the β-pyrrole positions 

with various heteroatom substituents allows for better tuning of their properties. 

 

 

Figure 1.5: Structural relationship between porphyrins, porphyrazines and phthalocyanines. 

 

1.3.2: Properties of Phthalocyanines and Porphyrazines 

 

The replacement of sp
2
-meso carbons in porphyrins with nitrogen atoms in phthalocyanines 

and porphyrazines has a strong influence on their properties.  Because of the shorter C-N 

bonds compared to C-C bonds, the inner cavity of phthalocyanines and porphyrazines is 

smaller than that in porphyrins by ~20 pm.
32

 The electron-withdrawing meso-nitrogen atoms 
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increase the polarization of the internal N-H protons thus making them more acidic. For 

example, it was determined experimentally that the pKa of unsubstituted porphyrazine in 

DMSO is 12.36 whereas for unsubstituted porphyrin, the pKa is 22.35.
33

 Furthermore, the 

dianion Pc
2-

/Pz
2-

 is stabilised, resulting in greater reactivity towards metalation. The meso-

nitrogens are slightly basic, hence can undergo donor-acceptor interactions with Lewis 

acids.
34

 

 

The absorption spectra of both phthalocyanines and porphyrazines can be explained by 

Gouterman’s four orbital model, originally used to describe the absorption spectra of 

metalloporphyrins.
35-37

 The UV-vis spectra of porphyrins are dominated by two features, a 

Soret or B band at ~400 nm, corresponding to the a1u → eg (HOMO-1 → LUMO) transition; 

and several weak Q-bands in the vicinity of 550 nm, corresponding to a2u → eg (HOMO → 

LUMO) transition. According to this model, four one-electron π → π* transitions are 

possible. In porphyrins, the a1u and a2u energy levels are accidentally degenerate which results 

in configuration mixing between the π → π* transitions. This causes the intense Soret bands 

and weak Q-bands observed in porphyrins. In phthalocyanines and porphyrazines, the 

presence of electronegative meso-nitrogen atoms stabilises the a2u orbital, causing a loss of 

degeneracy between the a1u and a2u orbitals. This decreases the configuration mixing, hence 

phthalocyanines and porphyrazines have intense Q-bands compared to porphyrins. In 

phthalocyanines, the Q-bands appear at 680 nm whereas they are blue-shifted in 

porphyrazines by approximately 100 nm.
37

 In porphyrazines, the presence of heteroatom 

substituents can cause changes in the wavelength of the Q-bands due to n → π* transitions 

from the lone pairs on the heteroatom to the porphyrazine ring.
38

 In alkyl-substituted 

porphyrazines, there is minimal change in the absorption wavelength, however, in sulfur-, 

nitrogen- and oxygen-substituted porphyrazines, the Q-band can red-shift by up to 100 nm.  

 

Because of the extended conjugation due to the isoindole units, phthalocyanines are also 

known to aggregate due to π-π stacking interactions, particularly at high concentrations in 

solution.
39

 This property has been utilised for supramolecular organisation of 

phthalocyanines. However, this also causes quenching of the electronic excited-states which 

is less useful for applications such as PDT.
40,41

 Unlike phthalocyanines, porphyrazines are not 

known for aggregation. 
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1.3.3: Synthesis of Phthalocyanines 

 

Phthalocyanine was serendipitously discovered in 1907 when an insoluble dark solid was 

obtained during the synthesis of 2-cyanobenzamide.
42

 Although no characterisation was 

performed on the product, it is now known that the solid was free-base phthalocyanine, 

H2(Pc). Similarly, in 1927 Cu(Pc) was unknowingly prepared by reaction of copper cyanide 

with 1,2-dibromobenzene in refluxing pyridine.
43

 The first full characterisation of 

phthalocyanine was achieved by R.P. Linstead, published in 1934.
44-49

 He described several 

synthetic pathways towards metal phthalocyanine complexes, including heating magnesium 

metal with o-cyanobenzamide, and phthalonitrile with copper metal. Since Linstead’s time, 

phthalonitrile is still considered one of the best precursors for phthalocyanine synthesis.
50

  

 

There are now several methods and precursors used for the synthesis of phthalocyanines 

(Scheme 1.3). The most common is via the metal templated cyclotetramerisation of 

phthalonitriles to give phthalocyanine with the template metal coordinated to the N4 core, as 

pioneered by Linstead.
45

 Generally, the reactions require high temperatures to proceed and 

are usually carried out either in high boiling point solvents such as DMF or nitrobenzene, or 

occasionally via melting the starting material with a metal salt at temperatures exceeding 

200°C. Other starting materials have also been utilised including diiminoisoindoline,
51

 

phthalimide,
52

 phthalic acid,
53

 or phthalic anhydride.
54

 In the case of phthalimide and its 

derivatives, a source of NH3, typically urea, is required. 

 

Scheme 1.3: Examples of precursors used to synthesis phthalocyanines and their metal complexes. 
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A disadvantage of the metal template procedure is that in some cases the N4 coordinated 

metal cannot be readily removed to afford the free-base phthalocyanine. However, free-base 

phthalocyanines can be readily prepared by heating phthalonitrile or diiminoisoindoline with 

a strong base such as DBU or DBN, or in a basic organic solvent such as DMAE.
55-57

 A 

particularly useful pathway is via another procedure proposed by Linstead where lithium, 

sodium, or magnesium alkoxides are used as the templating agent.
58,59

 These metals are labile 

so can be easily removed by acid to give the free-base phthalocyanine or exchanged with the 

desired metal. 

 

1.3.4: History of Porphyrazine Synthesis 

 

The first porphyrazine macrocycle, octaphenylporphyrazine, was synthesised in 1937 by 

Linstead, via a melt procedure which consisted of heating cis-diphenylmaleonitrile with 

magnesium at 275°C for 10 minutes.
60

 This procedure was analogous to that which produced 

phthalocyanines except using maleonitrile rather than phthalonitrile as the starting material. 

The porphyrazine was found to be less thermally stable than phthalocyanine and decomposed 

when purification via sublimation was attempted. An unhelpful by-reaction caused by the 

high reaction temperatures was the isomerisation of the cis-diphenylmaleonitrile into the 

trans-fumaronitrile.  

 

In 1952, Linstead succeeded in synthesising the unsubstituted porphyrazine and in doing so 

created the modern general procedure for porphyrazine synthesis (Scheme 1.4).
61

 

Maleonitrile was refluxed with a magnesium alkoxide that acted as a template for macrocycle 

formation, resulting in magnesium porphyrazines, Mg(Pz). Removal of magnesium using 

acetic acid afforded the free-base porphyrazine, H2(Pz). A variety of alcohols were tested and 

it was found that that best was n-butanol, although n-propanol and n-pentanol were also 

reliable. Branched alcohols such as iso-propanol were found to be unsuitable. An advantage 

of carrying out the reaction in refluxing alcohols is that the temperature of the reaction is 

reduced to around 120 °C (if n-butanol is used) which avoids unhelpful side-reactions such as 

the isomerisation of the maleonitrile starting material into fumaronitrile. Magnesium was the 

best metal template, giving the highest yields and easily removed to give the free-base form. 

Alkaline metals such as sodium that had been successful in producing phthalocyanines 

rapidly decomposed the porphyrazine macrocycle whereas other metals such as copper 
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produced the porphyrazine in poor yields. The convenience of the procedure was 

demonstrated further with the synthesis of octamethylporphyrazine in 1955.
62

 

 

 

Scheme 1.4: Synthesis of unsubstituted porphyrazine via Linstead macrocyclisation.
61

  

 

Following this, porphyrazine chemistry remained largely dormant for nearly three decades 

with only a handful of papers published largely in inaccessible Russian journals.
63

 Despite the 

accessible synthetic procedure, the unsubstituted porphyrazine proved to be too insoluble to 

study the fundamental properties of metalloporphyrazine complexes. The revival of 

porphyrazine chemistry began in 1980s when Hoffman published the synthesis of the first 

heteroatom-substituted (sulfur) porphyrazine using maleonitriles prepared by alkylation of 

disodium maleonitrile dithiolate in 60% yield.
64

 The use of Linstead’s procedure proved its 

versatility for heteroatom maleonitriles. Consequently, a wide variety porphyrazines with 

peripheral sulfur substituents soon appeared in the literature, including thio-appended 

porphyrazines capped with metal ions on the periphery and porphyrazines with thio-crown 

ether units that could incorporate metal cations.
65,66

  

 

In 1991, Fitzgerald published a simplified procedure for preparing alkyl substituted 

maleonitriles from alkyne starting materials via a Rosenmund von Braun reaction (Scheme 

1.5).
67

 The diethyl maleonitrile prepared with this procedure was successfully converted into 

octaethylporphyrazine, H2(OEPz), in 20% yield, providing the first example of an alkyl-

appended porphyrazine since Linstead’s time. Unlike the thio-appended porphyrazines which 

had their electronic properties altered by the sulfur substituents, the alkyl-substituted 

porphyrazines had no such electronic effects so were more suitable for comparison with the 

related macrocycles, porphyrins and phthalocyanines.
32,34

 Complexes of OEPz were used to 

study the fundamental properties of iron
68,69

 and rhodium
70

 porphyrazines as well as the first 

examples of sandwich porphyrazines.
71-73
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Scheme 1.5: Synthesis of H2(OEPz) starting from 3-hexyne.
67

 

 

Porphyrazines containing other heteroatom substituents were further developed throughout 

the 1990s. The first nitrogen substituents on the periphery first appeared in 1994, synthesised 

from amino maleonitriles prepared from the commercially available diaminomaleonitrile.
74

 

Just like the thio-appended porphyrazines, they are able to coordinate metals to the periphery 

of the ligand.
75

 Porphyrazines with nitrogen-containing heterocycles such as diazepine rings 

have also been synthesised.
76

 Oxygen-substituted porphyrazines also first appeared in 1997.
77

 

 

1.4: Boron Porphyrinoids 

 

1.4.1: Boron Porphyrins 

 

The first boron porphyrin complex was reported in the 1970s by Carrano and Tsutsui.
78

 The 

isolated compound was tentatively assigned as B2(OH)4(Por); however, there was no follow 

up to this work. In 1994, the Brothers group reported a di-boron porphyrin complex 

synthesised from BF3·Et2O that contained a B2OF2 moiety bonded within the N4 core, 

B2OF2(Por).
79

 This unusual product arises from the constraint of the porphyrin ligand where 

the internal N4 core is too large to coordinate one boron but can coordinate two boron atoms. 

As such, there is distortion in the porphyrin ligand as observed by 
1
H NMR spectroscopy and 

X-ray crystallography (Figure 1.6). One of the boron sits in plane of the porphyrin ligand and 

the other boron sits out of plane in a transoid conformation. The oxygen in the complex 

arises from partial hydrolysis of the initially formed (BF2)2(Por) species where one B-F bond 
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per boron is hydrolysed. The diboryl complex (BF2)2(Por) is highly air- and moisture-

sensitive; however, it is possible to isolate via a salt elimination reaction using BF3·Et2O with 

the dilithium porphyrin as the precursor.
80

 

 

Figure 1.6: X-ray crystal structure of B2OF2(Por). Peripheral groups omitted for clarity.
79

 

 

The reaction with BCl3·MeCN resulted in a complex with a B2O2 ring coordinated to the 

porphyrin core with BCl3 groups bonded to each of the oxygen atoms in the ring, 

B2O2(BCl3)2(Por).
81

 This product resulted from hydrolysis of the B-Cl bonds in the 

intermediate species (BCl2)2(Por). In this case, the close proximity of the larger chlorine 

atoms and the weaker B-Cl bonds compared to the B-F bonds allows for full hydrolysis of all 

of the B-Cl bonds. The presence of two coordinated BCl3 groups stabilises the complex by 

minimising strong anti-bonding interactions between the two oxygen atoms in the B2O2 

ring.
82

 As a result, this complex is only stable in solution in the presence of excess BCl3 and 

rapidly demetallates upon exposure to air or water. Chromatography of B2O2(BCl3)2(Por) on 

basic alumina yields a product with a B2O(OH)2 moiety bonded within the porphyrin core 

which NMR data indicated was a structural analogue of B2OF2(Por).
83

 Adding an alcohol or 

an alkoxide salt to this product can form a B2O(OR)2(Por) complex where the R group arises 

from the alcohol used in the reaction.
83

 It is also possible to hydrolyse only one of the OR 

substituents to form B2O(OR)(OH)(Por). These versatile products can be converted back to 

the B2O2(BCl3)2(Por) by refluxing with BCl3 or into B2OF2(Por) product using BF3·Et2O 

(Scheme 1.6). The reaction with BF3·Et2O irreversibly forms the B2OF2 product confirming 

that the strong B-F bonds are the driving force behind the partial hydrolysis of the 

(BF2)2(Por) compared to the weaker B-Cl bonds where full hydrolysis is possible. 
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Scheme 1.6: Chemical interconversion between B2O2(BCl3)2(Por), B2O(OH)2(Por) and B2OF2(Por).
81

 

 

The reaction of PhBCl2 with porphyrins resulted in a complex containing a PhBOBOH 

moiety coordinated to the N4 core.
84

 
1
H NMR established that the PhBOBOH moiety 

coordinated in transoid geometry and the dramatic upfield shift of the OH proton to -9.22 

ppm indicated it was bonded to the in-plane boron. DFT calculations indicated that the 

proposed structure was at an energy minimum. The hydrolysis of the in-plane phenyl on the 

boron is believed to be caused by relieving of unfavourable steric interactions caused by close 

proximity of the phenyl to the porphyrin core.  

 

Direct B-B bonds within the porphyrin core are also possible.
80,84

 Using BCl3 as the reagent, 

they can be made by either reducing (BCl2)2(Por) using sodium/potassium alloy, reducing 

(BCl2)2(Por) using n-BuLi or through a direct insertion of B2Cl4 into lithiated porphyrin. 

When using BBr3 or BI3 as the boron reagent, the (BX2)2(Por) intermediate spontaneously 

undergoes reductive coupling to form the unexpected (BX)2(Por) product. This occurs 

because the close proximity of the boron atoms along with the weak B-X bonds favours a 

reductive coupling reaction forming the B-B bond.  

 

In 2007, Latos-Grażyński reported boron complexes of two unusual porphyrin analogues, N-

confused porphyrin and N-fused porphyrin.
85

 The reaction of PhBCl2 with N-confused 

porphyrin yielded a mono-boron complex with a PhB moiety coordinated to two pyrroles in 

the tetrapyrrolic core. Upon work-up with acid, the complex converts into the N-fused 
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porphyrin structure with the PhB moiety coordinated to all three available pyrrolic nitrogens 

(Figure 1.7). The reaction of free-base N-fused porphyrins with PhBCl2 also yields this 

product. The complex has an overall charge of +1, making it a rare example of a boronium 

cation supported by a macrocyclic core.  

 

Figure 1.7: X-ray crystal structure of the boron complex of N-fused porphyrin. Peripheral groups omitted 

for clarity.
85

  

 

1.4.2: Boron Corroles 

 

As an extension of the research on boron porphyrins, the Brothers group investigated corroles 

as ligands for boron. Corroles differ from porphyrins in that one meso carbon is replaced by a 

direct pyrrole-pyrrole link, thus lowering the symmetry and creating a smaller N4 core. 

Furthermore, corroles have three N-H protons which makes them trianionic rather than 

dianionic ligands. Due to this, the first boron corrole complex, [B2OF2(Cor)]
-
, reported in 

2008, was isolated as an anion with a [HN(
i
Pr)2Et]

+
 counter-ion in contrast to the neutral 

porphyrin complex, B2OF2(Por).
86

 The high polarity of the anion means that chromatography 

leads to loss of boron on the column and cannot be used to purify the product. Instead, 

recrystallization from dichloromethane and n-hexane is preferred. Because crystallisation is 

required to obtain analytically pure samples, the ratio of BF3
.
Et2O to the base N(

i
Pr)2Et was 

optimised to 12:20 since any other ratio led to large amounts of starting material present. X-

ray crystallography revealed that the B2OF2 moiety adopts a cisoid conformation in which 

both boron atoms are out of the plane of the corrole and on the same side of the plane (Figure 
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1.8). The corrole macrocycle is domed to accommodate the B2OF2 moiety. This is believed to 

be caused by the steric strain of the smaller corrole N4 core.  

 

 

Figure 1.8: X-ray crystal structure of [B2OF2(Cor)]
-
, (Cor = triphenylcorrole). Hydrogen atoms and 

[HN(
i
Pr)2Et]

+
 counter-ion omitted for clarity. 

 

The reaction between corroles and BF3·Et2O also produced a second product where a single 

BF2 group coordinates to only two of the core N4 nitrogens.
87

 This complex, BF2[H2(Cor)] 

was often produced as a side product of the [B2OF2(Cor)]
-
 preparation, although decreasing 

the reaction time and amount of BF3·Et2O added could produce the mono-boron complex 

almost exclusively, albeit in lower yield. Unlike [B2OF2(Cor)]
-
, this compound was neutral 

due to only one of the N-H core protons needing to be deprotonated which made purification 

by chromatography possible. Although several isomers are possible for this complex, only 

one is observed as determined by 
1
H NMR spectroscopy. DFT calculations indicated that the 

preferred isomer was bonding to the dipyrrin site adjacent to the bipyrrole with the BF2 group 

displaced out-of-plane of the N4 core with one B-F hydrogen bonding to the internal N-H 

protons.
88

 The internal B-F···H-N hydrogen bond was calculated to be 1.627 Å, which is 

shorter than those calculated in the other two isomers. Further DFT calculations indicated that 

the boron preferred to sit out-of-plane since this minimised overall distortions in the ligand 

compared to in-plane boron isomers.   
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Figure 1.9: X-ray crystal structure of PhBHBPh(Cor). Peripheral groups omitted for clarity.
89

 

 

Boron corroles using other boron reagents have been synthesised including a fascinating 

species that contains a B-H-B bridge.
89

 This complex was synthesised using PhBCl2 as the 

boron reagent and N(
i
Pr)2Et as the base. The crystal structure of this species show that the B-

H-B exists in a transoid geometry, unlike [B2OF2(Cor)]
-
 which exist in a cisoid geometry 

(Figure 1.9). The mechanism by which this species is formed is proposed to occur through a 

reductive coupling initiated through elimination of chlorine driven by the steric strain within 

the small corrole core. The proton is believed to be extracted from protonated H[N(
i
Pr)2Et)]

+
. 

PhBHBPh(Cor) can be converted into other boron-containing products (Scheme 1.7).
90,91

 

Heating the compound at 120°C under vacuum for 4 hours produces PhBB(Cor) in 90% 

yield. 
1
H NMR analysis of this conversion detected benzene as the by-product, resulting from 

the loss of the hydride and one of the phenyls on boron. PhBB(Cor) can be oxidised into 

PhBOB(Cor) by O2 or t-butyl peroxide. 

Scheme 1.7: Conversion of PhBHBPh(Cor) into other boron corrole products. 
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1.4.3: Boron Complexes of Contracted Porphyrinoids 

 

There are several examples of tripyrrolic contracted porphyrinoids containing boron within 

the centre, the most well-known being subphthalocyanines (SubPc), subporphyrazines 

(SubPz) and subporphyrins (SubP) (Figure 1.10). The boron imparts stability to these 

macrocycles since attempts to demetallate or transmetallate the boron typically leads to the 

destruction of the macrocycle. As a result, free-base subporphyrinoids or those coordinating 

metals other than boron are unknown. One feature of boron subporphyrinoids is that they are 

a rare example of non-planar aromaticity since they have a 14 π-electron aromatic core but 

adopt a cone-shaped conformation. Due to this, the absorption spectra of subporphyrinoids 

have similar features to the parent tetrapyrrolic porphyrinoids such as Soret and Q-bands.
92

  

 

 

Figure 1.10: Structure of subporphyrinoids. 

 

SubPcs were the first class of contracted porphyrinoid synthesised in 1972 from the 

condensation reaction of phthalonitrile (the same starting material used for the synthesis of 

the tradition tetrapyrrolic phthalocyanine) with BCl3 at 200°C.
93

 Although the desired 

compound was boron phthalocyanine, they observed the formation of a species that was 

determined to be B(Cl)(SubPc). This provided the general procedure for the synthesis of 

subphthalocyanines; the reaction of various phthalonitrile starting materials with Lewis acidic 

boron reagents (typically BCl3 or BBr3) still remains that synthetic method of choice. The 

properties of subphthalocyanines can be tuned by functionalisation of the periphery or via 

varying the axial ligand at boron by replacing the halogen with a suitable nucleophile. The 

interest in subphthalocyanines  has gained momentum in the last two decades and they now 
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have applications ranging from sensors
94

 to field-effect transistors,
95

 solar cells,
96

 and 

OLEDs.
97

 

 

The second class of subporphyrinoid, subporphyrazines (SubPz), were first reported in 1995 

by Hanack,
98

 although it was not until the mid-2000s that full characterisation of these 

compounds were reported.
99,100  

They were prepared by the reaction of maleonitriles with 

BCl3 to give the subporphyrazine in nearly 20% yield. These compounds were found to have 

similar properties to subphthalocyanines such as aromaticity and conical structure. However, 

the presence of β-pyrrolic sites allows for the introduction of heteroatom substituents on the 

periphery that are closer to the aromatic core than in subphthalocyanines, allowing for tuning 

of their reactivity and photophysical properties.
101

 

 

Unlike subphthalocyanines and subporphyrazines, subporphyrins (SubP) proved harder to 

synthesise and only appeared in the literature in 2006. The first example reported by Osuka 

was actually a tribenzosubporphyrin which was synthesised by the self-condensation of 

isoindolinone-3-acetic acid in the presence of B(OH)3 at 360°C.
102

 The reaction yields were 

less than 1.5%. The synthesis of subporphyrins without benzo rings was achieved by the 

intramolecular cyclisation of a tripyrrolylborane intermediate with an aromatic aldehyde to 

give subporphyrins with meso-substituents (Scheme 1.8); a distinct point of difference 

compared to SubPcs and SubPzs.
103,104

 An unusual procedure for accessing subporphyrins is 

the extrusion of a subporphyrin when boron is coordinated to copper hexaphyrin.
105

  

 

Scheme 1.8: Synthesis of subporphyrin from tripyrrolylborane.
103,104

 

 

Boron complexes of several other contracted porphyrinoids are also known including 

subpyriporphyrin, oxatriphyrins and triphyrin(2.1.1) (Figure 1.11). Unlike SubPcs or SubPs, 

these macrocyles contain extra meso-carbon atoms that relieves the steric strain caused by the 



21 
 

crowded N3 core hence they can exist as the free-base form. Latos-Grażyński reported the 

synthesis of the boron complex of subpyriporphyrin, a non-aromatic contracted porphyrinoid 

with one pyrrole replaced by pyridine in 2006.
106

 The coordination of PhBCl2 resulted in a 

complex containing a PhB moiety coordinated to all N3 core nitrogens. A notable feature of 

boron coordination was that it had induced a structural change that caused delocalisation of 

the 14 π-electrons thus making the formerly non-aromatic free-base macrocycle aromatic. 

This work was followed up by the synthesis of several boron complexes of oxatriphyrins, 

where one pyrrole has been replaced by furan. In boron complexes of oxatriphyrins(2,1,1), 

the coordination of boron also induced a change in the delocalisation of π-electrons compared 

to the free-base ligand. However, unlike in boron subpyriporphyrins, this switched the 

delocalisation from aromatic to anti-aromatic.
107,108

 Boron complexes of oxatriphyrins(3,1,1) 

were found to be reduced during the boron insertion by incorporation of a proton onto a 

formerly sp
2
-meso carbon. The reductant was presumed to be NEt3 that was used to 

deprotonate the free-base ligand.
109

 The Yamada group has also reported the synthesis of 

boron triphyrin(2.1.1), which has structural and electronic properties similar to 

subporphyrins.
110

 

 

Figure 1.11: Structure of boron triphyrin analogues. 

 

1.4.4: Boron Complexes of Expanded Porphyrinoids 

 

The Brothers group reported mono and di-boron complexes of expanded porphyrins 

amethyrin (six pyrroles) and octaphyrin (eight pyrroles) containing BF2 groups.
111

 It was 

found that these BF2 groups were resistant to hydrolysis even in forcing conditions, 

supporting the supposition that the driving force behind hydrolysis of the B-F bonds in 

(BF2)2(Por) was due to the small core size of the porphyrin ligand and that the larger core 
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sizes of amethyrin and octaphyrin did not bring the BF2 moieties close enough to induce this 

hydrolysis. The boron complex of octaphyrin proved difficult to handle due to readily 

demetallating in halogenated solvents. 

 

Osuka has also published several examples of boron complexes of expanded porphyrins. The 

reaction of BBr3 with hexaphyrin(1.1.1.1.1.1) in the presence of N(
i
Pr)2Et followed by 

oxidation with MnO2 resulted in the formation of a di-boron species accompanied by the 

rearrangement of the skeleton into hexaphyrin(2.1.1.0.1.1).
112

 The mechanism of the 

formation of the new bi-pyrrole and trans 1,3-butadienyl unit is unknown. X-ray 

crystallography revealed that the compound adopts a figure-8 shape. The reaction of BBr3 

with heptaphyrin in the presence of N(
i
Pr)2Et followed by aqueous work-up produced a 

mono-boron complex where the boron is coordinated to three of the seven pyrrolic 

nitrogens.
113

 When the reaction was repeated using the copper(II) complex of heptaphyrin, 

the macrocycle split into two components; a Cu(II) porphyrin in 13% yield, and a boron-

containing subporphyrin in 36% yield (Scheme 1.9). This splitting reaction is particularly 

useful for isolating subporpyrins that are inaccessible using direct subporphyrin synthesis.
105

  

 

Scheme 1.9: Synthesis of subporphyrin from copper hexaphyrin(1.1.1.1.1.1.1).
105

 

 

Furuta and co-workers recently published two examples of boron complexes of expanded N-

confused calixphyrins using the six and eight pyrrole ring macrocycles (Figure 1.12).
114

 

Although they attempted to coordinate boron to regular calix[6]phyrin and calix[8]phyrin, 

they were unable to do so and presumed that steric hindrance was the reason no boron 

complex was observed. The N-confused complexes demonstrated BODIPY-like fluorescence 

and had promising results when investigated for potential lasing applications.  
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Figure 1.12: X-ray crystal structures of expanded N-confused calixphyrins. 

 

1.5: Potential Applications of Boron Porphyrinoids 

 

Although the research presented in this thesis is largely fundamental, the boron porphyrinoids 

synthesised could have several potential applications.  

 

1.5.1: BODIPY Analogues 

 

Boron dipyrrins, also known as BODIPYs, are amongst the most famous and well researched 

boron compounds. They were first isolated in 1968 by the reaction between dipyrrins and 

BF3·Et2O although their potential applications were not recognised until the 1980s.
115

 The 

most notable property of BODIPYs is their intense fluorescence, typically emitting in the 

range 500-540 nm with very high quantum yields and large molar absorption coefficients. 

Furthermore, their stability over a wide range of pH, polarity and photochemical conditions 

coupled with their excellent solubility in most solvents has led to BODIPYs becoming a 

molecule of choice for biological labelling agents, dyes, and chemosensors.
116-118

  

 

Despite their vast potential, several limitations exist with BODIPYs including their 

insolubility in water, their small Stokes’ shifts and absorption at less than 600 nm which 

makes them not practical for biological applications. Currently, several approaches have been 

attempted to overcome these deficiencies. These include extended π-conjugation around the 

BODIPY core,
119

 incorporation of electron rich meso substituents, and substitution of the 

fluorine at boron with nucleophiles including alkoxides to give O-BODIPYs,
120,121

 and 
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organolithium reagents and Grignards to give C-BODIPYs.
122-125

 Other modifications include 

fusing BODIPY oligomers together including bis-BODIPYs consisting of two BODIPY units 

fused together via a bipyrrole bond and other higher analogues.
126,127

 With the exception of 

mono-BF2 corroles and boron complexes of N-confused calixphyrins described above, very 

little research has been devoted towards BODIPY moieties incorporated into macrocycles. 

 

Figure 1.13: Comparison of structure of calix[4]phyrin (1.1.1.1) (left) and  calix[4]phyrin (1.1.1.1) (centre) 

with BODIPY skeleton (right). 

 

Calix[4]phyrin (1,1,1,1) can be considered as two dipyrrin units fused together via sp
2
-meso 

carbon bridges. The second class of calixphyrin studies, calix[4]phyrin (1,1,1,1) has one 

dipyrrin site. It is conceivable that a BF2 complex of these calixphyrins could behave as a 

BODIPY analogue (Figure 1.13). 

 

1.5.2: PDT Agents 

 

Photodynamic therapy (PDT) is an approved medical technique used to treat cancer and other 

conditions. The concept of PDT is based on inducing cell death via the combination of a 

chemical photosensitiser, light and molecular O2. The photosensitiser, which accumulates on 

the malignant tumour cells, is then activated using light. Ideally, the photosensitiser should 

absorb light in the near-infrared region (NIR, 700-850 nm) for in vivo use since light at these 

wavelengths can penetrate tissue. The excitation of the photosensitiser causes a transfer of 

energy to 
3
O2 to form singlet oxygen, 

1
O2, which is the cytotoxic species that destroys the 

malignant cells. Porphyrins and phthalocyanines have been investigated as anti-cancer agents 

for PDT since they are known to localise on tumour cells.
7,128

 Several porphyrin-based PDT 
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agents have already been used in clinical trials, most notably Photofrin.
129

 Despite this, 

limitations exist such as the weak absorbance of porphyrins in the NIR region making them 

impractical for in vivo use. Phthalocyanines solve this issue but they have issues with uptake 

into the target cell due to their low hydrophilicity.
130

 

As hybrids of porphyrins and phthalocyanines, porphyrazines have recently emerged as a 

potential photosensitiser for PDT applications. Hoffman has shown that porphyrazines are 

efficient singlet oxygen generators, accumulate on tumour cells and showed some anti-

tumour activity when tested on A549 lung adenocarcinoma cells.
31,131,132

 Another 

photosensitiser that has gained attention is aza-BODIPY, a BODIPY analogue with a meso-

nitrogen rather than a sp
2
 carbon that has high quantum yields for the generation of singlet 

oxygen (Φ(
1
O2) = 0.70).

133
 It might be expected that a combination of porphyrazines and aza-

BODIPY, i.e. a boron porphyrazine could potentially be good targets for PDT applications.  

 

1.6: Objectives of PhD Thesis 

 

The objective of this PhD thesis are to synthesise and characterise boron complexes of three 

porphyrinoids; calixphyrins, porphyrazines and phthalocyanines. Several common trends 

have been established in boron porphyrin and corrole chemistry, including the preference of 

these ligands to coordinate two boron atoms and with corresponding distortions. However, 

the chemistry of both macrocycles was not exactly the same, including the formation of 

mono-boron species and different boron coordination geometries for corroles. It can be 

expected that the chemistry of boron calixphyrins, porphyrazines and phthalocyanines will be 

different again. 

 

Some specific areas of interest include: 

 Boron calixphyrins represent a better model for a BODIPY compound within a 

constrained macrocycle than boron porphyrins since the comparison between boron 

porphyrins and BODIPYs is complicated by the extended aromatic ring structure (18 

π-electrons) in porphyrins which dominates their electronic properties. These 

compounds will be investigated to see whether they are potential hybrids of boron 

porphyrins and BODIPYs. 

 Calixphyrins have a larger N4 core than porphyrins and are more flexible due to the 

sp
3
 meso carbons which could make calixphyrin a better ligand for boron than 
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porphyrin or corrole. Di-boron calixphyrin complexes will be investigated and their 

structure compared to the well-established boron porphyrin and corrole chemistry. 

 Porphyrazines and phthalocyanines contain electron rich meso-nitrogen atoms that 

afford significantly different properties compared to porphyrins. Boron porphyrazines 

and phthalocyanines will be investigated to see whether this affects their chemistry. 

 

1.7: Notes on Terminology used in Thesis 

 

1.7.1: Class of Calixphyrin 

 

Two different classes of calixphyrin ligands were synthesised for boron coordination. The 

first and major class of ligand is calix[4]phyrin (1,1,1,1). Throughout this thesis, the generic 

shorthand “Calix” refers only to this class of ligand. Four analogues were synthesised for this 

research with specific acronyms depending on the meso-carbon substituents. These are: 5,15-

dimethyl-10,20-p-tolyl-calixphyrin (DMPTCx), 5,15-dimethyl-10,20-pentafluorophenyl 

calixphyrin (DMPFPCx), 5,15-cyclohexyl-10,20-p-tolyl-calixphyrin (CHPTCx), 5,15-

cyclohexyl-10,20-pentafluorophenyl-calixphyrin (CHPFPCx). Their structures are given 

below (Figure 1.14). 

 

Figure 1.14: Structures and notations of calix[4]phyrin (1,1,1,1) used in this research. 

 

A second class of calixphyrin, calix[4]phyrin (1,1,1,1), was also used in this research. To 

distinguish this class of calixphyrin from above, the generic shorthand “Calix” which has 

been italicised will be used instead. One ligand, a mono-PFP calix[4]phyrin (1,1,1,1),  was 
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especially synthesised for this work and will be referred to as “H2(PFPCx)” (see Chapter 2). 

The coordination of PhBCl2 to calix[4]phyrin (1,1,1,1) in the presence of N(
i
Pr)2Et resulted in 

reduction of the ligand to give compounds with the calix[4]phyrin (1,1,1,1) structure (see 

Chapter 3). To distinguish these products from the starting material, the acronym for the 

original ligand will be italicised to indicate that a reduction of the ligand occurred during the 

reaction.  

 

1.7.2: Bonding Site in Boron Calixphyrins 

 

Calixphyrins have two possible bonding sites, the dipyrrin site across the sp
2
 meso carbons, 

or the dipyrromethane site across the sp
3
 meso carbons (Figure 1.15).  For the purpose of this 

thesis, whenever the boron coordinates across the dipyrromethane site, in the chemical 

formula, the boron moiety will be italicized. For example, a BF2 bonding across the dipyrrin 

site will be denoted as BF2[H(Calix)] whereas a BF2 bonding across the dipyrromethane site 

will be denoted as BF2[H(Calix)]. 

 

 

Figure 1.15: Structure of calix[4]phyrin (1,1,1,1) showing the possible dipyrrin and dipyrromethane 

bonding sites. 
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Chapter 2 

Mono-Boron Calixphyrins from Boron Trifluoride 

 

2.1: Introduction 

 

The objective for the work described in this chapter is to synthesise mono-boron calixphyrins 

using BF3
.
Et2O as the boron reagent. The possibility that mono-BF2 calixphyrin products 

could be isolated was driven by the successful synthesis of a mono-boron corrole species 

BF2[H2(Cor)].
1
 One feature of BF2[H2(Cor)] is that only one isomer is isolated even though 

there are three possible bonding sites in the corrole ligand (Figure. 2.1). DFT calculations 

attributed the stability of the isolated isomer due to hydrogen bonding between the internal N-

H proton and one of the fluorine atoms in the BF2 moiety, which was longer in the other two 

isomers.
2
 This is also given as a possible reason why a mono-boron porphyrin species has yet 

to be observed experimentally. 

 

 

Figure 2.1: Possible isomers of BF2[H2(Cor)]. 

 

Calixphyrins also contain dipyrrin bonding sites so any BF2 complex of calixphyrins can be 

considered as a BODIPY analogue. Work by Furuta and co-workers showed BF2 complexes 

of N-confused calix[n]phyrin (n = 6, 8) had BODIPY-like fluorescent properties.
3
 Mono-

boron compounds of both porphomethene and porphodimethene classes of calixphyrins were 

prepared.  
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2.2: Preparation of BF2[H(Calix)] 

 

2.2.1: Observations 

 

Boron porphyrinoids are typically synthesised using methods modified from BODIPY 

chemistry such as the use of excess BF3
.
Et2O as the boron source and excess of a tertiary 

amine to deprotonate the ligand and remove excess acid from the reaction.
4,5

 Modifications to 

this procedure proved successful for synthesising B2OF2(Por)
6
 and [B2OF2(Cor)]

-7
 although 

the ratio of reagents was found to affect yields and purity in the case of [B2OF2(Cor)]
-
. This 

also proved to be the case for calixphyrins since replication the reaction conditions used for 

porphyrins and corroles proved unsuccessful. 

 

Although four calixphyrins were investigated, the initial experiments used the H2(DMPTCx) 

ligand since it was the first synthesised and the easiest to prepare. Upon addition of 15 eq. of 

BF3
.
Et2O to a solution of calixphyrin in dry CH2Cl2 under a positive stream of nitrogen, the 

solution turned from translucent red to a dark red/black colour. When NEt3 was added, the 

solution readily fumed. Upon stirring overnight for 18 hours at room temperature, the 

solution went a brown colour. TLC of the reaction mixture using CH2Cl2 showed a second 

brown spot on the baseline that moved slowly compared to the red free-base ligand. Upon 

removing the solvent and silica gel column chromatography of the resulting residue, a black 

solid was isolated that was the first example of a boron calixphyrin product, 

BF2[H(DMPTCx)], where the boron is bonding via the dipyrrin site (Scheme 2.1). The 

assignment of this compound as BF2[H(DMPTCx)] was made using a combination of 

multinuclear NMR and HRMS. The reaction conditions were able to produce 

BF2[H(DMPTCx)] in over 40% yield however these conditions proved unsuitable for other 

calixphyrin ligands. For the more sterically hindered H2(CHPTCx), only a trace amount of 

the desired compound could be isolated. Similarly, due to the electron-withdrawing PFP 

groups on H2(DMPFPCx) and H2(CHPFPCx), the free-base salt would precipitate out of the 

reaction mixture as [H4(Calix)]
2+

 upon the addition of BF3
.
Et2O at room temperature and was 

unable to be re-dissolved back into the reaction mixture. This problem was overcome by 

increasing the reaction temperature by using different solvents. In the case of H2(CHPTCx) 

and H2(DMPFPCx), refluxing in chloroform for two hours and 18 hours respectively was 

able to produced BF2[H(Calix)] in over 60% yield. For H2(CHPFPCx), the bulkiest and most 
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electron- withdrawing ligand, it was possible to isolate only 8% yield after refluxing in 

toluene for four days and attempts to improve this by increasing reaction time or reaction 

temperature by refluxing in dichlorobenzene (boiling point 180°C) proved unsuccessful.  

 

Scheme 2.1: General reaction scheme of H2(Calix) with BF3
.
Et2O to give BF2[H(Calix)]. 

 

Surprisingly, these reaction conditions did not yield the expected di-boron B2OF2(Calix), 

although these compounds were ultimately able to be synthesised by a different route (see 

Chapter 4). This proved to be convenient since it is possible to selectively isolate the mono-

boron complexes in high yield. 

 

2.2.2: Characterisation of BF2[H(Calix)] 

 

1
H NMR Spectra 

 

Scheme 2.2: Labelling scheme for 
1
H NMR spectrum of BF2[H(Calix)]. G/G* appear as one signal 

although they are chemically inequivalent. 



38 
 

The first notable feature in the 
1
H NMR spectrum of BF2[H(Calix)] is that it has lower 

symmetry than free-base calixphyrin. The eight β-pyrrolic protons appear as four doublets 

integrating to two protons each (A-D, see Scheme 2.2), indicative of the loss of one plane of 

symmetry compared to the free-base ligand which has two planes of symmetry, typically 

observed as two doublets integrating to four protons each. In all four analogues, the doublets 

do not appear as discreet peaks but as AB-type signals although the chemical shifts are not 

sufficiently close to appear as AB quartets (Figure 2.2). There are two pairs of doublets that 

couple in this manner, indicating that there are two sets of β-pyrrole protons existing in 

different environments. This is consistent with one AB pair belonging to the pyrroles bonding 

to boron, and the second AB pair belonging to pyrroles not bonded to boron. Inspection of the 

coupling constants of the two AB pairs shows that they are different; one set has a coupling 

constant of 4.0 Hz while the second set has a coupling constant of 4.5 Hz. Given that the 

coupling constant for the β-pyrroles in free-base calixphyrin is 4.0 Hz, we can infer that these 

β-pyrrole signals with this coupling constant most likely belong to the pyrroles not bonding 

to boron. Furthermore, the AB signal belonging to the boron bonding pyrroles are further 

downfield compared to the non-bonding pyrroles. The AB pairs are better resolved in the PFP 

calixphyrins compared to the p-tolyl calixphyrins. 

 

 

Figure 2.2: Aromatic region of the 
1
H NMR spectrum of BF2[H(DMPTCx)] in CDCl3. 

 

Although the β-pyrrole signals do not provide definitive information on the bonding site that 

boron occupies, the signals arising from the meso substituents on the periphery of the 

calixphyrin do. In the p-tolyl calixphyrins, the CH3-tolyl protons (E/F) give rise to one singlet 

A                B D C 

G/G*      I    H 

* (CHCl3) 
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each at 2.41 and 2.43 ppm, thus indicating that each tolyl group is chemically unique with 

respect to NMR. This is also observed for the ortho and meta-tolyl protons which are now 

three signals rather than two (G-I) (Figure 2.2).  

 

In both di-methyl analogues (DMPTCx and DMPFPCx), two singlets integrating to six 

protons each are observed, thus each singlet represents two CH3 groups. These were assigned 

as the axial meso-CH3 and equatorial meso-CH3 with respect to the core of the ligand. The 

downfield shift of the axial meso-CH3 to ~2.26 ppm arises from these meso-CH3 groups 

being in closer proximity to the electronegative BF2 moiety in the core. In contrast, the 

equatorial meso-CH3 groups at ~1.83 ppm are pointing away from the core thus there is only 

a small change in chemical shift compared to the free-base ligand (~1.94 ppm). The splitting 

of the meso-CH3 signals into two peaks rather than the single peak observed in the free-base 

calixphyrin is indicative of restricted mobility of the compound since the boronated 

calixphyrin can no longer undergo the ring toggling observed in free-base calixphyrins.
8,9

 In 

the cyclohexyl analogues (CHPTCx and CHPFPCx), the signals from the cyclohexyl CH2 

protons appear as a set of multiplets in the range 1.4 – 3.9 ppm so it was difficult to gain any 

information with regards to structure or symmetry. One signal is significantly shifted 

downfield to nearly 3.9 ppm and is broader compared to the other signals, presumably due to 

interaction with the electronegative BF2 moiety. 

 

Since the substituents at the sp
3
-meso carbons are equivalent while the aryl substituents at the 

sp
2
-meso carbons are inequivalent, the boron is occupying the dipyrrin bonding site. The final 

feature of the 
1
H NMR is that the single internal N-H proton (J) appears as a doublet at 14.4 

to 14.8 ppm with a coupling constant of 17.5 Hz in all four analogues, indicating the presence 

of internal N-H
…

F-B hydrogen bonding.  
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2D COSY and NOESY NMR Spectra 

 

 

Figure 2.3: 2D NOESY spectrum of BF2[H(DMPTCx)] in CDCl3 showing correlations between aromatic 

protons and aliphatic protons. 

 

Using 2D COSY and NOESY NMR experiments, it was possible to assign all the peaks in 

the 
1
H NMR spectra. It was particularly useful for assigning the β-pyrrolic protons since 

NOE interactions between these protons and the meso-substituents could be observed (Figure 

2.3).  COSY confirmed that each AB pair belonged to two sets of pyrrolic protons since 

correlations could be observed between the doublets in each AB signal, but not with the other 

AB signal. Furthermore, in the NOESY spectra, one doublet in each AB pair correlated only 

with the sp
3
-meso aryl substituent whereas in the p-tolyl derivatives, the other doublet 

correlated only to the p-tolyl ortho protons. As a consequence, the ortho and meta protons in 

the p-tolyl derivatives could be assigned. COSY was also used to assign the protons from the 

cyclohexyl rings. This confirmed that the outlier signal at 3.9 ppm could be assigned to the 

cyclohexyl rings and not an impurity. 

 

 

 

 

 

 

 

 

G/G*       I     H                                                               A                    B D C  

meso-CH
3
 eq. 

meso-CH
3
 ax. 

CH
3
-tolyl 
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11
B NMR Spectra 

 

Figure 2.4: 
11

B NMR spectrum of BF2[H(DMPTCx)] in CDCl3. 

 

The 
11

B NMR of BF2[H(Calix)] confirmed the presence of boron in the compound (Figure 

2.4). The chemical shift for all four analogues is between 2.50 – 3.00 ppm which is consistent 

with tetravalent boron. In all four analogues, there is one signal that appears as a doublet of 

doublets. This indicate that boron couples to two chemically inequivalent fluorine atoms 

(coupling to two chemically equivalent fluorine atoms would give rise to a triplet signal 

instead). The coupling constants are similar for all four analogues with one doublet being 

approximately 37 Hz and the second doublet being between 21 to 24 Hz. 

 

19
F NMR Spectra 

 

The 
19

F NMR of BF2[H(Calix)] was used to characterise the B-F fluorine atoms as well as the 

symmetry of the PFP groups. 

 

 

Figure 2.5: 
19

F NMR spectrum of BF2[H(CHPTCx)] in CDCl3 showing the BF2 signals. 

 

For the BF2 moiety, three possible couplings can be observed via NMR: 
1
J B-F1 coupling, 

1
J 

B-F2 coupling and 
2
J F1-F2 coupling. The spin state of the isotope 

19
F (100% abundance, I = 

1/2) and both isotopes of boron 
10

B (20% abundance, I = 3) and 
11

B (80% abundance, I = 3/2) 

influence the coupling pattern observed. The B-F coupling is observed in the 
19

F NMR 

spectrum as a larger quartet from 
11

B-F coupling (I = 3/2 hence 2nI + 1 = 4), and a smaller 

overlapping septet arising from 
10

B-F coupling (I = 3 hence 2nI + 1 = 7), due to the lower 
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abundance of the 
10

B isotope. If there is observable 
2
J F1-F2 coupling, the signal will split into 

a doublet of quartets. Both doublets should have the same coupling constants. Since the 
11

B 

NMR inferred that the two fluorine atoms are inequivalent, it is expected that there will be 

two doublet of quartets; one for each fluorine atom. For three of the four analogues, two 

doublet of quartets are observed, however, no septets from 
10

B-F coupling overlapping are 

seen (Figure 2.5). The doublets have the same coupling constant which is consistent with the 

assignment as 
2
J F1-F2 coupling. The coupling constants in the two quartets match the 

coupling constants observed in the 
11

B NMR, so it is consistent with B-F coupling. The 

exception to the above is BF2[H(DMPTCx)], where the lack of observable F1-F2 coupling 

gives rise to a single complex multiplet. The dominant component of this multiplet is two 

overlapping quartets which were assigned as 
11

B-F1 and 
11

B-F2 coupling. Comparison of the 

coupling constant with those observed in the 
11

B NMR confirmed this assignment. The 

smaller peaks arise from overlapping 
10

B-F1 and 
10

B-F2 coupling. NMR simulation using the 

DAISY function in Bruker Topspin agrees with the assignment (Figure 2.6). The chemical 

shifts of the B-F signals are influenced by the substituents at the sp
3
-meso carbons. In the 

dimethyl compounds, the chemical shifts of both signals are close together at between -129 to 

-130 ppm however in the cyclohexyl compounds, the chemical shifts are further apart. 

 

 

Figure 2.6: Comparison between experimentally obtained 
19

F NMR spectrum of BF2[H(DMPTCx)] in 

CDCl3 (green) and simulated data (blue/red, DAISY in Bruker Topspin). Blue peaks in simulation are 

from 
11

B-F coupling while red peaks are from 
10

B-F coupling. 
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The signals arising from the PFP groups are similar in both PFP calixphyrin compounds. As 

expected based on the 
1
H NMR of the p-tolyl protons, the PFP rings are no longer equivalent 

since there are eight multiplets representing ten fluorine atoms whereas the free-base ligand 

formerly contained three signals, corresponding to the ortho, meta and para fluorine atoms 

(Figure 2.7). This can be observed by the splitting of the para-fluorine atoms into two signals 

rather than one. All four ortho fluorine atoms are now unique with respect to NMR, 

indicating not only the loss of symmetry but restricted rotation of the PFP rings in this 

compound. 

 

 

Figure 2.7: 
19

F NMR spectrum of BF2[H(DMPFPCx)] in CDCl3 showing peaks from the PFP groups. 

 

X-ray Crystal Structure 

 

X-ray quality crystals of BF2[H(DMPTCx)] were successfully grown by the slow evaporation 

of a CH2Cl2:n-hexane solution containing the compound (Figure 2.8). The BF2 moiety was 

disordered over two sites in the macrocycle, in a ratio of approximately 77:23. The minor 

component was refined isotropically. The R-factor is 6.3%. A second crystal structure of 

BF2[H(CHPTCx)] was also obtained and although not enough unique reflections were 

obtained to reliably report bond angles and distances, it did confirm the same connectivity 

and geometry as BF2[H(DMPTCx)]. The R-factor of this structure is 9.2%. 

 

PFP-ortho                                                                                PFP-para                                          PFP-meta 
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Figure 2.8: Molecular structure of BF2[H(DMPTCx)] with thermal ellipsoids calculated at the 50% 

probability level. Minor disorder components omitted for clarity. Hydrogen atoms set as fixed sized 

spheres (radii = 0.15 Å). 

 

The X-ray crystal structure confirmed that the boron is coordinated in the dipyrrin site and is 

out-of-plane by approximately 0.6 Å. This is in contrast to BODIPY complexes where the 

boron is in the same plane. The plane of the dipyrrin site was measured using the remaining 

five atoms in the 6-membered chelate ring. The boron exhibits tetrahedral geometry with one 

fluorine pointing into the core of the compound while the second points away from the core. 

There is hydrogen bonding between the internal N-H proton and one of the B-F fluorines 

with a distance of 1.953 Å, longer than that calculated for mono-boron corrole complexes.
2
 

Two of the protons from the axial meso-CH3 are between 2.06 and 2.17 Å away from this B-

F fluorine which could explain the downfield chemical shift observed for the axial meso-CH3 

in the 
1
H NMR spectrum. Selected bond angles and distances are given in Table 2.1.  

 

Table 2.1: Selected Bond Angles and 

Distances in BF2[H(DMPTCx)]. 

C-C5-C 121.6(5) 

C-C10-C 109.4(4) 

C-C15-C 123.8(5) 

C-C20-C 108.8(4) 

N1
…

N2 2.552 

N2
…

N3 3.146 

N3
…

N4 2.677 

N4
…

N1 3.242 
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The average intramolecular N
…

N distance (N2
…

N3 and N4
…

N1) parallel to the sp
3
 axis were 

3.195 Å whereas the distance parallel to the sp
2
 axis was 2.615 Å, indicative of some 

tetragonal elongation in the compound. However when compared to free-base dimethyl, 

mesityl calixphyrin reported by Sessler,
10

 which have average N
…

N distances of 2.995 Å and 

2.737 Å respectively, this is not as large as the distortions observed in boron porphyrins and 

corroles.
6,7

 The average angle at the sp
3
-meso carbons is 108.62° and at the sp

2
-meso carbon 

is 122.55° which are very close to the ideal bond angles of 109° and 120°, respectively. It is 

possible to conclude from the crystal structure that the coordination of one boron atom is a 

good fit for the calixphyrin ligand. Further evidence is that the ligand itself has retained its 

original “roof” shape and the loss of symmetry in the 
1
H NMR can be attributed to 

coordination of one BF2 group rather than distortions in the ligand. 

 

2.2.3: DFT Calculations 

 

Although the bonding of one BF2 group to the dipyrrin site of calixphyrin appears to be 

simple, three stereoisomers are possible depending on the arrangement of the BF2 group. The 

first is the crystallographically determined structure where the boron was out-of-plane of the 

dipyrrin unit above the “roof” of the ligand (Out-of-Plane BF2 Up). The second has the boron 

in-plane of the dipyrrin, forming a planar 6-membered chelate ring (In-plane BF2). Finally, 

the third structure is where the boron is out-of-plane but coordinated below the “roof” of the 

ligand (Out-of-Plane BF2 Down). To gain insight into the preferred geometry of 

BF2[H(Calix)], DFT optimised geometries were calculated using the B3LYP method and 6-

31G (d,p) basis set using Gaussian.
11

 The X-ray crystal structures of BF2[H(DMPTCx)] and 

BF2[H(CHPTCx)] were used as the initial geometries for optimisation for the out-of-plane 

isomer with the BF2 pointing up. The structures of the other two isomers for optimisation 

were generated using the Avogadro program,
12

 and using the X-ray crystal structures as the 

starting point. In these calculations, BF2 bonding to the dipyrromethane site was not 

considered. Other calculations were performed for the dipyrromethane bonding site and will 

be discussed in section 2.3.3. DFT optimised structures for the three isomers are given below 

in Figure 2.9. 
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BF2[H(DMPTCx)] 

Out-of-Plane BF2 Up 

Relative Energy: 0.00 kcal mol
-1 

  
BF2[H(CHPTCx)] 

Out-of-Plane BF2 Up 

Relative Energy: 0.00 kcal mol
-1 

 
BF2[H(DMPTCx)] 

In-Plane BF2 

Relative Energy: 10.59 kcal mol
-1 

 
BF2[H(CHPTCx)] 

In-Plane BF2 

Relative Energy: 14.36 kcal mol
-1 

 
BF2[H(DMPTCx)] 

Out-of-Plane BF2 Down 

Relative Energy: 27.20 kcal mol
-1 

 
BF2[H(CHPTCx)] 

Out-of-Plane BF2 Down 

Relative Energy: 33.05 kcal mol
-1 

 

Figure 2.9: Optimised structures of the different stereoisomers of BF2[H(Calix)]. Hydrogen atoms omitted 

for clarity. 

 

The calculations clearly show that the experimentally obtained isomer with the BF2 out-of-

plane above the “roof” of the ligand is the most energetically favourable, followed by the in-

plane BF2 then finally the out-of-plane BF2 below the “roof”. The results are the same for 

both DMPTCx and CHPTCx. An inspection of the C-Cmeso-C bond angles as well as the 

intramolecular N
…

N distances provides some insights on the relative energy of each isomer. 

The most energetically favourable isomer would be expected to have the smallest distortions 

compared to the free-base ligand. For comparison, the free-base calixphyrin bond angles and 

distances from the crystal structure obtained by Sessler are provided (Table 2.2).
10

 Note that 

the labels for the Cmeso and N are the same as labels given in the crystal structure above. 
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Table 2.2: Bond Angles and N
…

N Distances in the Optimised Structures of 

BF2[H(DMPTCx)] 

 

Out-Of-Plane  

BF2 Down 
In-Plane Out-Of-Plane 

BF2 Up 
Free-Base

10
 

C-C5-C 120.46 123.38 120.66 125.46 

C-C10-C 117.72 115.54 110.48 112.45 

C-C15-C 122.71 124.63 123.29 125.71 

C-C20-C 118.12 115.24 109.45 107.76 

N1
…

N2 2.660 2.799 2.719 2.734 

N2
…

N3 3.669 3.582 3.323 2.996 

N3
…

N4 2.493 2.559 2.540 2.741 

N4
…

N1 3.613 3.447 3.176 2.955 

N-H
…

F-B 2.201 1.799 1.859 N/A 

 

The calculated N
…

N distances and angles clearly show that the least energetically favoured 

isomer, Out-of-Plane BF2 Down, had the most distortions compared to the free-base, with the 

N2
…

N3/N4
…

N1 distance being the longest of all three and the bond angle around the sp
3
-meso 

carbons (C10, C20) being around 118°, closer to trigonal planar geometry than tetrahedral. The 

large distortion can be rationalised in that this isomer is no longer in the calixphyrin preferred 

roof-shape whereas the other two still are. For the In-Plane BF2 isomer, the steric demands of 

the BF2 group have caused some tetragonal distortion in the ligand which can be seen in the 

115° bond angle around the sp
3
-meso carbons and the long N2

…
N3 and N4

…
N1 distances. The 

Out-of-Plane BF2 Up isomer also has tetragonal distortions; however, these are much smaller 

compared to the other two isomers since the C-Cmeso-C bond angles show only small 

deviations, less than 3°, from the free-base calixphyrin as well as the shortest N2
…

N3 and 

N4
…

N1 distances. This isomer has the same geometry as the X-ray crystal structure so the 

DFT calculations are in good agreement with experimental data. 

 

A feature of mono-boron corroles is that the internal B-F
…

H-N hydrogen bonding has a 

stabilising effect on the compound.
1,2

 The internal hydrogen bonding distances were 

measured for the optimised geometries for all three isomers. The Out-of-Plane BF2 Down 

isomer had the longest B-F
…

H-N distance of 2.201 Å. Furthermore, the B-F and N-H 

moieties are pointing away from each other so it is likely there is no hydrogen bonding in this 

isomer. The In-Plane BF2 isomer has the shortest B-F
…

H-N distance at 1.799 Å which can be 

considered a hydrogen bond; however, this is still longer than those calculated for 
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BF2[H2(Cor)].
2
 Only one of the B-F fluorines is hydrogen bonding in this isomer. The Out-of-

Plane BF2 Up isomer had a hydrogen bond distance of 1.859 Å which is slightly longer than 

the In-Plane BF2 isomer. Similar to the in-plane isomer, only one B-F is hydrogen bonding. 

The calculations indicate that the presence of hydrogen bonding is a stabilising factor for 

mono-boron calixphyrins. However, as the in-plane isomer shows, a stronger hydrogen bond 

is not enough to overcome the difference in energy created by excess tetragonal distortion 

and possibly other unfavourable steric interactions. 

 

2.2.4: Photophysical Properties of BF2[H(Calix)] 

 

UV-vis Spectra 

 

The UV-vis spectra of aromatic porphyrinoids are dominated by two features. The first is a 

large Soret band and the second feature is the presence of several Q-bands. Unlike porphyrins 

and other porphyrinoids, the UV-vis spectra of calixphyrins have not been widely 

investigated. There is typically a large Soret-like absorbance at 440 nm. Due to the lack of 

conjugation and aromatic ring current, there are no Q-bands. Mono-boron calixphyrins might 

also be expected to behave as BODIPY analogues. A feature of the UV-vis spectra of 

BODIPYs is a strong absorbance from the HOMO to LUMO at approximately 520 nm and if 

boron calixphyrins behave as BODIPYs, that absorption might be present.
13

 The UV-vis 

spectrum of four analogues of BF2[H(Calix)] were obtained (Figure 2.10). 

 

 

Figure 2.10: Normalised UV-vis spectra of the four analogues of BF2[H(Calix)] in CH2Cl2. 
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The UV-vis spectra are similar for all four complexes. There is a large absorbance from the 

Soret-like band at approximately 440 nm. The wavelength of the Soret-like band is only 

slightly shifted by the presence of different substituents on the meso carbons. Absorptions 

below 400 nm seemed to be influenced by the aromatic sp
2
-meso carbon substituents since 

the p-tolyl calixphyrins have a characteristic peak at 350 nm whereas the PFP calixphyrins 

have several weak absorbing bands below 400 nm and around 500 nm instead. The maxima 

in BF2[H(Calix)] compounds are red-shifted when compared to the respective free-base 

calixphyrins. There is also a very weak absorption at 570 nm that is not present in the free-

base calixphyrin. Despite this, the rest of the spectra appear similar so the coordination of 

boron has not greatly affected the electronic properties of calixphyrin. There are no 

absorbances typical of BODIPYs in mono-boron calixphyrins. 

 

Fluorescence Spectroscopy 

 

One of the reasons that BF2[H(Calix)] was synthesised was that it was anticipated to behave 

as a BODIPY analogue. However, under long wavelength UV light at 354 nm, no 

fluorescence was observed for any of the analogues prepared. Furthermore, the UV-vis 

spectra do not contain any characteristic BODIPY-like absorptions. Fluorescence studies 

were undertaken to see whether there was any detectable fluorescence. Excitations were set at 

the maxima of the largest absorbance and the wavelengths between 460 to 800 nm were 

scanned for possible emissions. In all four analogues of BF2[H(Calix)], no fluorescence was 

detected. The reason for the lack of fluorescence is beyond the scope of this thesis but based 

on BODIPY chemistry several factors have been identified that could contribute to this 

observation such as: 

 the loss of planarity in the 6-membered chelate ring comprising the dipyrrin half and 

the out of plane boron atom;
14

 

 non-radiative decay from the S1 excited state caused by vibrational relaxation such as 

aromatic ring rotation, pyrrole ring movements etc;
15,16

  

 possible intramolecular charge transfers during excitation.
16-19
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2.3: Preparation of BF2[H(Calix)] 

 

2.3.1: Observations 

 

 

Scheme 2.3: Reaction scheme of H2(DMPTCx) with BF3
.
Et2O to give BF2[H(DMPTCx)]. 

 

In reactions involving H2(DMPTCx), TLC analysis using dichloromethane and a few drops 

of ethyl acetate as the eluent indicated the presence of a second boron-containing product. 

The spot attributed to this compound eluted just behind the major product, BF2[H(DMPTCx)] 

and also had the same colour. During column chromatography, not one but two closely 

eluting products were isolated. These were identified as a second and third mono-boron 

containing product by HRMS. Using NMR spectrometry and X-ray crystallography, the 

compounds were assigned to be firstly, a cationic mono-BF2 complex where the BF2 is 

bonding via the dipyrromethane site rather than the dipyrrin site and BF4
-
 as a counter-ion, 

BF2[H2(DMPTCx)]
+
[BF4]

-
,
 

and secondly, as the neutral form of this species 

BF2[H(DMPTCx)]. Occasionally, the two compounds were isolated together. Neither 

BF2[H2(Calix)]
+
[BF4]

-
 nor its neutral form were able to be isolated from the reaction mixture 

for the other calixphyrin ligands studied due to the higher reaction temperatures employed in 

their respective syntheses. However, it is also possible to synthesise this compound from the 

acid-catalysed decomposition of B2OF2(Calix) whose synthesis is discussed in Chapter 4. 

Using this procedure, it was possible to isolate the previously inaccessible 

BF2[H2(CHPTCx)]
+
[BF4]

- 
as well as its neutral form BF2[H(CHPTCx)]. This is only the 

second example of boron coordinating to a dipyrromethane moiety. The only previous 

example was synthesised by reacting free-base dipyrrin with BH3 to give the BH2 dipyrrin 

product with subsequent hydride migration to the meso-carbon to give a B-H dipyrromethane 

product.
20
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2.3.2: Characterisation of BF2[H(Calix)] 

 

1
H NMR Spectra 

 

Scheme 2.4: Labelling scheme for BF2[H(Calix)]. 

 

The coordination of one boron atom was shown in BF2[H(Calix)] to break one plane of 

symmetry with respect to the free-base calixphyrin. The same applies for BF2[H(Calix)], 

despite the different coordination site. The β-pyrrole protons appear as four doublets with 

chemical shifts in the range of 6.4 to 6.9 ppm (A-D, see Scheme 2.4). The doublets appear as 

two characteristic AB multiplets depending on the coordination of boron. As in the isomeric 

BF2[H(Calix)], the β-pyrroles doublets for the pyrroles not bonded to boron have a coupling 

constant of 4.0 Hz while the boron bonding β-pyrrole doublets have a coupling constant of 

4.5 Hz. With respect to the meso-substituents, the compound has the opposite symmetry 

compared to BF2[H(Calix)], i.e. the aromatic sp
2
-meso substituents are now equivalent 

whereas the sp
3
-meso substituents are not. The p-tolyl groups exhibit only three signals, a 

broad doublet for the ortho protons (E), a broad doublet for the meta protons (F) and a singlet 

for the para-CH3 (G). In BF2[H(DMPTCx)], the four meso-CH3 signals appear between 1.79-

1.85 ppm indicating that all four methyls are no longer equivalent and that they are pointing 

away from the N4 core given the chemical shift is similar to the equatorial meso-CH3 in 

BF2[H(DMPTCx)] (Figure 2.11). The internal N-H peak could not be observed in this 

compound. 
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Figure 2.11: Comparison of aliphatic region of the 
1
H NMR spectrum of BF2[H(DMPTCx)] (red) and 

BF2[H(DMPTCx)] (blue) in CDCl3. 

 

The protonated species BF2[H2(Calix)]
+
[BF4]

-
, is similar to the neutral species although the 

chemical shifts are affected by the presence of the BF4
-
 counter-ion. The β-pyrrolic protons 

signals appear as the characteristic AB type doublets although they are further downfield 

compared to the neutral compound (Figure 2.12). In BF2[H2(DMPTCx)]
+
[BF4]

-
, the signals 

from the two pyrrole groups which are binding to the BF2 moiety appears as an AB quartet 

with a coupling constant of 4.5 Hz. The other set of doublets also have a coupling constant of 

4.5 Hz. The same coupling constants are also observed in BF2[H2(CHPTCx)]
+
[BF4]

-
. Because 

of the BF4
-
 counter-ion, both pyrroles that are not coordinating to the boron are protonated, 

which could explain why they have the same coupling constant as the boron coordinating 

pyrroles, and why their chemical shift is further downfield compared to the neutral 

compound. As with the neutral species BF2[H(DMPTCx)], the symmetry of the meso 

substituents is the same although the chemical shifts are slightly downfield. A broad singlet 

that usually appears between 10 to 12 ppm that integrates to two protons was assigned to the 

internal N-H protons. 

 

Figure 2.12: Aromatic region of the 
1
H NMR spectrum of BF2[H(DMPTCx)] (blue) and protonated 

species (red) in CDCl3. 
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11
B NMR Spectra 

 

The 
11

B NMR spectra of BF2[H2(Calix)]
 
and BF2[H2(Calix)]

+
[BF4]

- 
was similar to those of 

BF2[H(Calix)] although the signals were often broader (Figure 2.13). A doublet of doublets is 

observed between 1.0 and 2.0 ppm with coupling constants of 22-24 Hz and 42-44 Hz, 

corresponding to B-F1 and B-F2 coupling. The protonated species, BF2[H2(Calix)]
+
[BF4]

- 
, 

had another peak at -1.2 ppm, confirming the presence of the BF4
-
 counter-ion.  

 

Figure 2.13: 
11

B NMR spectrum of BF2[H2(DMPTCx)]
+
[BF4]

-
 in CDCl3.

 

 

19
F NMR Spectra 

 

The BF2 moiety in BF2[H(Calix)] gives rise to two signals at -125 ppm and  -156 ppm 

(Figure 2.14). The two separate fluorine signals are evidence that the fluorine atoms in BF2 

are not chemically equivalent. Notably the difference in chemical shift between the two B-F 

signals is larger than in BF2[H(Calix)] where both B-F fluorines  had chemical shifts at -130 

ppm or lower despite being chemically inequivalent. The crystal structure of BF2[H(Calix)] 

showed both fluorine atoms in the BF2 moiety out of plane of the N4 core. It is likely that in 

BF2[H(Calix)], the signal at -125 ppm belongs to an out-of-plane fluorine atom whereas the 

signal at -156 ppm belongs to a fluorine atom closer to the N4 core thus the dramatic 

difference in chemical shift. The multiplet at -125 ppm is an overlapping doublet of quartets. 

The quartets are from 
11

B-F1 coupling and have a coupling constant of 42 to 44 Hz which is 

consistent with the one of the B-F coupling constants observed in the 
11

B NMR spectrum. 

The doublet arises from 
2
JF1-F2 coupling and this has a coupling constant of 87 Hz. Because 

the coupling constant of the 
11

B-F1 coupling is nearly half the coupling constant of the F1-F2 

coupling, the individual multiplet lines are sufficiently close together to overlap causing the 
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triplet of doublets appearance. The second signal at -156 ppm is also a doublet of quartets. 

The quartets are from 
11

B-F2 coupling and have a coupling constant of 22 to 24 Hz, the same 

as observed in the 
11

B NMR spectrum. Like the peaks at -125 ppm, the doublet is from F1-F2 

coupling.  

 

Figure 2.14: 
19

F NMR spectrum of BF2[H2(DMPTCx)]
+
[BF4]

-
 in CDCl3. 

 

The protonated compound also has an extra peak at approximately -150 ppm corresponding 

to the BF4
-
 counter-ion. The peak is split into two signals due to 

10
B-F and 

11
B-F coupling 

respectively.  

 

X-ray Crystal Structure 

 

Figure 2.15: Molecular structure of BF2[H2(DMPTCx)]
+
[BF4]

-
 with thermal ellipsoids calculated at the 

50% probability level. Minor disorder components and solvent molecules omitted for clarity. Hydrogen 

atoms set as fixed sized spheres (radii = 0.15 Å). 
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X-ray quality crystals of BF2[H2(DMPTCx)]
+
[BF4]

-
, were successfully grown by the slow 

evaporation of a CHCl3:MeOH solution containing the compound. There was some disorder 

around the BF4
-
 counter-ion and CHCl3 solvent molecules within the unit cell. The R-factor is 

8.7%. No crystal structure was obtained for the neutral species, BF2[H(DMPTCx)], due to 

isomerism into BF2[H(DMPTCx)] (discussed in section 2.3.4). The X-ray crystal structure 

confirmed the BF2 group bonding in the dipyrromethane site with the boron sitting slightly 

out of plane of the two bonding pyrroles (Figure 2.15). Unlike the dipyrrin isomer, the ligand 

has become highly distorted to accomodate the boron. The half of the ligand containing the 

BF2 group has been forced to be planar by the coordination of boron. The uncoordinated 

pyrroles on the other half of the ligand are protonated and both are orientated in the same 

direction and participate in hydrogen with the BF4
-
 counter-ion creating a half-bowl shape. As 

a result, the N4 core had been distorted into a trapezoid shape with the N
…

N distance between 

the two BF2 coordinated pyrroles being 2.51Å and the two non-coordinated pyrroles opposite 

the BF2 group being 3.076 Å, a difference of 0.564 Å. Despite the large distortion of the 

ligand from its preferred C2v symmetry, the C-Cmeso-C bond angles are surprisingly similar to 

the free-base (Table 2.3).
10

 

 

Table 2.3: Selected Bond Angles and Distances in the Crystal Structure 

of BF2[H2(DMPTCx)]
+
[BF4]

-
. 

 
BF2[H2(DMPTCx)]

+
[BF4]

- 
Free-Base

10
 

C-C5-C 126.94 125.46 

C-C10-C 112.31 112.45 

C-C15-C 127.77 125.71 

C-C20-C 105.32 107.76 

N2…N3 2.512 2.955 

N3…N4 3.272 2.734 

N4…N1 3.076 2.996 

N1…N2 3.265 2.741 

 

2.3.3: DFT Calculations 

 

Optimised Geometries 

 

Although a crystal structure was obtained for the protonated BF2[H2(Calix)]
+
[BF4]

-
 species, 

the structure of the neutral compound without its stabilising counter-ion was unknown. Two 
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possible geometries were identified with the BF2 group in-plane of the dipyrromethane 

bonding pyrroles or out-of-plane of the bonding pyrroles. The same B3LYP functional and 6-

31G (d,p) basis set that were used for the optimisation of BF2[H(Calix)] were employed. This 

also allowed for a comparison of the relative energies of the two isomers. BF2 complexes of 

both DMPTCx and CHPTCx were optimised to gain insight on any steric effects from the 

sp
3
-meso substituents. The DFT optimised structures are given below (Figure 2.16). 

 

 
 

BF2[H(DMPTCx)] 

Out-of-Plane BF2 

Relative Energy: 0.00 kcal mol
-1

 

  
 

BF2[H(CHPTCx)] 

Out-of-Plane BF2 

Relative Energy: 0.00 kcal mol
-1

 

 
BF2[H(DMPTCx)] 

In-Plane BF2 

Relative Energy: 5.15 kcal mol
-1

 

 
BF2[H(CHPTCx)] 

In-Plane BF2 

Relative Energy: 4.31 kcal mol
-1

 

 

Figure 2.16: Optimised structures of the different stereoisomers of BF2[H(Calix)]. Hydrogen atoms 

omitted for clarity. 

 

The optimised structures showed that the out-of-plane isomer is favoured by 5.15 kcal mol
-1

 

for BF2[H(DMPTCx)] and 4.31 kcal mol
-1

 for BF2[H(CHPTCx)]. The amount of distortion in 

the ligand can again be correlated with the observed energies. 
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Table 2.4: Selected bond angles and distances in the DFT optimised structures 

of BF2[H(Calix)]. 

 
BF2[H(DMPT)] BF2[H(CHPT)] 

 

  
In-Plane 

Out-Of-

Plane 
In-Plane 

Out-Of-

Plane 

Free-

Base
10

 

C-C5-C 129.18 128.13 129.37 128.05 125.46 

C-C10-C 111.99 112.02 110.70 111.51 112.45 

C-C15-C 130.47 125.88 130.51 125.57 125.71 

C-C20-C 105.17 105.77 104.22 104.57 107.76 

N2
…

N3 2.546 2.498 2.537 2.488 2.955 

N3
…

N4 3.371 3.216 3.285 3.225 2.734 

N4
…

N1 3.227 2.857 3.247 2.876 2.996 

N1
…

N2 3.282 3.231 3.366 3.242 2.741 

N-H
…

F-B 1.625 2.160 1.623 2.170 N/A 

 

Although the C-Cmeso-C bond angles are similar in both the in-plane and out-of-plane isomers 

of BF2[H(Calix)] (with the exception of C-C15-C), the intramolecular N
…

N distances are 

greatly influence by the positioning of boron. The N
…

N distances parallel to the axis of the 

sp
2
-meso carbons (N3

…
N4, N1

…
N2) are slightly shorter in the out-of-plane isomer than the in-

plane isomer indicating less tetragonal elongation than in the in-plane isomer. The N4
…

N1 

distance across the vacant dipyrromethane site is almost 0.4Å longer in the in-plane isomer 

than the out-of-plane isomer and acoordingly the C-C15-C bond angle is 5° wider than the 

out-of-plane isomer and 10° wider than the preferred sp
2
-hybridised geometry of 120°. Even 

though the in-plane isomer shows a short B-F
…

H-N hydrogen bond of 1.625Å, this is not 

enough to offset the effect of the N4 core distortion. The DFT optimised structure for the 

neutral BF2[H(DMPTCx)] is very similar to the X-ray structure of the protonated complex 

BF2[H(DMPTCx)]
+
[BF4]

-
 thus protonation of this compound does not significantly affect its 

structure. 

  

Comparison with BF2[H(Calix)] 

 

The synthesis of BF2[H(Calix)] came as a surprise given that boron was expected to 

exclusively bond to the dipyrrin site. The energies of the optimised structures of 

BF2[H(DMPTCx)] and BF2[H(DMPTCx)] were compared. If the relative energies were close 

together then it could be possible to expect both isomers forming. However, for 

BF2[H(DMPTCx)] the dipyrrin bonding isomer is more energetically favourable by 7.82 kcal 

mol
-1

. The difference in value would imply that BF2[H(Calix)] should not have been 
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synthesised at all. However, DFT calculations were performed assuming solvent-free 

conditions in the gas phase so it is possible that the energy difference could actually be much 

smaller. 

 

2.3.4: Isomerism of BF2[H(Calix)]into BF2[H(Calix)] 

 

BF2[H(DMPTCx)] was observed to isomerise to BF2[H(DMPTCx)] in solution and was often 

a reason why preparing pure samples of this compound was difficult. The isomerisation 

process could be observed via NMR spectroscopy (Figure 2.17). The solution isomerism was 

first apparent after a 
1
H NMR spectrum was recorded of a sample of BF2[H(DMPTCx)] that 

had been stored in solution in an NMR tube overnight at room temperature. Peaks belonging 

to BF2[H(DMPTCx)] had appeared in the spectrum whereas peaks belonging to 

BF2[H(DMPTCx)] had diminished. After two weeks, most of the BF2[H(DMPTCx)] had 

isomerised into BF2[H(DMPTCx)]. There seemed to be no loss of boron during this process 

since there was little increase in the intensity of the signals from the free-base calixphyrin. 

This process is slowed by cooler temperatures, for example, at -20°C there is no isomerism 

visible in the 
1
H NMR spectrum after two weeks. Contrastingly, the protonated species 

BF2[H2(Calix)]
+
[BF4]

- 
was found to be stable indefinitely in solution. 

 

 

Figure 2.17: Conversion of BF2[H(DMPTCx)] into BF2[H(DMPTCx)] at 40°C as observed via 
1
H NMR 

spectroscopy (aromatic region shown). 
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Unlike BF2[H(DMPTCx)], BF2[H(CHPTCx)] does not isomerise into BF2[H(CHPTCx)] at 

room temperature, presumably due to the lower flexibility of the compound due to the 

cyclohexyl rings. Isomerism can be induced by heating the sample. 

 

To gain better insight into the isomerisation, the 
1
H NMR spectrum of BF2[H(DMPTCx)] 

was measured at three different temperatures over time, 20°C (room temperature), 40°C and 

55°C. Due to the difficulty in obtaining pure samples of BF2[H(DMPTCx)], the effect due to 

concentration was not measured. Fresh samples were prepared, dissolved in CDCl3 and stored 

in an NMR tube during the experiment. For the experiment at room temperature, the NMR 

tube containing the sample was left in the fumehood for the entire duration. The experiments 

at 40°C and 55°C were performed by heating the samples in an oil bath set to the 

temperatures given. When these samples were not heated or analysed, they were stored in the 

freezer at -20°C to prevent room temperature isomerism affecting the results. The percentage 

of each isomer in solution relative to each other was determined by comparing the integrals 

from the β-pyrrole region since there was no overlap of these peaks. TMS in the CDCl3 was 

used as an internal standard. 

 

 

Figure 2.18: Percentage of BF2[H(DMPTCx)] compared to BF2[H(DMPTCx)] over time at 20°C. 

 

At room temperature, the isomerism is slow and reaches the half-way point after 

approximately 90 hours before slowing down and reaching full conversion after over 400 

hours (Figure 2.18). The rate of isomerism is well modelled by an exponential line. Indeed, a 
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graph of ln[C] (C = concentration of BF2[H(DMPTCx)]) versus time (t) produced a straight 

line so the process follows first order kinetics (Figure 2.19). This is expected since the 

isomerisation is an intramolecular process. This also indicates that concentration is not a 

variable in the isomerisation. From this, the rate constant (k) at 20°C was determined to be 

2.194 × 10
-6 

s
-1

. 

 

Figure 2.19: ln[C] versus Time for isomerisation at 20°C. 

 

At 40°C, the isomerism is much faster and the half-way point occurs just after five hours of 

heating. No loss of boron was observed via NMR. Full conversion of the sample took over 25 

hours which again fitted an exponential curve well. A graph of ln[C] versus t also produced a 

straight line with k determined to be 2.903 × 10
-5

 s
-1

 at 40°C (Figure 2.20). 

 

Figure 2.20: ln[C] versus Time for isomerisation at 40°C. 
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At 55°C, the half-life of the isomerism is just over one hour and after five hours very little 

BF2[H(DMPTCx)] remains in solution. The graph of ln[C] versus t gave a k of 1.977 × 10
-4

 s
-

1
 at 55°C (Figure 2.21). 

 

Figure 2.21: ln[C] versus Time for isomerisation at 55°C. 

 

The kinetics of many chemical reactions can be modelled by the Arrhenius equation: 

k = Ae
-Ea/(RT)

 

where k = rate constant, A = pre-exponential factor, Ea = activation energy (J mol
-1

), R = 

universal gas constant (8.314 J K
-1

 mol
-1

) and T = temperature in kelvins. For a reaction that 

has a rate constant that obeys the Arrhenius equation, an Arrhenius plot of ln[k] versus 1/T 

should give a straight line with -Ea/R = slope and A = intercept. For the experimentally 

determined k values, the graph of ln[k] versus 1/T gives a straight line (Figure 2.22). 

 

 

Figure 2.22: Arrhenius plot of ln(k) versus 1/T for conversion of BF2[H(DMPTCx)] into 

BF2[H(DMPTCx)]. 
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From this, the Ea was determined to be 102.5 kJ mol
-1 

and A = 29. The Ea corresponds to the 

energy needed to get to the transition state (TS) from the starting BF2[H(DMPTCx)]. The 

energy of the optimised structures of the two isomers had already been determined via DFT 

calculations. With the Ea in hand, it is now possible to calculate an approximate TS geometry. 

Since the energies calculated in Gaussian are converted into kcal mol
-1

, Ea = 24.50 kcal mol
-1

. 

The calculations were done in the gas phase with no solvent effects considered.  

 

The isomerism of BF2[H(DMPTCx)] is believed to occur via the breaking of one of the B-N 

bonds followed by formation of a new B-N bond with the opposing nitrogen (Scheme 2.5). 

This would give a TS intermediate species with a BF2 group coordinated to only one nitrogen 

atom and trivalent at the boron centre. This reaction pathway is also consistent with the 

observation that the protonated BF2[H2(DMPTCx)]
+
[BF4]

-
 cannot undergo the isomerisation 

because the opposing pyrrolic nitrogen needed to form the new B-N bond is protonated. It is 

believed that the overall molecular motions in BF2[H(DMPTCx)] is the driving force behind 

the isomerism. This is consistent with the observations that heat (thus faster molecular 

motions) increases the rate of isomerisation and that BF2[H(CHPTCx)] does not isomerise at 

room temperature since the cyclohexyl rings lower the flexibility and molecular motions of 

BF2[H(CHPTCx)].      

 

 

Scheme 2.5: Proposed mechanism for the isomerism of BF2[H(DMPTCx)] into BF2[H(DMPTCx)]. 

 

The initial TS calculation was attempted using the QST2 method by inputting the optimised 

structures of the reactant (BF2[H(DMPTCx)]) and product (BF2[H(DMPTCx)]) however this 

failed to converge onto a possible TS. Instead, the geometry of several plausible three 

coordinate boron TS was input alongside the reactant and product structures into a QST3 

calculation. The initial guess TS were generated by taking either the structure of the reactant 

or product and removing one of the B-N bonds and shifting the BF2 moiety into the centre of 
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the N4 core. Several possible TS were calculated where the BF2 group was out-of-plane of the 

N4 core. Although the difference in energies between BF2[H(DMPTCx)] and the calculated 

TS  were between 24-28 kcal mol
-1

, consistent with the experimentally determined Ea;  none 

were correct since their negative frequencies did not correspond with the simultaneous bond 

breaking/forming step between boron and the internal nitrogen atoms. Furthermore, in some 

of these transition states, the distance between the boron atom and the vacant internal 

nitrogen atoms were over 3 Å; far too long for a bond forming step to occur. 

 

The two structures of BF2[H(DMPTCx)] and BF2[H(DMPTCx)] were compared and viewed 

from the same angle to gain a better perception of a possible TS structure. The two non-

bonding pyrroles in BF2[H(DMPTCx)] were used as a reference point since their roof-shaped 

geometry was the same as in BF2[H(DMPTCx)] (Figure 2.23). It was noted that from this 

angle, BF2[H(DMPTCx)] had the BF2 moiety pointing down with respect to the N4 core of 

the ligand whereas BF2[H(DMPTCx)] had the BF2 moiety pointing up. It was rationalised 

that the transformation from BF2[H(DMPTCx)] to BF2[H(DMPTCx)] could occur via a TS 

with an in-plane BF2 moiety. In this mechanism, the BF2 moiety in BF2[H(DMPTCx)] would 

go from occupying an out-of-plane position to an in-plane position. Once in position, the 

isomerism would occur via the B-N bond breaking/formation. The BF2 moiety in the newly 

created in-plane BF2[H(DMPTCx)] would then move back out-of-plane to its lowest energy 

conformation.  

 

Figure 2.23: Structure of BF2[H(DMPTCx)] (left) and BF2[H(DMPTCx)] (right) when viewed from the 

same perspective. Line in red indicates common axis. 

 

To find this in-plane TS, a different approach was taken where a preliminary TS was 

generated by performing a QST3 calculation using the DFT optimised structures of the in-

plane isomers of BF2[H(DMPTCx)] and BF2[H(DMPTCx)] instead. A frequency calculation 

was run on the steady point TS structure which revealed three negative frequencies. The 

largest was due to the presumed bond forming/breaking between boron and the two internal 

unoccupied nitrogen atoms which indicated that this TS was likely to be correct. The two 
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smaller frequencies were related only to tolyl-CH3 rotation and were subsequently ignored 

since this was not related to the TS. In this TS structure, the boron atom in the centre was 

~2.16 Å away from both unoccupied internal nitrogen atoms and there was also hydrogen 

bonding between the lone internal N-H and one of the fluorine atoms on boron that is 

presumed to stabilise the TS. This calculated TS was input into a second QST3 calculation 

using optimised structures of the experimentally obtained isomers of BF2[H(DMPTCx)] and 

BF2[H(DMPTCx)] instead. The TS obtained from this calculation was similar to one obtained 

using the in-plane isomers with the same frequencies as described before (Figure 2.24). The 

difference in energy between this TS and the reactant BF2[H(DMPTCx)] was 25.94 kcal mol
-

1
 which is very close to the experimentally determined Ea of 24.50 kcal mol

-1
. 

 

 

Figure 2.24: Structure of TS obtained via DFT calculations. 

 

An intrinsic reaction coordinate (IRC) calculation was performed to see whether the reaction 

in the forward and reverse directions led back to the product and reactant from the calculated 

TS. For both the forward and reverse directions, the IRC calculations led back to an in-plane 

isomer of BF2[H(DMPTCx)] and BF2[H(DMPTCx)] rather than the experimentally observed 

out-of-plane isomers. These new in-plane isomers were at a higher energy than the optimised 

in-plane isomers calculated earlier so the calculation most likely fell into a thermodynamic 

sink rather than continue on the path towards the lower energy isomers. An attempt was made 

at calculating a TS for the in-plane/out-of-plane isomerism for both BF2[H(DMPTCx)] and 

BF2[H(DMPTCx)] however the structures were too similar and often optimised back to the 

out-of-plane isomers. 
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2.4: Preparation of BF2[H2(PFPCx)] 

 

2.4.1: Observations 

 

A second type of calixphyrin ligand, the mono-PFP calix[4]phyrin (1,1,1,1) (will be defined 

as “H3(PFPCx)”), was also used to prepare mono-boron complexes. Because this class of 

calixphyrin has only one dipyrrin bonding site, only mono-boron calixphyrins should be 

expected. 

 

Scheme 2.6: Reaction scheme of H3(PFPCx) with BF3.Et2O to give BF2[H2(PFPCx)]. 

 

A solution of H3(PFPCx) was reacted with BF3
.
Et2O in the presence of 2,6-lutidine in 

refluxing chloroform for one hour (Scheme 2.6). The solution turned from a red colour to 

bright pink. The reaction was much faster than the corresponding calix[4]phyrin (1,1,1,1) 

probably due to the greater flexibility of the calix[4]phyrin (1,1,1,1) due to the presence of 

three sp
3
-meso carbons rather than two. After work-up and silica gel chromatography of the 

resulting residue, a purple solid was isolated that was determined by NMR spectrometry and 

HRMS to be a single BF2 group coordinating to the lone dipyrrin site, BF2[H2(PFPCx)]. No 

other isomers were isolated. 
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2.4.2: Characterisation of BF2[H2(PFPCx)] 

 

1
H NMR Spectrum 

 

Scheme 2.7: Labelling scheme for BF2[H2(PFPCx)]. C/C* appear as one signal although they are 

chemically inequivalent. 

 

Because of the presence of the extra sp
3
-hybridised meso carbon, the 

1
H NMR spectrum of 

BF2[H2(PFPCx)] is different to the spectra of other mono-BF2 calixphyrins prepared. The 

ligand has a dipyrrin half and a dipyrromethane half which can be observed via NMR (Figure 

2.25). The β-pyrrole protons appear as two multiplets for the dipyrromethane half each 

integrating to two protons (A/B, see Scheme 2.7) and an AB quartet for the dipyrrin half 

which integrates to four protons (C). The coupling constants of the AB quartet are 4.5 Hz 

which is consistent with the boron coordinating via the dipyrrin site. Two other features of 

this boron coordination geometry include the presence of one plane of symmetry in the 

compound and the presence of two internal N-H protons at 8.19 ppm arising from bonding to 

the dipyrromethane pyrroles (D).  

 

 

Figure 2.25: Aromatic region of 
1
H NMR spectrum of BF2[H2(PFPCx)] in CDCl3. 

D                                                                                 C/C*                       A  B 

* (CHCl
3
) 
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The meso-CH3 protons appear as two peaks at 1.76 ppm and 1.70 ppm. The peak at 1.70 ppm 

integrates to six protons so it can be assigned as belonging to the CH3 groups on the sp
3
-meso 

opposite the BF2 bonding site (E). The peak at 1.76 ppm integrates to 12 protons and are 

assigned as belong to the CH3 groups on the other two sp
3
-meso carbons (F). As the sp

3
-meso 

peaks are not observed to split into their axial and equatorial peaks respectively, the 

compound is apparently flexible on the NMR timescale at room temperature. 

 

11
B NMR Spectrum 

 

 

Figure 2.26: 
11

B NMR spectrum of BF2[H2(PFPCx)] in CDCl3. 

 

The 
11

B NMR spectrum confirms the presence of boron (Figure 2.26). There is a triplet at 0.6 

ppm with a coupling constant of 32 Hz. The chemical shift is similar to the other mono-BF2 

calixphyrins prepared. The presence of a triplet indicates that the fluorine atoms in the BF2 

moiety are chemically equivalent otherwise a doublet of doublet would have been observed. 

 

19
F NMR Spectrum 

 

 

Figure 2.27: 
19

F NMR spectrum of BF2[H2(PFPCx)] in CDCl3. Inset: close-up of signal from BF2. 
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The 
19

F NMR spectrum exhibits four signals, three from the PFP group and one from the BF2 

moiety (Figure 2.27). The BF2 fluorine signal appears as a quartet at -136.5 ppm due to 
19

F 

coupling to 
11

B (I = 3/2, therefore 2nI+1= 4). Since there is only one signal for two fluorine 

atoms, both fluorines are chemically equivalent. This is consistent with the 
11

B NMR 

spectrum above. Furthermore, the coupling constant of the quartet is 32 Hz which is the same 

as observed in the 
11

B NMR spectrum thus confirming the assignment as B-F coupling. Three 

multiplets appear for the PFP group, the ortho (-138 ppm), meta (-161 ppm) and para (-151.5 

ppm) fluorines. 

 

UV-vis Spectrum 

 

 

Figure 2.28: UV-vis spectrum of BF2[H2(PFPCx)] in CH2Cl2. 

 

The UV-vis spectrum of BF2[H2(PFPCx)] was recorded using CH2Cl2 as the solvent. The 

spectrum shows a very broad absorbance that has a maximum at 533 nm (Figure 2.28). The 

red-shifting of the maximum compared to BF2[H(Calix)] is likely due to the different 

structures of the respective ligands. The signal is unexpectedly broad and absorbs in a wide 

range from 450-650 nm. TLC analysis of the sample used indicated it was pure so it was not 

a mixture of compounds. A possible reason could be due to the compounds high flexibility in 

solution as implied by the 
1
H NMR spectrum which leads to the possibility that several 

possible conformations are present in solution at room temperature hence the UV-vis 

spectrum is an average of those conformations. 
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Fluorescence 

 

Just as was with BF2[H(Calix)] no fluorescence was observed for this compound. Given the 

broad UV-vis spectrum which indicated the existence of several conformations, the lack of 

fluorescence could be due to vibration relaxations from the excited state to the ground state. 

 

X-ray Crystal Structure 

 

X-ray quality crystals were grown from the slow diffusion of n-hexane into a CH2Cl2 solution 

containing the compound in the dark at 4°C. The R-factor is 4.2%. 

 

Figure 2.29: Molecular structure of BF2[H2(PFPCx)] with thermal ellipsoids calculated at the 50% 

probability level.  Solvent molecules omitted for clarity. Hydrogen atoms set as fixed sized spheres (radii 

= 0.15 Å). 
 

The X-ray crystal structure confirms that the BF2 moiety is bonding to the lone dipyrrin site 

(Figure 2.29). Unlike in BF2[H(Calix)], the boron is in-plane of the dipyrrin site and forms an 

almost planar 6-membered chelate with the torsion angles in this chelate no larger than 1.8°. 

Due to the steric hindrance from the BF2 moiety, the two pyrroles not bonding to boron are 

rotated by 78° and 81° away from the mean macrocycle plane as defined by the plane of the 

N4 core. They also point in opposite direction to each other. These angles and conformation 

are similar to those observed in the crystal structure of a free-base porphomethene obtained 

by Kral.
21

 Because of this orientation, there is no B-F
…

H-N hydrogen bonding. The unit cell 

contained two molecules of BF2[H2(PFPCx)] where the non-bonding pyrroles were 
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orientated in different directions. Coupling this with the NMR data which indicated that the 

compound is flexible, it indicates that the pyrroles are possibly free to flip in solution and the 

orientations observed are due to crystal packing effects.  

 

2.4.3: Photodegradation 

 

Upon standing the compound in solution over time, there was a colour change from purple to 

pink that was accompanied by a sudden increase in the fluorescence. TLC analysis 

determined that the compound was decomposing into many different species including 

several which displayed high fluorescence when viewed under a UV lamp. This 

decomposition was found to be caused by exposure to light since the sample was stable when 

stored in the dark. The speed at which the compound decomposes is dependent on 

concentration with dilute samples decomposing faster than concentrated samples. In contrast, 

BF2[H(Calix)] did not decompose when exposed to light. 

 

An uncontrolled degradation was achieved by dissolving a sample of BF2[H2(PFPCx)] in 

CH2Cl2 and exposing it to 254 nm UV light in a photochemical cabinet for 6 hours. NMR 

analysis followed. 

 

Figure 2.30: 
1
H NMR spectrum of the light degraded sample of BF2[H2(PFPCx)] (blue spectrum) in 

CDCl3. 
1
H NMR spectrum of pure BF2[H2(PFPCx)] in CDCl3 in red. 

 

The 
1
H NMR confirms the TLC analysis that showed that the degradation forms many 

different products (Figure 2.30). The β-pyrrole region shows a large mass of overlapping 
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peaks so it is not possible to assign any possible structures to the degraded products. A large 

doublet rises out of this mass with a coupling constant of 1.53 Hz and its origin is unknown.  

 

The 
19

F NMR also shows that the degradation is uncontrolled (Figure 2.31). Of interest is the 

presence of several new quartet signals that presumably arise from an intact BF2 moiety. 

Given that several products were observed by TLC to be highly fluorescent, the quartets in 

the 
19

F NMR spectrum indicates that several BODIPY species may have been formed during 

degradation. 

 

Figure 2.31: 
19

 F NMR spectrum of the light degraded sample of BF2[H2(PFPCx)] showing BF2 quartets 

from possible BODIPY-like products. 
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2.5: Summary 

 

The reaction of BF3.Et2O with free base H2(Calix) produced two mono-boron calixphyrin 

isomers. Surprisingly, the reaction conditions employed did not produce the expected di-

boron B2OF2(Calix) product. The major product, BF2[H(Calix)], was found to contain the 

BF2 moiety bonding to the dipyrrin site out-of-plane of the N4 core and stabilised by 

hydrogen bonding to the lone internal N-H proton. Despite being a structural analogue of 

BODIPYs, this compound disappointingly did not exhibit any fluorescence. 

 

The minor product, BF2[H(Calix)], had the BF2 moiety bonding to the dipyrromethane site 

instead. This compound gradually isomerised into BF2[H(Calix)]. Kinetic studies confirmed 

that the isomerism followed first order rate laws and a tri-coordinated BF2 transition state and 

mechanism are proposed based on DFT calculations. 

 

Calixphyrins of the porphomethene class can also coordinate boron via the lone dipyrrin site 

although they are susceptible to photodegradation. Although they are also potential BODIPY 

analogues, they also do not fluoresce.  
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2.6: Experimental 

 

2.6.1: Materials and Methods 

 

Unless otherwise stated, all experimental procedures were carried out at given temperatures 

under nitrogen, using modified Schlenk techniques. Glassware used for reactions was dried 

overnight in the oven and heated under vacuum before flushing with nitrogen. Sensitive 

reagents were added to reaction vessels using Hamilton gas-tight syringes. 

 

Dried CHCl3 was purified by passing through a column of basic alumina and drying over 4Å 

molecular sieves. Other dried solvents were obtained by collection from an LC Technologies 

SP-1 solvent purifier and storage over 4Å molecular sieves. Triethylamine (NEt3) and 2,6-

lutidine were purified by distillation and stored over NaOH. Otherwise, all other reagents and 

solvents were obtained from commercial suppliers and used as received. Silica utilised for 

column chromatography were either Davisil brand, LC60A 0.04-0.06 mm or Chem-Supply 

brand, silica gel 60Å 0.04-0.06 mm (230-400 mesh ASTM). The ligands, 5,15-dimethyl, 

10,20-p-tolyl calix[4]phyrin (1,1,1,1), H2(DMPTCx); 5,15-dimethyl, 10,20-

pentafluorophenyl  calix[4]phyrin (1,1,1,1), H2(DMPFPCx); 5,15-cyclohexyl, 10,20-p-tolyl 

calix[4]phyrin (1,1,1,1), H2(CHPTCx); 5,15-cyclohexyl, 10,20-pentafluorophenyl 

calix[4]phyrin (1,1,1,1), H2(CHPFPCx); and 5-pentafluorophenyl calix[4]phyrin (1,1,1,1), 

H3(PFPCx), were prepared from modified literature procedures.
10,21

 

 

NMR spectra were obtained at 300 K on a Bruker Avance III 400 spectrometer (operating at 

400.1, 100.6, 128 and 376.2 MHz for 
1
H, 

13
C{

1
H}, 

11
B{

1
H} and 

19
F{

1
H} respectively). 

1
H 

NMR spectra were referenced to the residual solvent peak (δ = 7.26 ppm in CDCl3); 
13

C{
1
H} 

NMR spectra were referenced to CDCl3 (δ = 77.16 ppm in CDCl3); 
11

B{
1
H} and 

19
F{

1
H} 

NMR spectra were externally referenced to BF3
.
Et2O (δ = 0.00 ppm) and trifluoroacetic acid 

(δ = -78.5 ppm) respectively. Assignments of signals in NMR spectra were made on the basis 

of chemical shift position, the integral values in 
1
H NMR spectra, and by the use of two 

dimensional 
1
H-

1
H (COSY and NOESY) and 

1
H-

13
C (HSQC and HMBC) spectra. UV-vis 

spectra were recorded on a Shimadzu UV-3600 Plus instrument using quartz cuvettes and 

CH2Cl2 as the solvent. Fluorescence spectra were recorded in dichloromethane using a 

PerkinElmer LS 55 Luminescence spectrometer. High resolution mass spectra (HRMS) were 
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recorded using a Bruker Daltronics MicrOTOF-QII instrument using direct infusion (ESI). X-

ray diffraction data were collected on a Siemens SMART CCD diffractometer at the 

University of Auckland. 
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2.6.2: Experimental Procedures 

 

Preparation of BF2[H(DMPTCx)]  and BF2[H2(DMPTCx)]
+
[BF4]

-
 

 

BF3·Et2O (0.202 mL, 1.64 mmol), followed by NEt3 (0.153 mL, 1.09 mmol), were added 

dropwise to a stirred solution of H2(DMPTCx) (60 mg, 0.109 mmol) in dry CH2Cl2 (20 mL) 

under N2. After stirring for 18 hours at room temperature, the organic phase was washed with 

saturated NaHCO3 solution and water, dried over Na2SO4, and the solvent removed in vacuo.  

The desired mono-boron products were isolated via column chromatography (SiO2, CH2Cl2 

then gradient CH2Cl2 up to CH2Cl2:EtOAc 8:2) with BF2[H(DMPTCx)] eluting as the second 

major brown band and BF2[H2(DMPTCx)]
+
[BF4]

-
 eluting as the third minor brown band. 

Recrystallisation of both BF2 complexes from CH2Cl2:MeOH resulted in the products as 

black solids.  

 

BF2[H(DMPTCx)] 

Yield: 26.7 mg, 41%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.86 (s, 6H, CH3), 2.23 (s, 6H, CH3), 2.41 (s, 3H, 

C6H4CH3), 2.43 (s, 3H, C6H4CH3), 6.36 (d, 2H, 
3
JHH = 4.0 Hz, βH), 6.39 (d, 2H, 

3
JHH = 4.0 

Hz, βH), 6.41 (d, 2H, 
3
JHH = 4.5 Hz, βH), 6.61 (d, 2H, 

3
JHH = 4.5 Hz, βH), 7.18 (d, 2H, m-

C6H4CH3), 7.25 (d, 2H, m-C6H4CH3), 7.36 (d, 4H, o-C6H4CH3), 14.40 (d, 1H, J = 17.5 Hz, 

NH).  

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 21.4, 21.5, 28.9, 29.1, 30.7, 40.2, 115.9, 118.1, 

127.8, 128.4, 128.9, 130.6, 131.1, 131.6, 134.7, 138.7, 139.2, 140.1, 140.5, 141.3, 144.4, 

162.0, 170.1.  

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -129.5 (q, 1F, 

1
JBF = 37.8 Hz, BF), -129.3 (q, 1F, 

1
JBF = 24.3 Hz, BF).  

11
B{

1
H}  NMR (CDCl3, 25°C, 128 MHz): δ 2.55 (dd, 

1
JBF = 24.3, 37.8 Hz, BF2).  

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 359 (48600), 441 (102500), 556 (6200).  

HRMS (ESI+): Calcd. for C38H36HBF2N4
+
: 597.3002, found: 597.3021. 

 

 

 

 



76 
 

BF2[H2(DMPTCx)]
+
[BF4]

-
 

Yield: 9.8 mg, 15%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.81 (s, 3H, CH3), 1.95 (s, 3H, CH3), 1.99 (s, 3H, 

CH3), 2.09 (s, 3H, CH3), 2.49 (s, 6H, C6H4CH3), 6.54 (d, 2H, 
3
JHH = 4.5 Hz, βH), 6.70 (d, 2H, 

3
JHH = 4.5 Hz, βH), 6.85 (AB q, 4H, 

3
JHH = 4.5 Hz, βH), 7.29 (d, 4H, m-C6H4CH3), 7.46 (d, 

4H, o-C6H4CH3), 10.73 (br s, 2H, NH). 

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -158.5 (dq, 

2
JFF = 87.7 Hz, 

1
JBF = 22.3 Hz, BF), 

-149.7 (s, BF4
-
), -125.6 (dq, 

2
JFF = 87.7 Hz, 

1
JBF = 42.7 Hz, BF).  

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ -1.21 (s, BF4

-
), 1.19 (dd, 

1
JBF = 22.3, 42.7 Hz, 

BF2). 

UV-vis (λmax/nm in CH2Cl2): 392, 409, 446. 

HRMS (ESI+): Calcd. for C38H36HBF2N4
+
: 597.3002, found: 597.2984 

 

Preparation of BF2[H(DMPTCx)] 

 

A solution of BF2[H2(DMPTCx)]
+
[BF4]

- 
in CH2Cl2 is washed with a 10% NaOH solution 

then water. The organic layer is dried over Na2SO4 and the solvent removed in vacuo without 

heating to give BF2[H(DMPTCx)] as a black solid. The compound converts into 

BF2[H(DMPTCx)] in solution over several days at room temperature. 

 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.79 (s, 3H, CH3), 1.80 (s, 3H, CH3), 1.84 (s, 3H, 

CH3), 1.85 (s, 3H, CH3), 2.44 (s, 6H, C6H4CH3),  6.47 (d, 2H, 
3
JHH = 4.0 Hz, βH), 6.51 (d, 

2H, 
3
JHH = 4.5 Hz, βH), 6.53 (d, 2H, 

3
JHH = 4.0 Hz, βH), 6.87 (d, 2H, 

3
JHH = 4.5 Hz, βH), 

7.22 (d, 4H, m-C6H4CH3),  7.44 (d, 4H, o-C6H4CH3). 

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ  -156.1 (m, BF), -125.1 (m, BF). 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ 1.62 (m, BF2) 

UV-vis (λmax/nm in CH2Cl2): 367, 434, 506. 
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Preparation of BF2[H(CHPTCx)] 

 

BF3·Et2O (0.177 mL, 1.43 mmol), followed by NEt3 (0.133 mL, 0.95 mmol), were added 

dropwise to a stirred solution of H2(CHPTCx) (60 mg, 0.095 mmol) in dry CHCl3 (20 mL) 

under N2. After refluxing for 2 hours and cooling to room temperature, the organic phase was 

washed with saturated NaHCO3 solution and water, dried over Na2SO4, and the solvent 

removed in vacuo. The desired product was isolated via column chromatography (SiO2, 

CH2Cl2 then gradient CH2Cl2 up to CH2Cl2:EtOAc 8:2) with BF2[H(CHPTCx)] eluting as the 

second major green band. Recrystallisation of the BF2 complex from CH2Cl2:MeOH yielded 

the product as a black solid. 

 

Yield: 41.1 mg, 63%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.40-1.55 (m, 2H, CH2), 1.59-1.72 (m, 4H, CH2), 

1.75-1.88 (m, 6H, CH2),  2.15-2.27 (m, 4H, CH2), 2.35-2.45 (m, 2H, CH2), 2.40 (s, 3H, 

C6H4CH3), 2.42 (s, 3H, C6H4CH3), 3.78-3.90 (m, 2H, CH2),  6.27 (d, 2H, 
3
JHH = 4.0 Hz, βH), 

6.31 (d, 2H, 
3
JHH = 4.0 Hz, βH), 6.34 (d, 2H, 

3
JHH = 4.5 Hz, βH), 6.54 (d, 2H, 

3
JHH = 4.5 Hz, 

βH), 7.17 (d, 2H, m-C6H4CH3), 7.23 (d, 2H, m-C6H4CH3), 7.27-7.37 (m, 2H, o-C6H4CH3), 

7.38 (d, 2H, o-C6H4CH3), 14.58 (d, 1H, J = 17.5 Hz, NH).  

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 21.4, 21.5, 23.3, 24.4, 26.4, 36.8, 37.2, 37.5, 

45.8, 115.9, 120.2, 127.5, 128.3, 128.7, 130.4, 130.5, 131.4, 131.6, 134.7, 138.2, 139.0, 

139.9, 140.2, 140.7, 143.0, 163.9, 170.0.  

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): -131.3 (dq,

 2
JFF = 93.2 Hz, 

1
JBF = 37.8 Hz, BF), -

124.9 (dq, 
2
JFF = 93.2 Hz, 

1
JBF = 22.3 Hz, BF).  

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ 2.72 (dd, 

1
JBF = 22.3, 37.8 Hz, BF2).  

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 360 (18000), 443 (39500), 578 (1800).  

HRMS (ESI+): Calcd. for C44H44BF2N4
+
: 677.3629, found: 677.3648. 

 

Preparation of BF2[H2(CHPTCx)]
+
[BF4]

-
 

 

HBF4
-
 (1.00 mL, 43% solution in H2O) was added to a solution of B2OF2(CHPTCx) (20 mg, 

0.03 mmol; see Chapter 4 for synthesis) in CH2Cl2. After stirring for 1 hour the acid was 

quenched by addition of excess aqueous NaHCO3, and the organic phase was washed with 
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water, dried over Na2SO4, and the solvent removed in vacuo. The residue was purified by 

column chromatography (SiO2, CH2Cl2 then gradient CH2Cl2 up to CH2Cl2:EtOAc 6:4). 

 

Yield: 8.3 mg, 38%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.60-1.76 (m, 6H, CH2), 1.76-1.90 (m, 6H, CH2), 

1.96-2.14 (m, 4H, CH2), 2.39-2.55 (m, 4H, CH2), 2.49 (s, 6H, C6H4CH3),  6.57 (d, 2H, 
3
JHH = 

4.5 Hz, βH), 6.73 (d, 2H, 
3
JHH = 4.5 Hz, βH), 6.85 (d, 2H, 

3
JHH = 4.5 Hz, βH), 7.09 (d, 2H, 

3
JHH = 4.5 Hz, βH), 7.29 (d, 4H, m-C6H4CH3), 7.47 (d, 4H, o-C6H4CH3), 10.27 (br s, 2H, 

NH). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 21.7, 21.9, 22.7, 24.7, 25.5, 29.3, 29.7, 32.3, 

33.6, 35.8, 42.0, 42.8, 113.7, 117.4, 128.9, 132.1, 135.5, 135.6, 136.8, 137.2, 144.0, 150.4, 

152.7, 171.4. 

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -158.8 (dq, 

2
JFF = 89.3 Hz, 

1
JBF = 22.8 Hz, BF), -

150.3 (s, BF4
-
), -125.7 (dq, 

2
JFF = 89.3 Hz, 

1
JBF = 42.9 Hz, BF). 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ -1.38 (s, BF4

-
), 0.82 (dd, 

1
JBF = 22.8, 42.9 Hz, 

BF2). 

UV-vis (λmax/nm in CH2Cl2): 408, 448. 

HRMS (ESI+): Calcd. for C44H44BF2N4
+
: 677.3629, found: 677.3651. 

 

Preparation of BF2[H(CHPTCx)] 

 

Experimental procedure as for BF2[H(DMPTCx)]. 

 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.39-1.56 (m, 4H, CH2), 1.70-1.90 (m, 6H, CH2), 

1.90-2.03 (m, 2H, CH2),  2.08-2.20 (m, 4H, CH2), 2.25-2.29 (m, 4H, CH2), 2.44 (s, 6H, 

C6H4CH3),  6.46 (d, 2H, 
3
JHH = 4.0 Hz, βH), 6.53 (d, 2H, 

3
JHH = 4.5 Hz, βH), 6.77 (d, 2H, 

3
JHH = 4.0 Hz, βH), 6.87 (d, 2H, 

3
JHH = 4.5 Hz, βH), 7.22 (d, 4H, m-C6H4CH3), 7.44 (d, 4H, 

o-C6H4CH3). 

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -156.5 (m, BF), -125.3 (m, BF). 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ 1.50 (m, BF2) 

UV-vis (λmax/nm in CH2Cl2): 380, 441, 506. 
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Preparation of BF2[H(DMPFPCx)] 

 

BF3·Et2O (0.159 mL, 1.29 mmol), followed by NEt3 (0.119 mL, 0.86 mmol), were added 

dropwise to a stirred solution of DMPFPCx (60 mg, 0.086 mmol) in dry CHCl3 (20 mL) 

under N2. After refluxing for 18 hours and cooling to room temperature, the organic phase 

was washed with saturated NaHCO3 solution and water, dried over Na2SO4, and the solvent 

removed in vacuo. The residue was purified by column chromatography (SiO2, CH2Cl2:n-

hexane 1:1) with BF2[H(DMPFPCx)] eluting as the second major brown band. 

Recrystallisation of the BF2 complex from CH2Cl2:MeOH resulted in the product as a black 

solid.  

 

Yield: 41.3 mg, 64%.  

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.83 (s, 6H, CH3), 2.26 (s, 6H, CH3), 6.19 (d, 2H, 

3
JHH 

= 4.0 Hz, βH), 6.32 (d, 2H, 
3
JHH = 4.0 Hz, βH), 6.44 (d, 2H, 

3
JHH = 4.5 Hz, βH), 6.49 (d, 2H, 

3
JHH = 4.5 Hz, βH), 14.68 (d, 1H, J = 17.5 Hz, NH).  

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 29.21, 29.40, 30.50, 40.76, 117.46, 119.94, 

125.73, 129.76, 138.57, 140.33, 164.43, 173.75. 

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -161.1 (m, 2F, m-C6F5) -159.7 (m, 2F, m-C6F5), -

152.7 (t, 1F, p-C6F5), -150.2 (t, 1F, p-C6F5), -138.4 (m, 1F, o-C6F5), -137.4 (m, 1F, o-C6F5), -

137.0 (m, 1F, o-C6F5), -136.5 (m, 1F, o-C6F5), -130.1 (dq, 1F, 
2
JFF = 91.7 Hz, 

1
JBF = 37.7 Hz, 

BF), -129.3 (dq, 1F, 
2
JFF = 91.7 Hz, 

1
JBF = 21.8 Hz, BF).  

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ 2.61 (dd, 

1
JBF = 21.8, 37.7 Hz, BF2).  

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 341 (12600), 444 (55400), 576 (3600).  

HRMS (ESI+): Calcd. for C36H22BF12N4
+
: 749.1747, found: 749.1756. 
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Preparation of BF2[H(CHPFPCx)] 

 

BF3·Et2O (0.142 mL, 1.15 mmol), followed by NEt3 (0.107 mL, 0.77 mmol), were added 

dropwise to a stirred solution of CHPFPCx (60 mg, 0.077 mmol) in dry toluene (20 mL) 

under N2. After refluxing for 4 days and cooling to room temperature, the organic phase was 

washed with saturated NaHCO3 solution and water, dried over Na2SO4, and the solvent 

removed in vacuo. The residue was purified by column chromatography (SiO2, CH2Cl2:n-

hexane 3:7) with BF2[H(CHPFPCx)] eluting as the second green band.  

 

Yield: 8.1 mg, 13%.  

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.40-1.60 (m, 2H, CH2), 1.60-1.92 (m, 10H, CH2), 

2.09-2.25 (m, 4H, CH2), 2.31-2.40 (m, 2H, CH2), 3.84-3.99 (m, 2H, CH2),  6.11 (d, 2H, 
3
JHH 

= 4.0 Hz, βH), 6.24 (d, 2H, 
3
JHH = 4.0 Hz, βH), 6.36 (d, 2H, 

3
JHH = 4.5 Hz, βH), 6.42 (d, 2H, 

3
JHH = 4.50 Hz, βH), 14.76 (d, 1H, J = 17.50 Hz, NH).  

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 23.5, 24.7, 26.4, 36.7, 37.7, 37.9, 46.4, 117.5, 

122.1, 125.5, 129.1, 138.0, 140, 166.5, 173.8.  

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -161.2 (m, 2F, m-C6F5), -159.9 (m, 2F, m-C6F5), 

-152.9 (t, 1F, p-C6F5), -150.5 (t, 1F, p-C6F5), -138.3 (m, 1F, o-C6F5), -137.5 (m, 1F, o-C6F5), 

-136.9 (m, 1F, o-C6F5), -136.2 (m, 1F, o-C6F5), -132.1 (dq, 1F, 
2
JFF = 90.0 Hz, 

1
JBF = 37.5 

Hz, BF), -124.9 (dq, 1F, 
2
JFF = 90.0 Hz, 

1
JBF = 21.2 Hz, BF).  

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ 2.81 (dd, 

1
JBF = 21.20, 37.50 Hz, BF2).  

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 445 (31900).  

HRMS (ESI+): Calcd. for C42H30BF12N4
+
: 829.2374, found: 829.2350. 
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Preparation of BF2[H2(PFPCx)] 

 

BF3·Et2O (0.131 mL, 1.06 mmol), followed by 2,6-lutidine (0.082 mL, 0.71 mmol), was 

added dropwise to a stirred solution of H3(PFPCx) (40 mg, 0.07 mmol) in dry CHCl3 (20 

mL) under N2. After refluxing for 1 hour and cooling to room temperature, the organic phase 

was washed with saturated NaHCO3 solution and water, dried over Na2SO4, and the solvent 

removed in vacuo. The residue was purified by column chromatography (SiO2, toluene:n-

hexane 6:4) with BF2[H2(PFPCx)] eluting as the major purple band. 

 

Yield: 18.3 mg, 41%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.70 (s, 6H, CH3), 1.76 (s, 12H CH3), 5.98 (m, 2H, 

βH), 6.07 (m, 2H, βH), 6.60 (AB q, 4H, 
3
JHH = 4.5 Hz, βH), 8.19 (br s, 2H, NH). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 28.5, 30.2, 35.8, 38.6, 103.7, 104.6, 106.4, 

119.4, 129.2, 132.5, 135.1, 138.7, 170.5. 

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -159.8 (m, 2F, m-C6F5), -150.3 (t, 1F, p-C6F5), -

137.2 (m, 2F, o-C6F5),  -135.4 (q, 2F, 
1
JBF = 31.8 Hz, BF2). 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ 0.60 (t, 

1
JBF = 31.8 Hz, BF2) 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 332 (3300), 502 (8600), 533 (15600). 

HRMS (ESI+): Calcd. for C32H28BF7N4Na
+
: 635.2193, found: 635.2175. 
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Chapter 3 

Mono-Boron Calixphyrins from Aryl Boron Halides 

 

3.1: Introduction 

 

The objectives of the work described in this chapter are to synthesise mono-boron 

calixphyrins using PhBX2 (X = F, Cl) as the boron reagent rather than BF3
.
Et2O. PhBCl2 has 

been used to synthesise a mono-boron corrole compound, PhBH[H2(Cor)], however it is 

believed to have arisen from the hydrolysis of the di-boron PhBHBPh(Cor) complex rather 

than via the insertion of a single boron.
1
 Several other mono-boron porphyrinoid compounds 

synthesised from PhBCl2 using triphyrin,
2
 oxatriphyrin

3,4
 and N-confused porphyrins

5
 have 

also been reported (Figure 3.1). Given that the reaction with BF3
.
Et2O showed that 

calixphyrins preferentially formed mono-boron species over di-boron species at lower 

temperatures, it is likely that the reaction with PhBX2 using similar conditions will yield 

mono-boron calixphyrins that represent new classes of boron porphyrinoid complexes.  

 

Figure 3.1: Examples of mono-boron porphyrinoids synthesised using PhBCl2. 
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3.2: Unexpected Reduction of Calixphyrin to form 

PhBH[H2(Calix)] 

 

3.2.1: Observations 

 

Initial experiments used H2(DMPTCx) as the ligand and the conditions used for the synthesis 

of BF2[H(DMPTCx)] were duplicated except for replacing BF3
.
Et2O with PhBCl2. The ratio 

of PhBCl2 to H2(DMPTCx) was dropped from 15 to 10 molar excess since PhBCl2 is more 

reactive than BF3
.
Et2O. No boron coordination was observed when using NEt3 as a base so 

N(
i
Pr)2Et was employed instead. The addition of 10 eq. of PhBCl2 to the reaction mixture 

turned the solution dark red, consistent with the formation of the protonated calixphyrin salt. 

Upon the addition of excess N(
i
Pr)2Et, the solution immediately turned bright pink, unusual 

compared to the dark brown colour that is normally observed. TLC of the reaction mixture in 

CH2Cl2 showed that the mysterious pink compound formed straight away and was the major 

product of the reaction. After 30 minutes, no change is observed in the TLC and all of the 

starting material had been consumed indicating that this reaction is faster and more efficient 

compared to the BF3
.
Et2O reactions which required overnight stirring and often left unreacted 

H2(DMPTCx). When using a less polar solvent combination for TLC such as toluene:n-

hexane 4:6, it was noted that there were actually two pink compounds that eluted very close 

together. The two compounds could be separated via column chromatography although this 

proved tricky due to their identical colour and their tendency to streak and overlap with each 

other. Repeated chromatography was often required to fully separate the two compounds. The 

combined yield of the two compounds was typically over 60%. 

 

HRMS and NMR confirmed that the two compounds were isomers of each other. HRMS 

showed a peak at 637.3541 m/z which was consistent with the formulation 

PhBH[H(DMPTCx)]H
+
, the protonated form of PhBH[H(DMPTCx)], which was surprising 

given that the expected product was anticipated to be PhBCl[H(DMPTCx)] (672.3191 m/z) 

resulting from addition of PhBCl2 and elimination of HCl, or PhBOH[H(DMPTCx)] 

(654.3530 m/z) arising from the hypothetical hydrolysis of the B-Cl bond. Even more 

perplexing was that the 
1
H NMR spectrum did not match the proposed formulation, 

exhibiting two triplets and two doublets in the β-pyrrole region (rather than the expected four 

doublets), a new unknown singlet and a dramatic upfield shift of the internal N-H signal from 
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~14 ppm to ~8.2 ppm that integrated to two protons rather than one. COSY and NOESY 

NMR were able to establish that the new singlet belonged to a new meso-proton at one of the 

former sp
2
-meso carbons so during the course of the reaction, the calixphyrin ligand had been 

reduced so it now contained one sp
2
-meso carbon and three sp

3
-meso carbons, thus becoming 

a porphomethene calix[4]phyrin (1,1,1,1); “Calix” specified in italics to denote the reduced 

formulation (Scheme 3.1). The final product was deduced to have the PhBH moiety 

coordinated to the one remaining dipyrrin site and was assigned the structure 

PhBH[H2(DMPTCx)]. This structure was subsequently confirmed by X-ray crystallography. 

Re-evaluating the HRMS data, the peak that was believed to be PhBH[H2(DMPTCx)]
+ 

is 

actually PhB
+
[H2(DMPTCx)] with the loss of the B-H hydride generating the observed m/z. 

This also confirmed the hydridic nature of this hydrogen. 

 

Scheme 3.1: Reaction scheme of H2(Calix) with PhBCl2 and N(
i
Pr)2Et to give PhBH[H2(Calix)]. 

 

The reaction using H2(CHPTCx) behaved in the same way as DMPTCx and gave two 

isomers of PhBH[H2(CHPTCx)]. However, the PFP-substituted calixphyrins behaved 

differently compared to the p-tolyl calixphyrins. When using H2(DMPFPCx), the reaction did 

not proceed at room temperature since [H4(DMPFPCx)]
2+

 would precipitate out first. When 

refluxing chloroform is used, the reaction is completed in 30 minutes. Unlike with 

H2(DMPTCx), the reaction is not clean with several pink coloured products forming, some 

only in trace quantity. There was one major pink product that could be isolated after several 

columns to remove the other pink by-products. According to 
1
H NMR it had much lower 

symmetry than any previously isolated boron calixphyrin product so it was not the 

DMPFPCx analogue of PhBH[H2(DMPTCx)]. However, HRMS indicated that it did contain 

a PhB moiety. When using H2(CHPFPCx) as the ligand, only a trace of any possible product 
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could be isolated and the NMR signals were too weak to assign a structure. Also, CHPFPCx 

was more resistant to reduction with the majority of the starting material returned unchanged. 

The reduction of a porphyrinoid ligand via the incorporation of a new meso-proton during 

boron complexation had been observed before by Latos-Grażyński when PhBCl2 was inserted 

into oxatriphyrin in the presence of NEt3. However, no reaction mechanism was proposed for 

their observations and the reduction was attributed to the addition of excess NEt3 which was 

claimed to behave as a reductant.
3,4

 Their observations are consistent with the incorporation 

of a new meso-proton in PhBH[H2(Calix)], however it does not explain the origin of the B-H 

bond. Boron porphyrinoids with B-H bonds have been observed before, however none of 

their syntheses can explain the observations here (Figure 3.2). In boron corrole chemistry, the 

incorporation of a B-H-B bridge is believed to occur through the spontaneous reductive 

coupling of the presumed intermediate (PhBCl)2(Cor) where the chlorides are lost and a 

hydride gained, presumably by addition of a proton from [HN(
i
Pr)2Et]

+
 to a putative 

[(PhBBPh)(Cor)]
-
 intermediate. The reductive coupling step is believed to be induced by the 

steric demands from the two boron-phenyl groups.
6
 For PhBH[H2(Calix)], there is no steric 

demand from a second boron-phenyl group so this cannot explain the observations in this 

case. Other examples are the subporphyrinato boron hydride complexes; however, the 

synthesis of the B-H bond was deliberately done by using DIBAL-H as a hydride source.
7
  

 

Figure 3.2: Examples of previously synthesised boron-hydride boron porphyrinoids. 

 

3.2.2: Insights into the Reaction Mechanism 

 

The reduction of the calixphyrin during boron complexation as well as the boron-hydride 

bond was unexpected given that the use of N(
i
Pr)2Et  during reactions with BF3

.
Et2O did not 

result in any reduction. Proposing a possible mechanism for this reaction was extremely 
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difficult since there was very little precedent in the literature and it was not known whether 

the reduction was due solely to the PhBCl2, the N(
i
Pr)2Et or the combination of both. 

Although no mechanism is proposed here, several reaction conditions were tried and 

experiments attempted in the hope that they could provide information on a possible 

mechanism for this unusual reduction.  

 

Reaction Stoichiometry and Order of Reagents 

 

The reaction typically used 10 equivalents of both PhBCl2 and N(
i
Pr)2Et. When the amount of 

PhBCl2 and N(
i
Pr)2Et is halved (i.e. 5 equivalents) no reaction is observed. When an excess 

of PhBCl2 is used, the reaction does not proceed since the mixture presumably becomes too 

acidic for boron complexation to occur. However, when excess N(
i
Pr)2Et is added, the 

reduction proceeds as usual thus confirming that an excess of N(
i
Pr)2Et is required to induce 

the reduction reaction. Another interesting observation is that the order of the reagents added 

had no impact on the reaction pathway. Usually PhBCl2 was added first before N(
i
Pr)2Et. 

However, reactions where PhBCl2 was added after N(
i
Pr)2Et also led to instant reduction 

which implies that PhBCl2 also has a role to play.  

 

Use of Solvent 

 

The reaction solvent was CH2Cl2 which has two protons. If there is possible donation of these 

protons to the final products, this could explain the origin of the B-H hydride or the meso-

proton. The reaction was repeated in CDCl3 and a control reaction was done in CHCl3. NMR 

of the crude material of both reactions were identical and the final products from the reaction 

using CDCl3 as the solvent showed that all of the signals from the products were present as 

protons, including the B-H bond and meso-proton. Hence it is possible to eliminate the 

solvent as the source of the hydride or meso-proton. The reduction was also found to proceed 

readily using toluene as the solvent instead. 

  

Use of Bases Other Than N(
i
Pr)2Et   

 

One thing that needed to be tested was whether other bases also gave the reduced calixphyrin 

products when PhBCl2 was the boron reagent. It was known from earlier experiments that the 

use of NEt3 resulted in no product forming so it was possible to exclude this base. The closely 
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related secondary amine HN(
i
Pr)2 was tried; however, the starting material was returned 

unchanged and a large amount of white precipitate had formed indicating that adduct 

formation between HN(
i
Pr)2 and PhBCl2 had preferentially occurred instead. Similarly, the 

use of pyridine also failed to produce any boron calixphyrin product. Changing focus back to 

sterically hindered amines, it was proposed that the use of an amine that cannot act as a 

reductant should avoid the reduction product. Since the oxidation of tertiary amines typically 

proceeds through the extraction of an α-proton, an amine that does not contain α-protons 

should be sufficient. For this, 2,6-lutidine, a sterically hindered pyridine was utilised. The 

reaction was repeated as usual using H2(DMPTCx) as the ligand but 2,6-lutidine replaced 

N(
i
Pr)2Et. The solution did not turn pink upon the addition of base but went a darkish brown 

colour which is similar to other mono-boron calixphyrin reactions. After 30 minutes of 

stirring, the reaction was worked-up and the resulting residue purified by chromatography. A 

mixture of several boron calixphyrin products with very similar Rf values co-eluted with each 

other which were unable to be separated via repeated chromatography. The major product in 

the mixture was determined by NMR as having a PhBCl moiety coordinated to the 

dipyrromethane bonding site, PhBCl[H(DMPTCx)] (Scheme 3.2). This structure as well as 

the B-Cl bond was confirmed using X-ray crystallography. HRMS of the mixture showed 

only one peak corresponding to PhBCl[H(DMPTCx)] so the other boron calixphyrin products 

in the mixture most likely also have this formula. Not only was there no reduction of the 

ligand, the final product did not contain a boron-hydride bond. Since the reduction only 

occurred using N(
i
Pr)2Et as the base, it can be assumed that the reduction is unique to 

N(
i
Pr)2Et although more sterically hindered amines need to be tested before this can be fully 

established. 

 

 

Scheme 3.2: Reaction scheme of H2(DMPTCx) with PhBCl2 in the presence of 2,6-lutidine to give 

PhBCl[H(DMPTCx)]. 
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Role of N(
i
Pr)2Et 

 

Although N(
i
Pr)2Et is typically used as a base, under the right conditions it can also behave as 

a reductant. N(
i
Pr)2Et has been demonstrated to participate in hydrogen transfer reductions 

via the donation of an α-proton to the oxidant. For example, Kotani and co-workers 

demonstrated that N(
i
Pr)2Et could act as a hydride donor to α,β-unsaturated ketones in the 

presence of a Lewis acid such as SiCl3OTf or TiCl4.
8,9

 The N(
i
Pr)2Et is oxidised to give an  

iminium ion which can rearrange into a neutral enamine or be hydrolysed into a secondary 

amine and an aldehyde by-product. Since there are two different alkyl chains in N(
i
Pr)2Et, the 

ethyl and iso-propyl, two pathways for oxidation exist. For N(
i
Pr)2Et, the  loss of the α-proton 

from the ethyl group is usually observed.
10

  

 

To probe the possibility of a hydrogen transfer reduction, a deuterium labelling experiment 

was attempted to see whether there was a transfer of an α-proton to calixphyrin. Since the α-

proton on the ethyl was most likely to be transferred, the deuterium was attached here 

(Scheme 3.3). Firstly, acetic anhydride was reacted with diisopropylamine in the presence of 

DMAP to give the corresponding amide. The amide was reduced using LiAlD4 to give 

N(
i
Pr)2(CD2CH3) with deuterium at the α-ethyl position. 

1
H NMR analysis of the resulting oil 

confirmed the presence of deuterium since the ethyl α-proton signals were missing. This base 

was then used in the reaction with calixphyrin and PhBCl2. All peaks were visible as protons 

in the 
1
H NMR spectrum of the resulting products which infers that no transfer of deuterium 

occurred. 

 

Scheme 3.3: Synthesis of deuterated N(
i
Pr)2Et used for hydrogen transfer reduction experiment. 

 

Since the deuterium labelling experiment did not show a transfer of deuterium from the ethyl 

group on N(
i
Pr)2(CD2CH3),  the amine by-products were investigated instead to see whether 

another mechanistic pathway could be observed. A reaction mixture using N(
i
Pr)2Et was 

quenched using D2O and this D2O fraction analysed using NMR and HRMS. Reference 

spectra of N(
i
Pr)2Et, [DN(

i
Pr)2Et]

+
 (protonated using DCl) as well as a possible by-products, 

HN(
i
Pr)2 and [H2N(

i
Pr)2]

+
 were also recorded in D2O for comparison. HRMS in positive ion 
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mode showed a large peak at 131 m/z, consistent with [DN(
i
Pr)2Et]

+
 however a smaller peak 

at 129 m/z is consistent with an oxidised [DN(
i
Pr)2Et-2H]

+ 
by-product; most likely an 

enamine. The 
1
H NMR spectrum showed new peaks including a septet at 4.39 ppm, a quartet 

at 3.56 ppm and new signals at ~2.25 ppm as well as several other trace products (Figure 

3.3). The chemical shifts of the new peaks did not match with any of the four reference 

spectra recorded above so these could be ruled out. Furthermore, the chemical shift of the by-

product observed is similar to that of previously synthesised enamines.
11

 When the integrals 

of the septet and quartet are compared, they indicate that the by-product has one ethyl group 

and one iso-propyl group which raises the possibility that the oxidation of N(
i
Pr)2Et occurred 

via extraction of the α-proton on one of the iso-propyl groups rather than the ethyl group as 

expected. This could explain why no deuterium transfer was observed for N(
i
Pr)2(CD2CH3). 

 

Figure 3.3: 
1
H NMR spectrum of aqueous by-products of PhBCl2 reaction recorded in D2O. Peaks of 

possible oxidised N(
i
Pr)2Et indicated by red arrows. Large multiplets are from [HN(

i
Pr)2Et]

+
. 

 

A second mechanism is possible where N(
i
Pr)2Et can act as a reductant via a radical 

mechanism rather than an ionic process. Several examples are known in the literature 

including the famous TiCl4/(N(
i
Pr)2Et aldol addition reaction and photoinduced electron 

transfer.
12,13

 A reaction was done where excess 2,6-di-tert-butyl-4-methylphenol (BHT) was 

added as a potential radical scavenger, assuming that the reduction of calixphyrin would be 

supressed if the reduction occurred via a radical mechanism. However, upon slow addition of 

N(
i
Pr)2Et, the reaction mixture turned pink and the same products as before were isolated; 

thus the reduction had not been supressed. Although this does not fully exclude a radical 

mechanism, it makes it more likely that the reduction is due to an ionic process.   

 

 

 

*(H2O) 
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Use of Boron Reagents Similar to PhBCl2 

 

Among the Lewis acidic boron reagents used to synthesise boron calixphyrins, PhBCl2 is 

unique in the respect that a reduction of the ligand occurs during coordination. No reduction 

was observed when BF3
.
Et2O was used to synthesise mono-boron calixphyrins even with 

N(
i
Pr)2Et as the base, hence the boron is involved in the reduction process. There are two 

notable differences between the two boron reagents. Firstly, PhBCl2 has more labile B-Cl 

bonds compared to stronger B-F bonds. Secondly, PhBCl2 is more sterically hindered due to 

the phenyl ring. 

 

The first experiment was to see whether the weaker B-Cl bonds contributed to the reduction 

so the boron reagent was changed to BCl3. A 1 mol L
-1

 solution of BCl3 in CH2Cl2 was added 

to a solution of calixphyrin in CH2Cl2 followed by N(
i
Pr)2Et. The reaction did not turn pink 

but stayed a dark red colour throughout. A small amount of a possible di-boron calixphyrin 

product B2O(OH)2(DMPTCx) was detected by HRMS of the crude mixture; however, most 

of the starting free-base calixphyrin (> 80%) was returned unchanged. It was also possible to 

isolate several bright orange and pink coloured bands via chromatography, albeit in very low 

yields and not sufficient for NMR analysis. Positive ion HRMS of one of the bands returned 

an m/z of 551.3186. When compared to the free-base H2(DMPTCx) which is detected as 

[H3(DMPTCx)]
+
 in HRMS and has m/z  549.2943, this was consistent with the incorporation 

of two protons into H2(DMPTCx) to form H3(DMPTCx), the free-base form of the reduced 

ligand (Scheme 3.4). Despite the extremely low yields of reduction products, this indicated 

that the weaker B-Cl bonds could be a factor in the reduction. 

 

Scheme 3.4: Reaction scheme showing reduction of H2(DMPTCx) when BCl3 and N(
i
Pr)2Et are used. 
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Further reactions were carried out see whether other boron reagents with the formula PhBX2 

underwent the reduction reaction. This would determine if steric effects from the 

coordination of a bulky phenyl boron moiety to calixphyrin was driving the reduction. This 

was a presumed reason given for the reduction of oxatriphyrin during the reaction with 

PhBCl2.
3,4

 PhBF2 was chosen as a reagent due to the stronger B-F bonds which in BF3
.
Et2O 

had been shown to not form reduced products. No B-H bond formation was observed in the 

corresponding boron corrole chemistry when PhBF2 was used as a reagent.
14

 PhBF2 was 

synthesised by refluxing PhBCl2 in NaBF4 for one hour and distilling the resulting liquid.
15

 

PhBF2 fumes and decomposes rapidly upon exposure to air so had to be handled under 

strictly anhydrous conditions. The PhBF2 was added to a solution of H2(DMPTCx) in dry 

CH2Cl2 followed by the addition of N(
i
Pr)2Et. The reaction turned a brown colour which was 

consistent with the formation of a mono-boron calixphyrin without reduction. TLC indicated 

only one product had formed and there were no pink bands. The product was isolated via 

chromatography and using NMR and HRMS assigned as PhBF[H(DMPTCx)], an analogue 

of BF2[H(DMPTCx)] (Scheme 3.5). X-ray crystallography confirmed this assignment. The 

use of PhBF2 as the boron reagent avoided the reduction step which indicated that steric 

hindrance alone is not a factor in the reduction. 

 

Scheme 3.5: Reaction scheme of H2(DMPTCx) and PhBF2 to give PhBF[H(DMPTCx)]. 

 

Reaction with PhBH2 

 

Returning to the reaction with 2,6-lutidine, it is important to note that the final product had a 

B-Cl bond that was expected to be labile and hydrolysed during the work-up to give a B-OH 

or B-H bond. However it survived both multiple column chromatography purifications and 

HRMS analysis and a crystal structure with the B-Cl bond intact was obtained after several 

weeks crystallising exposed to air indicating it was unusually stable. It can be reasoned that 
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since the B-Cl bond survived, the origin of the B-H bond in PhBH[H2(DMPTCx)] is not due 

to hydrolysis during the work-up. Assuming this, the hydride could be on the boron prior to 

coordination. Based on this hypothesis, reactions were attempted using PhBH2 rather than 

PhBCl2 as the boron reagent to see whether the same products could be formed. Although this 

does not prove that PhBH2 or PhBClH is present during the reaction using PhBCl2, it would 

support the theory that a boron-hydride species could be an intermediate during the reaction 

process.  

 

PhBH2 is notoriously difficult to synthesise due to its tendency to be isolated as a mixture 

with other borane products.
16,17

 A procedure for synthesising the adduct PhBH2
.
NEt3 where 

PhB(OEt)2 is reduced using LiAlH4 in the presence of NEt3 was attempted, however this was 

unsuccessful.
18

 Instead, an alternative approach to synthesising PhBH2 was used via the direct 

reaction of PhLi with BH2Cl:S(CH3)2 in dry n-hexane. This was a modification of Power’s 

procedure to form aryl boranes.
19

 Upon addition of PhLi to a n-hexane solution of 

BH2Cl:S(CH3)2, a white precipitate of LiCl formed and the solution was stirred for 30 

minutes then the solid was left to settle. The resulting liquid was cannula filtered into a 

Schlenk flask to separate it from excess LiCl and used without purification or analysis. The 

concentration of PhBH2 in solution was calculated assuming that PhBH2 was the only species 

in solution and the reaction had 100% yield, although in reality it is likely that the solution 

contained a mixture of boranes as well as containing S(CH3)2. Since an excess of PhBH2 was 

intended to be used, knowing the exact amount of PhBH2 was not required. An approximately 

10 molar excess of this solution (volume needed calculated using the above assumption) was 

added to a mixture of H2(DMPTCx) in dry CH2Cl2. Upon addition of the PhBH2 mixture, the 

reaction mixture gradually darkened over a period of 15 minutes. Following this, the reaction 

then turned an orange/pink colour which if left for longer than one hour gradually faded to 

colourless, indicating decomposition of the calixphyrin. The reaction mixture was then 

quenched using saturated NaHCO3. Chromatography of the residue resulted in two pink 

bands that were identified by 
1
H NMR as being the two isomers of PhBH[H2(DMPTCx)] 

previously isolated in the reaction with PhBCl2 (Scheme 3.6). The reaction was then repeated 

using H2(CHPTCx). In this case, the solution went dark red then pink over a period of 30 

minutes. Column chromatography of the resulting residue again yielded the same 

PhBH[H2(CHPTCx)] products as those isolated for the reaction with PhBCl2. 
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Scheme 3.6: Reaction scheme of H2(DMPTCx) and PhBH2 to give isomers of PhBH[H2(DMPTCx)]. 

 

The reaction of calixphyrin with PhBH2 supports the theory that a boron-hydride species 

could be forming in the reaction with PhBCl2 although it is important to note that this is not 

conclusive evidence of this. Given the speed of the reduction, judged solely by the reaction 

changing colour from dark red to pink, the detection of the hypothetical boron-hydride 

intermediate would be very difficult. Furthermore, the mechanism of how this intermediate 

would form is currently unknown.  

 

 

Figure 3.4: Interaction between PhBCl2 and N(
i
Pr)2Et to give either a Lewis acid/base adduct or a 

proposed borenium ion. 

 

The reaction mechanism of hydroboration and hydrosilylation reactions which involve B-H 

containing species has been shown in some instances to occur via borenium ion intermediates 

in Frustrated Lewis pair-type processes.
20

 A possibility is that PhBCl2 and N(
i
Pr)2Et react to 

form a borenium ion rather than the Lewis acid/base adduct that would be expected (Figure 

3.4). The mixing of boron-containing Lewis acids and amines has been previously shown to 

be a pathway towards borenium ions.
21,22

 The formation of the proposed borenium ion would 

presumably be driven by both the steric hindrance on N(
i
Pr)2Et and PhBCl2 and consequently 

the difficulty in forming an Lewis acid/base adduct due to this. To relieve steric hindrance, 
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one of the B-Cl bonds would be lost to generate the borenium ion with chloride as the 

counter-ion. Alternatively the excess PhBCl2 in the reaction could behave as a halophile, 

similar to other Lewis acids, and extract the Cl
-
 to form the borenium ion.

23
 The above is 

consistent with the observation that only N(
i
Pr)2Et as a base resulted in reduction products 

since the other bases employed were less sterically hindered and could form adducts with 

PhBCl2. It is also consistent with the observation that steric demands on PhBCl2 compared to 

BCl3 led to reduction products but not for BCl3 despite both containing labile B-Cl bonds. 

This borenium ion could then presumably extract a hydride from the excess N(
i
Pr)2Et in the 

reaction to form the neutral boron-hydride intermediate which subsequently reacts with 

calixphyrin to form the reduced calixphyrin products. The N(
i
Pr)2Et would be oxidised to an 

enamine as a by-product which is a possibility given that these might have been detected in 

the aqueous by-products of the reaction mixture. Although this mechanism is possible, further 

work is required to thoroughly investigate this so it can be proven or otherwise.  

  

3.2.3: Characterisation of PhBH[H2(Calix)] 

 

1
H NMR Spectra 

 

 

Scheme 3.7: Labelling scheme for 
1
H NMR assignments for PhBH[H2(Calix)]. 

 

The two pink compounds isolated from the reaction mixture were confirmed as isomers of 

PhBH[H2(Calix)] via their 
1
H NMR spectra. Both compounds have the same sets of signals 
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although their chemical shifts are different indicating that they are stereoisomers. The 

analogues of DMPTCx and CHPTCx were isolated. The PFP calixphyrins did not produce 

these isomers.  

 

Figure 3.5: Aromatic region of the 
1
H NMR spectra of both stereoisomers of PhBH[H2(DMPTCx)] in 

CDCl3. 

 

The reduction of one of the dipyrrin sites by the addition of a meso-proton results in unique 

signals in the 
1
H NMR spectrum compared to other boron calixphyrin products (Figure 3.5). 

The resulting compound now has a boron dipyrrin half and a free-base dipyrromethane half. 

This is best observed in the protons from the β-pyrroles. There are four signals for the β-

pyrrole protons that each integrate to two protons. Two of the signals are doublets which is 

characteristic of dipyrrin architecture (A/B, see Scheme 3.7). The doublets have a coupling 

constant of 4.5 Hz, which is consistent with boron coordination to these pyrroles. The other 

two signals appear as triplets although they are possibly overlapping doublets which are 

similar to the β-pyrrole signals in free-base dipyrromethanes (C/D). A singlet with a chemical 

shift of between 5.20 to 5.70 ppm depending on the stereoisomer was assigned as the new 

meso-proton (E). 

 

Due to the reduction of the sp
2
-meso site, the two p-tolyl groups are now inequivalent. The p-

tolyl assigned to the dipyrrin half appears as two doublets for the ortho and meta protons, 

respectively, and typically resonated above 7.26 ppm (F/G). The doublets are slightly 

broadened indicating that there is still rotation of the p-tolyl group in solution. The peaks 

from the other p-tolyl group (J/K) overlapped with the signals from the boron-phenyl protons 

from 7.00 – 7.23 ppm so exact assignment of these protons is particularly difficult. There are 

A B 

C            D                   E           F  G  J/K/Ph
B
 

L 

A B 

C/D                    E           F   G   J/K/Ph
B
 

L 

* (CHCl3) 

* (CH2Cl2) 
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two peaks for the CH3-tolyls (H/I). In both stereoisomers, one p-tolyl methyl group resonates 

at 2.46 ppm so this can be assigned as belonging to the dipyrrin-bonded p-tolyl group (H), 

since this p-tolyl is unaffected by the geometry of the new sp
3
-meso centre. Two singlets are 

observed for the meso-CH3 groups in the DMPTCx compounds, indicative that one plane of 

symmetry has been retained. A series of overlapping multiplets are observed for the 

cyclohexyl rings in the CHPTCx analogues. Their chemicals shifts range from 0.7 ppm up to 

2.8 ppm depending on their proximity to the boron in the N4 core. The internal N-H protons 

appear above 8 ppm and integrate to two protons (L). A very broad signal is observed at 4.5 

to 4.8 ppm and has been assigned as the boron-hydride (M). 

 

2D COSY and NOESY NMR Spectra 

 

All the assignments in the 
1
H NMR spectra were made with assistance from 2D COSY and 

NOESY NMR (Figure 3.6). 

 

Figure 3.6: 2D COSY/NOESY spectrum of one stereoisomer of PhBH[H2(DMPTCx)] in the aromatic 

region in CDCl3. 

 

Through COSY, it was possible to visualise the coupling between the two β-pyrrole doublets 

(A/B) and two β-pyrrole triplets (C/D) thus establishing they belonged to different halves of 

the ligand. Similarly, coupling could be observed between the ortho and meta protons (F/G) 

in one of the p-tolyl protons. COSY could not be used to assign the new meso-proton or the 

B-H signal since the closest proton to each of them is four bonds away and not three. 

  

NOESY was used to fully assign the 
1
H NMR spectrum since NOE interactions between the 

β-pyrrole protons and meso-substituents as well as between the meso-proton, B-H and the rest 
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          F  G  J/K/B
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of the molecule could be observed. The β-pyrrole signals A and B as well as C and D could 

be distinguished based on NOE with either the p-tolyl groups (A and D) or the 

dimethyl/cyclohexyl group (B and C). The assignment of the dipyrrin p-tolyl (F/G) was made 

based on correlations between A and F. Similarly, correlations between G and H confirmed 

that the tolyl-CH3 at 2.46 ppm did belong to the dipyrrin p-tolyl in both stereoisomers. The 

new meso-H (E) had three NOE interactions with D, L and either J or K which confirmed its 

assignment. The broad B-H signal (M) correlated weakly with the two internal N-H protons 

(L). 

 

11
B NMR Spectra 

 

The 
11

B NMR spectrum of PhBH[H2(Calix)] appeared as a very broad signal that was centred 

between -2 to -4 ppm depending on the ligand. Due to the breadth of the signal, it was 

initially mistaken as belonging to the baseline since the 
11

B NMR spectrum often contains a 

broad signal arising from the borosilicate glass used to make the NMR tubes. Scanning a 

wider range failed to find any further boron signals. A second spectrum was run in a quartz 

tube to remove this ambiguity. The broad signal remained thus confirming the assignment.  

 

UV-vis Spectra 

 

 

Figure 3.7: UV-vis spectra of PhBH[H2(Calix)] in CH2Cl2. Dark blue: PhBH[H2(DMPTCx)] isomer 1; 

Dashed blue: PhBH[H2(DMPTCx)] isomer 2; Green: PhBH[H2(CHPTCx)] isomer 1; Dashed green: 

PhBH[H2(CHPTCx)] isomer 2. 
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The UV-vis spectrum of PhBH[H2(Calix)] was collected using CH2Cl2 as the solvent (Figure 

3.7). The reduction of the calixphyrin has resulted in a dramatic red-shifting of the 

absorbance maxima to ~530 nm, similar to that observed in BF2[H2(Calix)]. There is a 

smaller shoulder at ~450 nm as well as a peak at ~350 nm that possibly arises from the p-

tolyl rings. When comparing the two isomers, the spectra are almost identical to each other in 

terms of the intensity of the absorption bands and absorption wavelength.  

 

HRMS 

 
Figure 3.8: Observed HRMS spectrum of PhBH[H2(CHPTCx)]. 

 

In positive ion mode ESI-HRMS, the parent ion of PhBH[H2(Calix)] typically appears as 

PhB
+
[H2(Calix)] due to the loss of the boron-hydride to generate the positive ion. This ion 

had the same m/z as PhBH[H(Calix)]H
+
 which initially made assigning a possible structure to 

the NMR spectra obtained problematic. This ambiguous assignment was clarified since the 

peak with m/z correct for PhBH[H2(Calix)]Na
+
 could be observed in the spectrum (Figure 

3.8).   
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X-ray Crystal Structure 

 

Crystals for X-ray analysis were grown by slow evaporation of a CH2Cl2:n-hexane mixture 

containing the compound. The crystals were of poor quality and high angle data were not 

collected. There is disorder on the boron-phenyl ring and on the p-tolyl attached to the new 

sp
3
-meso carbon. The R-factor is 12.7%.  

 

 

Figure 3.9: Molecular structure of PhBH[H2(DMPTCx)] with thermal ellipsoids calculated at the 50% 

probability level. Hydrogen atoms set as fixed sized spheres (radii = 0.15 Å). 

 

The X-ray crystal structure confirmed the reduction of the calixphyrin ligand with the 

presence of the new sp
3
-meso centre (Figure 3.9). The average bond angle around this carbon 

is 109.4° confirming the tetrahedral geometry. The centre of the N4 core is now crowded with 

the PhBH group as well as the two internal N-H protons. Consequently, one of the non-

bonding pyrroles is rotated to offset this steric demand. The PhBH moiety sits out of plane of 

the dipyrrin bonding site with the phenyl occupying the out-of-plane site and the hydride in 

the in-plane site. The phenyl is shown to be perpendicular to the planar dipyrrin bonding site 

although 
1
H NMR data suggests that it rotates freely in solution at room temperature. The 

presence of a hydride and protons in the centre of the compound could make these 

compounds potential models for the products of H2 addition to Frustrated Lewis pairs. The 

distance between one of the internal N-H protons and the B-H is approximately 2.3 Å which 

is longer than in PhBH[H2(Cor)] which were measured at 1.54-1.62 Å.
1
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3.2.4: Reaction using H2(DMPFPCx): Contraction to Tripyrrolic 

Macrocycle 

 

The reaction of H2(DMPFPCx) with PhBCl2 in the presence of N(
i
Pr)2Et in refluxing 

chloroform produced a different product compared to the reaction using H2(DMPTCx) and 

H2(CHPTCx). The major product in the reaction was isolated via silica gel chromatography 

as a pink band in 35% yield. Purification of this compound was especially difficult due to 

another by-product co-eluting with it. NMR and HRMS analysis proved to be tricky since 

they were inconsistent with several possible structures that were proposed. It was not until X-

ray crystallography that the structure was known. It showed that the compound contained a 

PhB moiety bonded to three of the internal nitrogens. There was also a rearrangement during 

the reaction where the fourth pyrrole had been ejected from the macrocycle so the product 

has a reduced triphyrin(2,1,1) skeleton rather than a tetrapyrrole skeleton (Scheme 3.8). The 

mechanism behind the formation of this product is unknown. Despite the strange looking 

structure, the NMR and MS data were consistent with the X-ray crystal structure. 

 

Scheme 3.8: Reaction scheme of H2(DMPFPCx) with PhBCl2 and N(
i
Pr)2Et to give a reduced 

triphyrin(2,1,1). 

 

1
H NMR Spectrum 

 

Scheme 3.9: Labelling scheme for reduced boron triphyrin(2,1,1). 
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Because no plausible structure could be assigned prior to X-ray analysis, the 
1
H NMR 

spectrum had to be assigned retrospectively (i.e. after the structure was determined by 

crystallography). The 
1
H NMR spectrum showed that it was the lowest symmetry species 

synthesised and was not an analogue of PhBH[H2(Calix)] (see Scheme 3.9 for assignments). 

The aromatic region of the spectrum contained several new multiplets and doublets (Figure 

3.10). Four doublets at 6.41, 6.73, 6.76 and 6.86 ppm had coupling constants of 4.5 Hz which 

was able to assign them as belonging to dipyrrin site β-pyrrolic protons. The coupling 

constant indicates that these pyrroles are bonded to boron. Each of the doublets integrated to 

one proton each hence there are no planes of symmetry in the compound. The remaining four 

β-pyrrolic protons appeared as either complex multiplets at 5.78, 6.21 and 6.34 ppm as well 

as a doublet at 6.30 ppm which had a coupling constant of 3.5 Hz. A broad multiplet at 5.71 

ppm is believed to belong to the α-proton on the appended pyrrole ring. Resonances from the 

phenyl ring appeared at 7.05 ppm and a broadened signal at 6.78 ppm that overlapped with 

one of the β-pyrrole doublets. The signal at 7.5 ppm was assigned as the N-H proton on the 

appended pyrrole. Unlike PhBH[H2(Calix)], this signal integrated to only one proton.  

 

 

Figure 3.10: Aromatic region of 
1
H NMR of reduced boron triphyrin(2,1,1) in CDCl3. 

 

The meso-CH3 protons proved tricky to assign. Three signals could be observed; a singlet at 

1.40 ppm which integrated to three protons; overlapping singlets at 1.66 ppm which 

integrated to six protons; and surprisingly a doublet at 1.03 ppm with a coupling constant of 

7.9 Hz that integrated to three protons. The origin of the doublet is unknown. The upfield 

shift compared to the other meso-CH3 protons indicates shielding by the internal boron 

phenyl and/or PFP rings. 
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2D NMR Spectra 

 

2D NMR was required to fully assign the 
1
H NMR spectrum and to assist in determining a 

possible structure. 

 

Due to the low symmetry, COSY could assign the β-pyrroles since protons on the same 

pyrrole would couple to each other and with none of the other β-pyrrole protons (Figure 

3.11). Using this, four sets of β-pyrrolic protons were identified belonging to four unique 

pyrroles; two belonging to the dipyrrin-like pyrroles (6.41/6.73 ppm, 6.76/6.86 ppm), the 

third boron bonding pyrrole (6.21/6.30 ppm), and the appended pyrrole (5.71/5.78/6.34 ppm). 

The signal at 5.71 ppm showed correlations to the β-pyrrole at 5.78 and the N-H proton so 

was assigned as the new α-proton on the appended pyrrole. Furthermore, the 5.78/6.34 β-

pyrrole signals also correlated to the internal N-H proton which meant that these signals also 

came from the appended pyrrole.  

 

 

Figure 3.11: Aromatic region of the 2D COSY spectrum of reduced boron triphyrin(2,1,1) in CDCl3. 
 

NOESY was used to look at correlations between the meso-CH3 signals, the β-pyrroles and 

the internal phenyl-boron group. The three signals assigned as meso-CH3 in the 
1
H NMR 

spectrum showed NOE interactions with the β-pyrrolic protons and with each other. No 

visible correlations to the phenyl-boron protons could be seen. 
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HSQC determined that all the protons in the aromatic region with the exception of the N-H 

proton were bonded to unique carbon atoms. The overlapping signals at ~6.77 ppm in the 
1
H 

NMR spectrum correlated to two peaks in the 
13

C NMR spectrum, one at 118.4 ppm from the 

β-pyrrole carbon and the second at 131 ppm from a phenyl-boron carbon. The doublet at 1.03 

ppm correlated to a carbon signal at 28.3 ppm, consistent with an aliphatic meso-CH3 group. 

 

19
F NMR Spectrum 

 

Figure 3.12: 
19

F NMR spectrum of reduced boron triphyrin(2,1,1) in CDCl3. 
 

The 
19

F NMR spectrum was run in both proton coupled and proton decoupled mode however 

both spectra appeared to be similar. It clearly shows the low symmetry of this compound with 

eight signals representing ten fluorine atoms on the PFP rings (Figure 3.12). Three ortho 

fluorines appeared at -136 to -139 ppm however one was shifted to -113 ppm. The meta 

fluorines resonated upfield of -160 ppm whereas the two para fluorines appear between -150 

and -156 ppm.  

 

11
B NMR Spectrum 

 

Figure 3.13: 
11

B NMR spectrum of reduced boron triphyrin(2,1,1) in CDCl3. 

 

The 
11

B NMR spectrum showed a broad singlet at -0.77 ppm (Figure 3.13). The broadness of 

the signal is consistent with boron coordination rather than adduct formation and its chemical 
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shift indicates it is in tetrahedral geometry. There is no observable coupling so no further 

information can be obtained.   

 

UV-vis Spectrum 

 

Figure 3.14: UV-vis spectrum of reduced boron triphyrin(2,1,1) in CH2Cl2. 

 

The UV-vis spectrum was run using CH2Cl2 as the solvent.  The contraction of calixphyrin 

has resulted in the red-shifting of the absorbance maximum to 539 nm with a secondary 

shoulder at 500 nm (Figure 3.14). Very low absorbance is seen below 450 nm which is 

typical of boron complexes of PFP calixphyrins synthesised. 

 

HRMS 

 

In positive ion mode, the HRMS spectrum was dominated by a peak at m/z 787.2111 with a 

smaller peak at m/z 811.2059 corresponding to the sodium charged species. This seemed to 

be similar to the HRMS of other PhBH[H2(Calix)] species where the loss of hydride 

generated the parent ion peak and thus the sodium salt had a m/z 24 higher than the parent 

ion. The spectrum was also run in negative ion mode which gave a parent ion peak of 

787.2092 m/z, practically identical to the results obtained in positive ion mode which 

indicated that the loss of the N-H proton gives rise to this m/z. It was initially thought that the 

neutral compound had an m/z of 788 and mostly likely had both B-H and N-H protons, 

although this was inconsistent with the lack of the hydride signal in the 
1
H NMR spectrum of 

this compound. However, this did supported the NMR data that suggested this compound was 

not an analogue of PhBH[H2(Calix)] since for the DMPFPCx derivative, the observed m/z 
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should be 790. Despite this, the only structure that corresponded to this m/z and contained 

both B-H and N-H protons was the non-reduced PhBH[H(DMPFPCx)], which was not 

consistent with the NMR data which clearly showed a reduced calixphyrin species, regardless 

of whether the boron was bonding via the dipyrrin or dipyrromethane site.  

 

The m/z of the structure obtained via X-ray crystallography has a m/z of 788 which is 

consistent with HRMS with the exception of the peak at 787 m/z whose origin is still 

unknown. 

 

X-ray Crystal Structure 

 

Crystals for X-ray analysis were grown from a slow evaporation of a CH2Cl2:MeOH solution. 

The crystals were of small size and of poor quality hence the R-factor is 14%. Because of 

this, the bond angles and distances are not reported. The X-ray structure does show that the 

there is a contraction of the ligand from tetrapyrrolic to tripyrrolic to accommodate the PhB 

moiety (Figure 3.15). The fourth pyrrole is now appended to the meso-carbon with the PFP 

group.  

 

Figure 3.15: Two views of the molecular structure of reduced boron triphyrin(2,1,1) with thermal 

elliposoids set at the 50% probability level and hydrogen atoms set as fixed sized spheres (radii = 0.15 Å). 

Structure on the right shows the triphyrin skeleton with peripheral groups omitted for clarity. 
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3.2.5: Oxidation of PhBH[H2(DMPTCx)] 

 

When samples of PhBH[H2(DMPTCx)] were kept in solution over a few weeks, it was 

observed via 
1
H NMR that a new species was forming in solution which was signified by the 

appearance of small doublets in the β-pyrrole region. The coupling constants of the doublets 

were either 4.0 or 4.5 Hz which is consistent with a mono-boron calixphyrin species. TLC of 

the NMR sample also showed an additional faint brown/green spot near the baseline when 

eluted with CH2Cl2, which was again a similar colour to the TLC of the mono-boron 

calixphyrins isolated in Chapter 2. It was proposed that the samples of the boronated 

porphomethene PhBH[H2(DMPTCx)] were slowly being oxidised with the loss of the meso-

proton, reforming the original porphodimethene calixphyrin structure. As of yet, it was 

unknown what the fate of the B-H bond was. 

 

To test whether an oxidation was occurring, each isomer of PhBH[H2(DMPTCx)] were 

dissolved in CH2Cl2 and stirred with DDQ for 30 minutes in separate experiments. Both 

solutions turned from pink to dark brown. After washing with water to remove excess DDQ, 

the residue was chromatographed and a brown/green band was isolated in both cases 

(Scheme 3.10). 
1
H NMR confirmed that the product formed was the oxidised 

PhBH[H(DMPTCx)] since the meso-proton had vanished and the internal N-H proton 

resonated at 15 ppm and integrated for one proton. The signals from the phenyl-boron could 

still be observed which indicated that the boron survived the oxidation. Both 
1
H NMR spectra 

of the products from the different isomers were identical thus confirming that the two pink 

isomers of the precursor PhBH[H2(DMPTCx)] are stereoisomers. Upon overlapping the 

spectra of the partially decayed species with the oxidised product, the chemical shift of the 

doublets in the β-pyrrole region matched perfectly thus confirming that the transformation in 

the NMR sample of PhBH[H2(DMPTCx)] was an oxidation. HRMS of the product gave an 

m/z of 637.3520, thus the boron-hydride also survived oxidation. 
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Scheme 3.10: Oxidation of PhBH[H2(DMPTCx)] to give PhBH[H(DMPTCx)]. 

 

 

3.3: Characterisation of Other Mono-Boron Calixphyrins with 

Coordinated PhBX (X = H, F, Cl) 

 

3.3.1: Introduction 

 

In deducing the possible mechanism and role of the reagents for the reduction of calixphyrin 

using PhBCl2 and N(
i
Pr)2Et, several other mono-boron calixphyrins that contained the PhBX  

moiety (X = H, F, Cl) were isolated. These experiments were done using H2(DMPTCx) as the 

ligand and their characterisations are presented here. 

  

3.3.2: Characterisation of PhBH[H(DMPTCx)] 

 

PhBH[H(DMPTCx)] was prepared by the oxidation of PhBH[H2(DMPTCx)] with DDQ in 

dry CH2Cl2. The compound was isolated via column chromatography using CH2Cl2:n-hexane 

(1:1) as the eluent. The yield was 26%. Full characterisation was achieved using a 

combination of multinuclear NMR, HRMS and X-ray crystallography.  
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1
H NMR Spectrum 

 

Scheme 3.11: Labelling scheme for PhBH[H(DMPTCx)]. 

 

PhBH[H(DMPTCx)] has the same symmetry as BF2[H(Calix)] thus both compounds have 

similar features in the 
1
H NMR spectrum (Figure 3.16). This holds true for all mono-boron 

calixphyrins bonding via the dipyrrin site. The β-pyrrolic protons appeared as four doublets 

integrating to two protons each (A-D, see Scheme 3.11). The doublets are again split into two 

AB type signals with one AB signal having a coupling constant of 4.0 Hz, and the second AB 

signal with a coupling constant of 4.5 Hz. They can be assigned as belonging to the pyrroles 

from the non-bonding and bonding dipyrrin sites respectively. Similar to BF2[H(Calix)], the 

meso-CH3 signals split into two peaks integrating to six protons each (E/F). The peak 

assigned as the axial meso-CH3 is shifted to 2.47 ppm, presumably due to electronic 

interactions with the PhBH moiety in the centre of the compound. There are two peaks for the 

CH3-tolyl protons indicating that the p-tolyl groups are not equivalent (G/H).  

 

Figure 3.16: 
1
H NMR spectrum of PhBH[H(DMPTCx)] in CDCl3. Inset: signal from internal N-H proton. 
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The signals from the meta protons in the p-tolyl groups overlap with the signals from the 

phenyl-boron and are unable to be distinguished from each other. The aromatic signals are 

also broadened so all these protons appear as one multiplet. A broad doublet from 7.28-7.45 

ppm integrating to two protons was assigned using 2D NMR as belonging to two of the ortho 

p-tolyl protons; the other two ortho protons signals overlapping with the other aromatic 

resonances. The sum of the integrals of all of the aromatic signals is 13 protons which is 

consistent with eight protons arising from the two p-tolyl groups and five protons from the 

phenyl-boron moiety. The lone internal N-H proton is observed as a broad singlet at 15.5 

ppm (I). The B-H signal was unable to be identified in the spectrum.  

 

11
B NMR Spectrum 

 

Similar to PhBH[H2(DMPTCx)], the 
11

B NMR spectrum contains one very broad signal. The 

11
B NMR spectrum was run using a quartz NMR tube to remove any ambiguity in the 

assignment.  

 

UV-vis Spectrum 

 

 

Figure 3.17: UV-vis spectrum of PhBH[H(DMPTCx)] in CH2Cl2. 

 

The UV-vis spectrum of PhBH[H(DMPTCx)] shows two major absorptions at 446 nm and 

349 nm with a smaller absorbance at 556 nm (Figure 3.17). This spectrum is similar to that of 

BF2[H(DMPTCx)]. 
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HRMS 

 

The HRMS of PhBH[H(DMPTCx)] was obtained using ESI in the positive ion mode. A peak 

at 637.3520 corresponding to the formula of PhBH[H(DMPTCx)]H
+
 confirmed the survival 

of the B-H bond during oxidation. This was also supported by a second peak at 659.3330 that 

corresponded to PhBH[H(DMPTCx)]Na
+
.  

 

X-ray Crystal Structure 

 

An X-ray crystal structure of PhBH[H(DMPTCx)] was obtained by growing crystals via slow 

evaporation of a CH2Cl2:MeOH solution. The high angle data were weak and are not 

included in the refinement. There is disorder around the internal N-H proton which was 

located in between the two internal nitrogen atoms. The phenyl-boron ring was poorly 

resolved and disordered. The R-factor is 6.3%. 

 

 

Figure 3.18: Molecular structure of PhBH[H(DMPTCx)] with thermal ellipsoids set at the 50% 

probability level. Hydrogen atoms set as fixed sized spheres (radii = 0.15 Å). 

 

The X-ray crystal structure confirmed the oxidation of PhBH[H2(DMPTCx)] back to the 

porphodimethene as well as the retention of the PhBH moiety (Figure 3.18). The average 

bond angle around the meso-carbon opposite the PhBH moiety was the ideal sp
2
-hybridised 

angle of 120° whereas it had been 109° in the reduced product. Just as in BF2[H(DMPTCx)], 

the boron is in its preferred tetrahedral geometry and out-of-plane of the dipyrrin bonding 

site. The bond angles and distances in the ligand are comparable to that of BF2[H(DMPTCx)] 
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(Table 3.1).  The phenyl is occupying the out-of-plane position whereas the hydride occupies 

the in-plane position which is expected due to the steric demands of the phenyl ring. Given 

the disorder with the N-H bond distance, the B-H
…

H-N distance cannot be measured with 

any certainty. 

 

Table 3.1: Comparison of bond angles, N
…

N length for 

PhBH[H(DMPTCx)] and BF2[H(DMPTCx)]. 

 

PhBH[H(DMPTCx)] BF2[H(DMPTCx)] 

N1
…

N2 2.535 2.552 

N2
…

N3 3.130 3.146 

N3
…

N4 2.642 2.677 

N4
…

N1 3.194 3.242 

C-C5-C 123.0(5) 121.6(5) 

C-C10-C 108.4(5) 109.4(4) 

C-C15-C 123.0(6) 123.8(5) 

C-C20-C 108.7(4) 108.8(4) 

 

 

3.3.3: Characterisation of PhBF[H(DMPTCx)] 

 

PhBF[H(DMPTCx)] was synthesised by the reaction of PhBF2 with H2(DMPTCx) in the 

presence of N(
i
Pr)2Et in dry CH2Cl2. The compound was isolated via column chromatography 

using CH2Cl2:EtOAc (8:2) as the eluent in 59% yield. Full characterisation was achieved 

using a combination of multinuclear NMR, HRMS and X-ray crystallography. 

 

1
H NMR Spectrum 

 

Scheme 3.12: Labelling scheme for PhBF[H(DMPTCx)]. 
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The 
1
H NMR spectrum of PhBF[H(DMPTCx)] was similar to both BF2[H(DMPTCx)] and 

PhBH[H(DMPTCx)] and contained identical features from both spectra (Figure 3.19). The β-

pyrrole protons appeared as the characteristic two AB pairs with four doublets integrating to 

two protons each (A-D, see Scheme 3.12). One of the AB pair had a coupling constant of 4.0 

while the second pair had a coupling constant of 4.5, consistent with a mono-boron 

calixphyrin. Just like in PhBH[H(DMPTCx)], the p-tolyl signals and the phenyl-boron signals 

largely overlap with the exception of a doublet at 7.37 ppm which was assigned as a p-tolyl 

ortho using 2D NMR. This doublet integrated to two protons indicating that the p-tolyls are 

not equivalent. This was confirmed by the tolyl-CH3 where two singlets are observed (G/H). 

The meso-CH3 signals again split into two singlets representing the axial and equatorial 

positions (E/F). The chemical shift of these singlets is identical to BF2[H(DMPTCx)]. The 

lone N-H proton appears as a broad doublet at 14.64 ppm which confirms the presence of 

internal B-F
…

H-N hydrogen bonding. The coupling constant of 17.9 Hz is similar to that 

observed in BF2[H(DMPTCx)]. 

 

 

Figure 3.19: 
1
H NMR spectrum of PhBF[H(DMPTCx)] in CDCl3. Inset: signal from N-H proton. 

 

19
F NMR Spectrum 

 

A broad singlet can be observed at -143 ppm in the 
19

F NMR spectrum of 

PhBF[H(DMPTCx)]. Unlike BF2[H(DMPTCx)], there is no observable B-F coupling. 
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11
B NMR Spectrum 

 

The 
11

B NMR spectrum of PhBF[H(DMPTCx)] shows a broad singlet that is observed at 6.4 

ppm. As suggested by the 
19

F NMR spectrum, there is no B-F coupling. 

 

UV-vis Spectrum 

 

 

Figure 3.20: UV-vis spectrum of PhBF[H(DMPTCx)] in CH2Cl2. 

 

The UV-vis spectrum of PhBF[H(DMPTCx)] is similar to both BF2[H(DMPTCx)] and 

PhBH[H(DMPTCx)]. There are two major absorbances at 441 nm and 352 nm with a minor 

absorbance at 547 nm (Figure 3.20). 

 

X-ray Crystal Structure 

 

X-ray quality crystals of PhBF[H(DMPTCx)] were grown via the slow evaporation of a 

CH2Cl2:MeOH solution containing the compound. There is disorder with the internal N-H 

proton which was found almost at equidistance between the two internal nitrogen sites. The 

R-factor is 10.7% due to the low number of unique reflections used in the refinement. 
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Figure 3.21: Molecular structure of PhBF[H(DMPTCx)] with ellipsoids set at the 50% probability level. 

Hydrogen atoms set a fixed sized spheres (radii = 0.15 Å). 

 

The X-ray crystal structure of PhBF[H(DMPTCx)] is similar to both PhBH[H(DMPTCx)] 

and BF2[H(DMPTCx)] (Figure 3.21). The boron is coordinated via the dipyrrin site in its 

preferred tetrahedral geometry. The PhBF moiety is sitting out of plane of the dipyrrin site by 

0.67 Å and has the phenyl occupying the out-of-plane position as in PhBH[H(DMPTCx)]. 

The ligand itself has retained the overall roof-shape of the free-base calixphryin. Given this 

compound is an analogue of BF2[H(DMPTCx)] and PhBH[H(DMPTCx)], unsurprisingly the 

bond distances and angles in the ligand are comparable amongst the three compounds (Table 

3.2).  

 

Table 3.2: Comparison of bond angles, N
…

N length in mono-boron 

calixphyrins of H2(DMPTCx). 

 

PhBH[H(DMPTCx)] PhBF[H(DMPTCx)] BF2[H(DMPTCx)] 

N1
…

N2 2.535 2.515 2.552 

N2
…

N3 3.13 3.189 3.146 

N3
…

N4 2.642 2.668 2.677 

N4
…

N1 3.194 3.136 3.242 

C-C5-C 123.0(5) 122.1(3) 121.6(5) 

C-C10-C 108.4(5) 108.6(3) 109.4(4) 

C-C15-C 123.0(6) 123.5(4) 123.8(5) 

C-C20-C 108.7(4) 109.8(3) 108.8(4) 
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3.3.4: Characterisation of PhBCl[H(DMPTCx)] 

 

PhBCl[H(DMPTCx)] was isolated when the reaction of DMPTCx with PhBCl2 used 2,6-

lutidine as the base rather than N(
i
Pr)2Et. The use of 2,6-lutidine prevented the reduction side 

reaction so the boron coordinated to an intact ligand. Although only one product band was 

observed via TLC, NMR analysis of the product isolated via silica gel column 

chromatography revealed that several mono-boron calixphyrin species had formed in the 

reaction. These polar species did not elute in CH2Cl2 and were unable to be separated due to 

very similar Rf using a more polar eluent combination such as CH2Cl2:EtOAc (9:1). The 

major product was identified as a dipyrromethane bonding PhBCl[H(DMPTCx)] via NMR 

and X-ray crystallography (Figure 3.22). HRMS of the mixture showed a clean spectrum 

showing only one peak that corresponded to the formula PhBCl[H(DMPTCx)] so it is 

presumed that the other mono-boron minor products also have this formula. 

 

Figure 3.22: Structure of major product, PhBCl[H(DMPTCx)]. 
 

1
H NMR Spectrum 

 

The 
1
H NMR spectrum clearly showed the presence of several boron calixphyrin products. 

This could be observed by the number of doublets in the β-pyrrole region of the spectrum 

(6.00-7.00 ppm) as well as several singlets in the aliphatic region (1.50-2.50 ppm). Despite 

this, there is one major product in the spectrum (Figure 3.23). This species has four β-pyrrole 

doublets with two having coupling constants of 4.5 Hz and two with 4.0 Hz, consistent with a 

mono-boron species. The multiplets from 6.95-7.05 ppm reveal that this product has one 

coordinated Ph-B group. Of particular interest was that the p-tolyl ortho and meta protons 
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had split into two doublets integrating to four protons each. When compared to the spectra of 

the mono-BF2 calixphyrins, this was consistent with the major product being coordinated via 

the dipyrromethane site. This is supported by the appearance of one singlet for both CH3-tolyl 

protons and four singlets for the meso-CH3 groups; the same as in BF2[H(DMPTCx)]. A very 

broad doublet could be observed from 12-13 ppm and integrated to one proton, consistent 

with the N-H proton.  

 

 

Figure 3.23: Aromatic region of the 
1
H NMR spectrum of the mixture of PhBCl[H(DMPTCx)] products 

in CDCl3. Peaks belonging to the major product are indicated with red arrows. 

 

11
B NMR Spectrum 

 

A large broad peak at 4.50 ppm confirmed the presence of boron in the compound. The 

chemical shift is similar to PhBF[H(DMPTCx)]. 

 

HRMS 

 

 

Figure 3.24: Isotopic splitting of parent ion peak in the mass spectrum of PhBCl[H(DMPTCx)]H
+
, 

confirming the presence of Cl in the compound. Observed spectrum is on top with the calculated 

spectrum below. 

 

The HRMS of PhBCl[H(DMPTCx)] was obtained using ESI in the positive ion mode. The 

spectrum showed a single peak at 671.3113 m/z which was consistent with the formula 
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PhBCl[H(DMPTCx)]H
+
. The presence of one chloride in the compound was supported by the 

isotopic splitting of the parent ion peak (Figure 3.24). Even though a mixture of compounds 

were present in the sample according to the 
1
H NMR spectrum, only one peak was observed 

hence it is inferred that the other products seen in the 
1
H NMR spectrum are most likely other 

isomers of PhBCl[H(DMPTCx)];  possibly the dipyrrin bonding isomer or conformers. 

 

X-ray Crystal Structure 

 

Figure 3.25: Molecular structure of PhBCl[H(DMPTCx)] with thermal ellipsoids set at the 50% 

probability level. Solvent molecules omitted for clarity. Hydrogen atoms set a fixed sized spheres (radii = 

0.15 Å). 

 

A crystal of the major product, PhBCl[H(DMPTCx)] was obtained via the slow evaporation 

of a CH2Cl2:MeOH mixture containing the compound and resulted in an X-ray structure with 

an R-factor of 9.0% (Figure 3.25). This confirmed that the PhBCl moiety was bonded via the 

dipyrromethane site and the phenyl ring occupied the out-of-plane position. There are several 

issues with the structure hence the bond angles and distances are not reported here. The high-

angle data collected was particularly weak and thus was not included in the refinement. The 

structure also shows that both internal nitrogen atoms not bonding to boron are protonated 

however these protons were located geometrically with 50% occupancy for each (i.e. only 

one proton per molecule, but proton could be on either nitrogen). The unit cell contained a 

region of highly disordered solvent molecules which could not be modelled effectively, and 

so the SQUEEZE theorem was invoked.
24,25

 The calculations indicated that approximately 

168 electrons were present per unit cell in the solvent accessible void, which corresponds 

well with four molecules of CH2Cl2 (168 electrons). 
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3.4: Summary 

 

The reaction of PhBCl2 with free-base calixphyrin in the presence of N(
i
Pr)2Et led to the 

unexpected reduction of the calixphyrin ligand along with the coordination of a phenyl 

boron-hydride moiety (Scheme 3.13). The reduction is believed to be caused by the N(
i
Pr)2Et 

behaving as an reductant since the oxidised by-products of N(
i
Pr)2Et could be isolated from 

solution. Bases such as 2,6-lutidine that do not have α-protons capable of being oxidised did 

not lead to the reduced products. The weak B-Cl bonds and steric strain due to the phenyl 

ring in PhBCl2 are also believed to play a role in the reduction, supported by experimental 

observations when BCl3 and PhBF2 were used as the boron reagents. Surprisingly, the 

reaction of PhBH2 with calixphyrin produced the same products as those observed for the 

reaction with PhBCl2 so a mechanism via a borane intermediate cannot be excluded. It is 

proposed that formation of a borenium ion due to the excess PhBCl2 and N(
i
Pr)2Et employed 

could lead to this intermediate although further work is required to establish this. 

 

 

Scheme 3.13: General scheme for the formation of boron calixphyrins containing a coordinated PhBX (X 

= H, F, Cl) moiety. 

 

 

The reaction of PhBCl2 using H2(DMPFPCx) in the presence of N(
i
Pr)2Et resulted in the 

unexpected contraction of the macrocyclic core to a reduced boron triphyrin(2.1.1) species 

rather than the reduced calixphyrin. The reaction mechanism for this compound is not known. 
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3.5: Experimental Procedures 

 

3.5.1: Preparation of PhBH Complexes of Reduced Calixphyrins  

 

PhBH[H2(DMPTCx)] 

 

PhBCl2 (0.142 mL, 1.09 mmol), followed by N(
i
Pr)2Et (0.190 mL, 1.09 mmol), was added 

dropwise to a stirred solution of H2(DMPTCx) (60 mg, 0.109 mmol) in dry CH2Cl2 (20 mL). 

The solution immediately turned pink. After stirring for 1 hour at room temperature, the 

organic phase was washed with saturated NaHCO3 solution and water, dried over Na2SO4, 

and the solvent removed in vacuo. The residue was purified by column chromatography 

(SiO2, toluene:n-hexane 4:6) with two isomers of PhBH[H2(DMPTCx)] eluting close together 

as pink bands. 

 

PhBH[H2(DMPTCx)] (Isomer 1) 

Yield: 13.2 mg, 19%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.67 (s, 6H, CH3), 1.68 (s, 6H, CH3), 2.29 (s, 3H, 

C6H4CH3), 2.47 (s, 3H, C6H4CH3), 4.46 (br s, 1H, BH), 5.51 (s, 1H, meso-H), 6.02 (m, 2H, 

βH), 6.04 (m, 2H, βH), 6.51 (d, 2H, 
3
JHH = 4.5 Hz, βH), 6.80 (d, 2H, 

3
JHH = 4.5 Hz, βH), 

6.99-7.16 (m, 5H, BPh), 7.03 (d, 2H, m-C6H4CH3), 7.12 (d, 2H, o-C6H4CH3), 7.31 (d, 2H, m-

C6H4CH3), 7.42 (d, 2H, o-C6H4CH3), 8.18 (br s, 2H, NH). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 21.1, 21.5, 30.2, 31.6, 38.2, 43.5, 104.2, 106.9, 

117.6, 125.6, 127.0, 128.2, 128.9, 129.3, 129.4, 130.5, 131.7, 132.3, 132.6, 136.3, 136.4, 

137.1, 138.9, 140.0, 144.9, 164.8. 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ -2.61 (br s, PhBH) 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 348 (19100), 524 (55400). 

HRMS (ESI+): Calcd. for C44H42BN4
+
: 637.3505, found: 637.3513.  

 

PhBH[H2(DMPTCx)] (Isomer 2) 

Yield: 28.1 mg, 40%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.70 (s, 6H, CH3), 1.72 (s, 6H, CH3), 2.35 (s, 3H, 

C6H4CH3), 2.45 (s, 3H, C6H4CH3), 4.48 (br s, 1H, BH), 5.26 (s, 1H, meso-H), 5.71 (m, 2H, 

βH), 5.99 (m, 2H, βH), 6.55 (d, 2H, 
3
JHH = 4.5 Hz, βH), 6.79 (d, 2H, 

3
JHH = 4.5 Hz, βH), 
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6.99-7.18 (m, 5H, BPh), 7.13 (d, 2H, m-C6H4CH3), 7.21 (d, 2H, o-C6H4CH3), 7.28 (d, 2H, m-

C6H4CH3), 7.40 (d, 2H, o-C6H4CH3), 8.37 (br s, 2H, NH). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 21.2, 21.5, 29.9, 31.8, 38.1, 43.8, 104.2, 106.6, 

117.4, 125.6, 127.0, 128.8, 129.0, 129.4, 130.4, 132.3, 132.6, 132.7, 136.3, 136.5, 137.2, 

139.4, 139.9, 144.8, 165.0. 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ -2.42 (br s, PhBH) 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 348 (11500), 527 (28700). 

HRMS (ESI+): Calcd. for C44H42BN4
+
: 637.3505, found: 637.3541.  
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PhBH[H2(CHPTCx)] 

 

Experimental procedure as for PhBH[H2(DMPTCx)] using H2(CHPTCx) (60 mg, 0.095 

mmol), PhBCl2 (0.124 mL, 0.954 mmol) and N(
i
Pr)2Et (0.166 mL, 0.954 mmol). 

 

PhBH[H2(CHPTCx)] (Isomer 1) 

Yield: 14.8 mg, 22%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 0.63 (m, 2H, CH2), 1.10 (m, 2H, CH2), 1.23-1.41 (m, 

4H, CH2), 1.57-1.68 (m, 4H, CH2), 2.00 (m, 2H, CH2), 2.15 (m, 2H, CH2),  2.24 (s, 3H, 

C6H4CH3), 2.30 (m, 2H, CH2), 2.49 (s, 3H, C6H4CH3), 2.86 (m, 2H, CH2), 4.81 (br s, 1H, 

BH), 5.43 (s, 1H, meso-H), 5.89 (m, 2H, βH), 5.98 (m, 2H, βH), 6.50 (d, 2H, 
3
JHH = 4.5 Hz, 

βH), 6.81 (d, 2H, 
3
JHH = 4.5 Hz, βH), 6.85 (d, 2H, m-C6H4CH3), 6.94 (d, 2H, o-C6H4CH3), 

7.01 (t, 1H, p-BPh), 7.07 (t, 2H, m-BPh), 7.34 (d, 2H, m-C6H4CH3), 7.38 (d, 2H, o-BPh), 

7.52 (d, 2H, o-C6H4CH3), 8.22 (br s, 2H, NH). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 21.0, 21.4, 23.0, 23.1, 25.9, 38.1, 39.0, 43.3, 

105.0, 106.6, 119.4, 125.3, 125.4, 126.8, 127.7, 128.2, 128.8, 129.0, 129.1, 129.12, 130.5, 

130.9, 132.3, 133.4, 135.9, 136.0, 136.5, 139.9, 140.0, 144.6, 163.1. 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ -1.72 (br s, PhBH). 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 347 (5400), 446 (9000), 531 (21800). 

HRMS (ESI+): Calcd. for C50H51BN4Na
+
: 741.4099, found: 741.4079. 

 

PhBH[H2(CHPTCx)] (Isomer 2) 

Yield: 31.3 mg, 46%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 0.69 (m, 2H, CH2), 1.08 (m, 2H, CH2), 1.23-1.43 (m, 

4H, CH2), 1.61-1.72 (m, 4H, CH2), 2.05 (m, 2H, CH2), 2.21 (m, 2H, CH2),  2.34 (m, 2H, 

CH2), 2.36 (s, 3H, C6H4CH3), 2.49 (s, 3H, C6H4CH3), 2.81 (m, 2H, CH2), 4.81 (br s, 1H, BH), 

5.23 (s, 1H, meso-H), 5.66 (m, 2H, βH), 5.97 (m, 2H, βH), 6.55 (d, 2H, 
3
JHH = 4.5 Hz, βH), 

6.82 (d, 2H, 
3
JHH = 4.5 Hz, βH), 7.02 (t, 1H, p-BPh), 7.08 (t, 2H, m-BPh), 7.13 (d, 2H, m-

C6H4CH3), 7.17 (d, 2H, o-C6H4CH3), 7.33 (d, 2H, m-C6H4CH3), 7.40 (d, 2H, o-BPh), 7.52 (d, 

2H, o-C6H4CH3), 8.46 (br s, 2H, NH). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 21.1, 21.5, 22.9, 23.2, 25.9, 38.3, 39.0, 43.2, 

43.6, 104.9, 107.0, 125.4, 126.8, 128.8, 128.9, 129.0, 130.5, 131.7, 132.4, 136.1, 136.3, 

137.1, 139.8, 139.9, 144.6, 163.2. 
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11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ -2.10 (br s, PhBH). 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 347 (4500), 446 (8000), 533 (20000). 

HRMS (ESI+): Calcd. for C50H51BN4Na
+
: 741.4099, found: 741.4071. 
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3.5.2: Preparation of Boron Triphyrin(2,1,1) 

 

PhBCl2 (0.111 mL, 0.856 mmol) followed by N(iPr)2Et (0.149 mL, 0.856 mmol) was added 

to a stirred solution of H2(DMPFPCx) in dry CHCl3. The solution was refluxed for 30 

minutes where a colour change from dark red to pink was observed. Once cooled to room 

temperature, the organic phase was washed with saturated NaHCO3 and water, dried over 

Na2SO4, and the solvent removed in vacuo. The residue was purified by column 

chromatography (SiO2, toluene:n-hexane 4:6) with the boron triphyrin(2.1.1) eluting as the 

major pink band. 

 

Yield: 23.4 mg, 35%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.03 (d, 3H, CH3), 1.40 (s, 3H, CH3), 1.66 (s, 6H, 

CH3), 5.71 (m, 1H, meso-H), 5.78 (m, 1H, β-H), 6.21 (m, 1H, β-H), 6.30 (d, 1H, 
3
JHH = 3.5 

Hz, β-H), 6.34 (m, 1H, β-H), 6.41 (d, 1H, 
3
JHH = 4.5 Hz, β-H), 6.73 (d, 1H, 

3
JHH = 4.5 Hz, β-

H), 6.76 (d, 1H, 
3
JHH = 4.5 Hz, β-H), 6.77 (m, 2H, BPh), 6.86 (d, 1H, 

3
JHH = 4.5 Hz, β-H), 

7.05 (m, 3H, BPh), 7.51 (br s, 1H, NH). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 28.2, 28.3 29.7, 30.9, 31.1, 37.3, 45.4, 104.1, 

106.7, 106.8, 107.5, 111.5, 111.6, 116.3, 116.5, 118.4, 126.7, 127.4, 127.5, 128.3, 131.0, 

131.1, 132.5, 133.5, 134.0, 134.4, 141.2, 165.2, 166.9. 

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -161.8 (m, 2F, m-C6F5), -159.7 (m, 2F, m-C6F5), 

-155.1 (m, 1F, p-C6F5), -150.3 (m, 1F, p-C6F5), -138.4 (m, 1F, o-C6F5), -137.0 (m, 1F, o-

C6F5), -136.5(m, 1F, o-C6F5), -112.6 (m, 1F, o-C6F5). 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ -0.77 (br s, PhBH). 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 320 (2700), 500 (sh), 537 (25800). 

HRMS (ESI-): Calcd. For C42H26BF10N4
-
: 787.2103, found: 787.2092.  
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3.5.3: Preparation of PhBX (X = H, F, Cl) Complexes of 

Calixphyrin 

 

PhBH[H(DMPTCx)] 

PhBCl2 (0.142 mL, 1.09 mmol), followed by N(
i
Pr)2Et (0.190 mL, 1.09 mmol), was added 

dropwise to a stirred solution of H2(DMPTCx) (60 mg, 0.109 mmol) in dry CH2Cl2 (20 mL). 

The solution immediately turned pink. After stirring for 1 hour at room temperature, DDQ 

(25 mg, 0.109 mmol) was added and the solution stirred for a further 30 minutes. The solvent 

was removed and the resulting residue was purified by column chromatography (SiO2, 

CH2Cl2:n-hexane 1:1) with PhBH(DMPTCx) eluting as the major brown band. 

 

PhBH[H(DMPTCx)] 

Yield: 17.9 mg, 26%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.82 (s, 6H, CH3), 2.38 (s, 3H, C6H4CH3), 2.40 (s, 3H, 

C6H4CH3), 2.47 (s, 6H, CH3), 6.23 (d, 2H, 
3
JHH = 4.0 Hz, βH), 6.33 (d, 2H, 

3
JHH = 4.0 Hz, 

βH), 6.38 (d, 2H, 
3
JHH = 4.4 Hz, βH), 6.55 (d, 2H, 

3
JHH = 4.4 Hz, βH), 7.09 (t, 1H, p-BPh), 

7.15-7.23 (m, 10H, C6H4CH3, BPh), 7.35 (d, 2H, o-C6H4CH3), 15.48 (s, 1H, NH). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 21.5, 29.0, 29.8, 32.7, 40.6, 114.5, 117.5 123.3, 

127.1, 127.5, 128.4, 128.6, 128.7, 130.7, 131.6, 132.0, 134.1, 137.0, 138.9, 139.7, 140.5, 

140.6, 143.6, 165.4, 169.2. 

11
B{

1
H} NMR (CDCl3, 25°C,128 MHz): δ -0.15 (br s, PhBH). 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 349 (33600), 446 (77000), 559 (3500). 

HRMS (ESI+): Calcd. for C44H42BN4
+
: 637.3505, found: 637.3520.  

 

 

 

 

 

 

 

 

 

 



128 
 

PhBF[H(DMPTCx)] 

PhBF2 (0.127 mL, 1.09 mmol), followed by N(
i
Pr)2Et (0.190 mL, 1.09 mmol), was added 

dropwise to a stirred solution of H2(DMPTCx) (60 mg, 0.109 mmol) in dry CH2Cl2 (20 mL). 

After stirring for 1 hour at room temperature, the organic phase was washed with saturated 

NaHCO3 solution and water, dried over Na2SO4, and the solvent removed in vacuo. The 

residue was purified by column chromatography (SiO2, CH2Cl2 then CH2Cl2:EtOAc 8:2) with 

PhBF[H(DMPTCx)] eluting as the major brown band. 

 

Yield: 42.2 mg, 59%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.93 (s, 6H, CH3), 2.23 (s, 6H, CH3), 2.39 (s, 3H, 

C6H4CH3), 2.41 (s, 3H, C6H4CH3), 6.35 (d, 2H, 
3
JHH = 4.0 Hz, βH), 6.37 (d, 2H, 

3
JHH = 4.0 

Hz, βH), 6.52 (d, 2H, 
3
JHH = 4.4 Hz, βH), 6.61 (d, 2H, 

3
JHH = 4.4 Hz, βH), 7.10-7.23 (m, 11H, 

C6H4CH3, BPh), 7.37 (d, 2H, o-C6H4CH3), 14.64 (d, 1H, J = 18.6 Hz, NH). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 21.4, 29.4, 29.6, 29.7, 30.7, 40.4, 115.3, 118.4, 

126.6, 127.2, 127.6, 127.8, 128.3, 128.6, 129.6, 130.2, 130.4, 130.8, 131.4, 131.7, 134.6, 

139.0, 139.7, 140.4, 143.7, 162.8, 169.5. 

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): -143.19 (br s, 1F, PhBF). 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ 6.38 (br s, 1B, PhBF). 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 352 (18100), 441 (46600), 547 (2600).  

HRMS (ESI+): Calcd. for C44H40BFN4
+
: 677.3230, found: 677.3232. 
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Chapter 4 

Di-Boron Calixphyrins 

 

4.1: Introduction 

 

The objective of this chapter is to synthesise and study di-boron compounds of calixphyrins. 

Di-boron compounds of porphyrins and corroles have been previously prepared using BX3 (X 

= F, Cl, Br, I) and PhBX2 as the boron reagents. The small size of the boron atom compared 

to the large N4 core of porphyrinoids results in a mismatch where the porphyrinoid is too 

large to accommodate one boron atom bonding via all N4 core nitrogen atoms but too small to 

comfortably accommodate two boron atoms.
1,2

 This results in distortions in the ligand such as 

tetragonal elongation, ruffling and doming. For the boron coordination, several structural 

features are accessible including cisoid/transoid isomerism,
3,4

 bridging oxygen
5
 or hydride

6
 

and direct boron-boron bonds.
7
 The bent structure and greater flexibility of calixphyrins 

compared to the linear and rigid porphyrins and corroles could conceivably make calixphyrin 

a better fit for boron. The preparation of di-boron calixphyrins will be the second example of 

calixphyrin coordinating two elements within the N4 core, the first being the lithium 

calixphyrins prepared by Floriani in 1999.
8,9

 The porphodimethene class of calixphyrin will 

be used since this contains two dipyrrin bonding sites. 

 

4.2: Preparation of B2OF2(Calix) 

 

4.2.1: Observations 

 

The first experiments to isolate a boron calixphyrin compound using BF3
.
Et2O as the boron 

source yielded only mono-boron compounds rather than the expected B2OF2(Calix) 

compound. Mono-boron porphyrinoids such as BF2[H2(Cor)] have been previously isolated 

but often as a by-product of  [B2OF2(Cor)]
-
. BF2[H2(Cor)] could only be isolated exclusively 

by using two equivalents of BF3
.
Et2O rather than the 12 equivalents used to produce 

[B2OF2(Cor)]
-
.
10

 Given that 15 equivalents of BF3
.
Et2O were used in the reaction to isolate 

mono-boron calixphyrins, the lack of B2OF2(Calix) was particularly perplexing since there 
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should have been enough BF3
.
Et2O in the reaction mixture to produce the di-boron product. 

Starting with H2(DMPTCx), several reaction conditions were tested. Increasing the amount of 

BF3
.
Et2O added only made the resulting solution too acidic for boron coordination. In another 

attempt, more NEt3 was added to the reaction based on the hypothesis that the mono-boron 

calixphyrin formed due to incomplete deprotonation of the free-base ligand; however, this 

proved ineffective. Surprisingly, by merely changing the base from NEt3 to N(
i
Pr)2Et, a 

powdery green solid with poor solubility in most organic solvents was obtained. HRMS data 

were consistent with the presence of B2OF2(DMPTCx). Multinuclear NMR established that 

B2OF2(DMPTCx) had very high symmetry and that the boron coordinated via the dipyrrin 

sites with cisoid geometry. This was confirmed by X-ray crystallography.  

 

Although these reaction conditions proved successful, a large amount of BF2[H(DMPTCx)] 

was still synthesised and separation of the two compounds via chromatography proved 

difficult since B2OF2(DMPTCx) precipitated out on the column due to its poor solubility. 

After optimisation, B2OF2(DMPTCx) could be synthesised exclusively in over 60% yield by 

refluxing in toluene for four hours in the presence of either NEt3 or N(
i
Pr)2Et (Scheme 4.1). 

Toluene was chosen as the reaction solvent due to high reflux temperature, forcing the 

coordination of two borons rather than one, and the insolubility of the B2OF2(DMPTCx) 

product meant it precipitated out as the reaction proceeded and could be isolated simply by 

filtration. The higher temperatures are also more suitable for the remaining calixphyrins since 

only mono-boron species had been observed in their reactions even in refluxing chloroform.  

 

Scheme 4.1: Reaction scheme of H2(DMPTCx) with BF3
.
Et2O to give B2OF2(DMPTCx). 

 

The optimised reaction conditions described above were replicated for H2(CHPTCx) (Scheme 

4.2). After four hours, the solution had darkened and some orange precipitate had formed. 

TLC of a sample of the solution showed the presence of mostly BF2[H(CHPTCx)] with a 

small green spot that could be B2OF2(CHPTCx) so the reaction was continued overnight. 
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Upon cooling the reaction mixture, a large amount of orange solid precipitated out with only 

small amounts of the expected green product remaining in solution. The reaction mixture was 

filtered and the resulting solid was washed with a mixture of methanol and cold 

dichloromethane to remove trace calixphyrin by-products and protonated amine salts. This 

yielded an orange/pink solid that was identified by HRMS to have the formula 

B2OF2(CHPTCx). The compound could be isolated in up to 80% yield. NMR analysis 

assigned the compound as a lower symmetry isomer where the boron was coordinated to the 

dipyrromethane site in a transoid geometry, B2OF2(CHPTCx), rather than in the dipyrrin site 

with cisoid geometry. The compound observed by TLC as the green spot described above 

was able to be isolated via column chromatography (SiO2, CH2Cl2) from the reaction filtrate, 

albeit in less than 2% yield. NMR and HRMS assigned this compound as the other isomer, 

cisoid B2OF2(CHPTCx) with the B2OF2 coordinated in the dipyrrin sites, analogous to 

B2OF2(DMPTCx).  

 

 

Scheme 4.2: Reaction scheme of H2(CHPTCx) with BF3
.
Et2O to give B2OF2(CHPTCx) and 

B2OF2(CHPTCx). 

 

The corresponding reaction with H2(DMPFPCx) and H2(CHPFPCx) also yielded the 

dipyrromethane bonding B2OF2(Calix) isomer although traces of B2OF2(Calix) were 

observed during TLC but were unable to be isolated. Unlike the p-tolyl calixphyrins, 

B2OF2(DMPFPCx) could be isolated via silica gel column chromatography as red bands 

using CH2Cl2 as the eluent due to the greater solubility of the compound, attributed to the 

electronegative PFP groups. The yields are lower than the corresponding p-tolyl calixphyrins 

with 36% for B2OF2(DMPFPCx) and 5% for B2OF2(CHPFPCx). While the low yield for 

B2OF2(CHPFPCx) could be attributed to its low reactivity, in the case of B2OF2(DMPFPCx) 

there was a large amount of unknown by-products formed. Attempts to increase the yield 

further by using stronger bases such as LiN(Si(CH3)3)2 or n-BuLi and higher reaction 

temperatures failed. 
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The isolation of two isomers of B2OF2(Calix) was intriguing since this had never been 

observed in the corresponding porphyrin and corrole chemistry. Although stereoisomerism is 

possible via the boron bonding in cisoid or transoid geometry, or in the case of corroles 

regioisomerism due to the different possible boron bonding sites, only one isomer is ever 

isolated in each case.
3,4

 What is especially interesting is that the calixphyrin ligands did not 

behave uniformly. While B2OF2(Calix) was the preferred isomer in the DMPTCx complex, 

the other calixphyrins preferred B2OF2(Calix). The ligands used for these experiments were 

chosen due to their differing steric and electronic properties so these could be potential 

factors in determining which isomer is formed. 

 

4.2.2: DFT Optimised Structures 

 

Figure 4.1: Ligands used for DFT optimised structure calculations. 

 

Before embarking on a possible mechanism, DFT calculations were undertaken to gain 

insight on the lowest relative energies of each isomer. There are four possible isomers for 

B2OF2(Calix) depending on the bonding site as well as the geometry of the B2OF2 moiety: 

cisoid/dipyrromethane (cis/dpm), cisoid/dipyrrin (cis/dpy), transoid/dipyrromethane 

(trans/dpm) and transoid/dipyrrin (trans/dpy). Because of the possible effect from the meso 

substituents, the isomers of three different ligands were tested. The three ligands chosen, 

dimethyl/phenyl calixphyrin (DMPCx), cyclohexyl/phenyl calixphyrin (CHPCx) and 

dimethyl/PFP calixphyrin (DMPFPCx) were based on those used experimentally (Figure 4.1). 

The input structures were generated using Avogadro
11

 and the calculations done using 

Gaussian 09.
12

 The B3LYP functional with the 6-31G (d, p) basis set was utilised. Frequency 
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calculations were done to check that the optimised structures were at a minimum. The 

optimised structures are shown below (Figure 4.2). 

 

Cisoid/Dipyrrin

 

Transoid/Dipyrrin 

 

  
 

Cisoid/Dipyrromethane 

 

Transoid/Dipyrromethane 

 

 
Figure 4.2: DFT optimised structures of the four isomers of B2OF2(Calix) using results for DMP as 

representative. Hydrogens omitted for clarity. 

 

Table 4.1: Relative Energies of the Optimised Structures of B2OF2 (Calix). 

Ligand Isomer Bonding Site Relative Energy (kcal mol
-1

) 

DMPCx Cisoid Dipyrrin 0.00 

DMPCx Transoid Dipyrrin 3.72 

DMPCx Transoid Dipyrromethane 11.12 

DMPCx Cisoid Dipyrromethane 21.88 

Experimental Isomer: Cisoid/Dipyrrin 

DMPFPCx Cisoid Dipyrrin 0.00 

DMPFPCx Transoid Dipyrrin 3.83 

DMPFPCx Transoid Dipyrromethane 9.91 

DMPFPCx Cisoid Dipyrromethane 19.87 

Experimental Isomer: Transoid/Dipyrromethane 

CHPCx Cisoid Dipyrrin 0.00 

CHPCx Transoid Dipyrrin 4.05 

CHPCx Transoid Dipyrromethane 14.84 

CHPCx Cisoid Dipyrromethane 27.57 

Experimental Isomer: Transoid/Dipyrromethane 
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DFT showed that the cis/dpy isomer was the lowest energy isomer, followed by trans/dpy, 

trans/dpm and cis/dpm (Table 4.1). This isomer was isolated in high yield only for DMPTCx, 

low yield for CHPTCx and a trace for the PFP calixphyrins which all preferred the trans/dpm 

structure The driving force behind the stability of B2OF2(Calix) is minimising distortions in 

the ligand. Selected bond angles and distances for the four isomers using the results from the 

DMPCx ligand are given (Table 4.2, Scheme 4.3) and are compared to the crystal structure of 

the di-methyl, mesityl free-base calixphyrin obtained by Sessler.
13

 

 

Table 4.2: Selected Bond Angles and N
…

N Distances in B2OF2(DMPCx). 

  Cis/Dpy Trans/Dpy Cis/Dpm Trans/Dpm Free-Base
13

 

C-C5-C 108.52 115.46 112.35 110.47 107.76 

C-C10-C 120.75 121.07 133.04 135.36 125.46 

C-C15-C 108.98 115.77 112.35 110.50 112.45 

C-C20-C 120.75 120.87 133.04 135.36 125.71 

N1
…

N2 2.531 2.524 3.440 3.614 2.741 

N2
…

N3 3.266 3.528 2.499 2.527 2.955 

N3
…

N4 2.531 2.532 3.440 3.614 2.734 

N4
…

N1 3.328 3.571 2.499 2.493 2.996 

 

 

Scheme 4.3: Labelling scheme for DFT optimise structures of B2OF2(Calix). 

 

The cis/dpy isomer is the lowest energy isomer since it has the smallest deviations from the 

free-base calixphyrin bond angles and N
…

N distances as well as the ligand itself retaining the 

original “roof” shape (Figure 4.2). The remaining three isomers all show significant 

tetragonal elongation especially in the N
…

N distances in the dipyrromethane isomers which 

are 0.7 – 0.9 Å longer than in the free-base calixphyrin. 
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The DFT results were not consistent with the experimental results since they only correctly 

predicted the observed product for one of the three ligands tested. This would imply that the 

reaction pathways leading to B2OF2(Calix) formation are not about accessing the lowest 

energy isomer. It is important to note that all three ligands had the same ordering of isomer 

energy levels. It is possible to conclude that steric hindrance from the meso substituents had 

little effect on the final observed isomers although possible electronic differences between p-

tolyl and PFP calixphyrins were not investigated. 

 

4.2.3: Reaction Mechanism 

 

Previous work on boron porphyrins and corroles established that B2OF2(Por) and 

[B2OF2(Cor)]
-
 are most likely formed by the hydrolysis of the highly air and moisture-

sensitive intermediate species (BF2)2(Por) and [(BF2)2(Cor)]
-
, respectively (Scheme 4.4).

7,10
 

The reaction mechanism for B2OF2(Calix) is also believed to proceed through (BF2)2(Calix) 

although this mechanism is complicated by the isolation of two different isomers which have 

both different bonding sites and B2OF2 geometries. 

 

Scheme 4.4: Reaction pathway for the synthesis of B2OF2(Por). 

 

TLC analysis of the reaction as it proceeded indicates that the mono-BF2 calixphyrins are 

formed first and B2OF2(Calix) appears later. This observation was independent of the ligand 

used. Due to this, B2OF2(Calix) is likely to be formed via the stepwise addition of BF2 rather 

than the coordination of two BF2 groups simultaneously. Since there are two mono-BF2 

calixphyrin isomers, it was initially assumed that a second boron coordinating to 

BF2[H(Calix)] would form B2OF2(Calix) whereas coordination to the other isomer, 

BF2[H(Calix)] would form B2OF2(Calix); however several problems can be identified with 

this hypothesis. Firstly, when considering the ratio of mono-BF2 calixphyrins isomers 

formed, the major product is overwhelmingly BF2[H(Calix)], so B2OF2(Calix) should always 

be the major product. To produce B2OF2(Calix) in the observed yields, an isomerisation from 

BF2[H(Calix)] into BF2[H(Calix)] prior to the coordination of the second BF2 group would 
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have to occur. However, BF2[H(Calix)] has been shown to rapidly convert into BF2[H(Calix)] 

at higher temperatures so this is not possible. 

 

Model reactions were performed by reacting BF2[H(Calix)] with BF3
.
Et2O in the presence of 

N(
i
Pr)2Et in refluxing toluene, analogous conditions to the original syntheses. It was 

presumed that B2OF2(Calix) should be the product formed since the second BF2 would be 

coordinating to the vacant dipyrrin site. Surprisingly, TLC of the reactions using p-tolyl 

calixphyrins (BF2[H(DMPTCx)] and BF2[H(CHPTCx)]) showed a mixture of both 

B2OF2(Calix) and B2OF2(Calix) in solution after refluxing for four hours. The two species 

could be identified by their different Rf and colour (green for B2OF2(Calix), orange for 

B2OF2(Calix)). Indeed, both isomers were isolated from the reaction mixture. When longer 

reaction times are employed, B2OF2(Calix) becomes the major product. When 

BF2[H(DMPFPCx)] was used, only B2OF2(Calix) was isolated. This confirmed that an 

isomerism from the dipyrrin bonding site to dipyrromethane bonding site is possible. The 

isomerism had to occur while the di-boron compound was still (BF2)2(Calix) since the 

formation of the B-O-B bridge via hydrolysis in B2OF2(Calix) would lock the compound into 

the final observed geometry. Therefore, it was assumed that hydrolysis of the cis/dpy isomer 

of (BF2)2(Calix) would result in B2OF2(Calix) whereas the hydrolysis of the trans/dpm 

isomer of (BF2)2(Calix) would result in B2OF2(Calix) (Scheme 4.5). Attempts were made at 

isolating (BF2)2(Calix) using lithiated calixphyrins to see what structures were adopted but 

this proved unsuccessful. 

 

 

Scheme 4.5: Possible reaction pathway for synthesis of both isomers of B2OF2(Calix) from BF2[H(Calix)]. 
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Without experimental observations, it became important to understand how the isomers of 

(BF2)2(Calix) are formed from BF2[H(Calix)]. The reaction of a second BF3 with 

BF2[H(Calix) would coordinate to the vacant dipyrrin site first and therefore give the bis-

dipyrrin isomer. A second BF3 can theoretically approach BF2[H(Calix)] either from above to 

give the cis/dpy (BF2)2(Calix) isomer, or from below to give the trans/dpy (BF2)2(Calix) 

isomer. To access the trans/dpm isomer needed to form B2OF2(Calix), an isomerism of the 

dipyrrin bonding (BF2)2(Calix) isomers into dipyrromethane bonding isomers needs to occur 

first. The trans/dpy (BF2)2(Calix) could isomerise into the trans/dpm isomer by simply 

changing bonding sites. The isomerism observed for the mono-BF2 calixphyrins showed that 

such a transformation is possible along with DFT calculations confirming it was energetically 

favourable. It is more difficult for cis/dpy (BF2)2(Calix) to isomerise into the trans/dpm 

isomer since this needs two changes of geometry; namely the arrangement of boron and the 

bonding site. There are two possible pathways for this process. Firstly, cis/dpy isomerises 

into trans/dpy which then isomerises into trans/dpm although this process requires the 

hypothetical threading of a BF2 group through the N4 core of the ligand. Alternatively, 

cis/dpy could isomerise into the cis/dpm isomer then change boron geometry. Either way, this 

isomerisation would be slower and require more energy than the isomerisation of the 

trans/dpy isomer into trans/dpm isomer. This could explain why it was still possible to 

isolate small amounts of B2OF2(CHPTCx) from the reaction mixture. All of the above 

presumes that the isomerisations are energetically favourable and that the trans/dpm isomer 

of (BF2)2(Calix) is the lowest energy isomer in each case. 

 

DFT calculations were undertaken to obtain the relative energies of each isomer of 

(BF2)2(Calix) to see whether any isomerism would be energetically favourable. The four 

isomers described above were tested and the same three ligands used for the calculations on 

B2OF2(Calix) were used. The input structures were generated using Avogadro and the 

calculations done using Gaussian 09. The B3LYP functional with 6-31G (d, p) basis set was 

again utilised. The relative energies of the four isomers of (BF2)2(Calix) (Figure 4.3) and the 

three ligands tested are summarised below (Table 4.3).  
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Cisoid/ Dipyrrin 

 

Transoid/Dipyrrin 

 

  

 

Cisoid/Dipyrromethane 

 

Transoid/Dipyrromethane 

 

 

Figure 4.3: DFT optimised structures of isomers of (BF2)2(Calix) using DMP as representative. Hydrogen 

atoms omitted for clarity. 

 

Table 4.3: Relative Energies of the Isomers of (BF2)2(Calix) 

Ligand Isomer Bonding Site Relative Energy (kcal mol
-1

) 

DMPCx Transoid Dipyrromethane 0.00 

DMPCx Transoid Dipyrrin 7.73 

DMPCx Cisoid Dipyrrin 11.91 

DMPCx Cisoid Dipyrromethane 56.22 

DMPFPCx Transoid Dipyrromethane 0.00 

DMPFPCx Transoid Dipyrrin 7.65 

DMPFPCx Cisoid Dipyrrin 12.41 

DMPFPCx Cisoid Dipyrromethane 54.09 

CHPCx Transoid Dipyrromethane 0.00 

CHPCx Cisoid Dipyrrin 4.74 

CHPCx Transoid Dipyrrin 5.57 

CHPCx Cisoid Dipyrromethane 55.52 

 

Regardless of ligand, the trans/dpm isomer is the lowest energy isomer of (BF2)2(Calix). The 

next most favourable isomer was the trans/dpy isomer followed by the cis/dpy isomer for the 

dimethyl calixphyrins (DMP, DMPFP). There is a difference of 4-5 kcal mol
-1

 between the 

two isomers. For the cyclohexyl calixphyrin (CHP) the difference in energy of was only 0.83 

kcal mol
-1

 so these isomers are practically energetically equivalent. Lastly, the cis/dpm 
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isomer was the highest energy isomer so the possible reaction pathway where cis/dpy 

isomerising to trans/dpm via cis/dpm could be eliminated. These calculations confirm that 

the presumed isomerism into trans/dpm is energetically favourable. This is consistent with 

the experimental results and since the reaction is done in refluxing toluene, this should 

provide enough energy to drive this isomerism.  

 

The last variable to consider is why DMPTCx favoured B2OF2(Calix) over B2OF2(Calix) 

even at high temperatures. This is especially unusual when a similar ligand, DMPFPCx, 

produced B2OF2(Calix) exclusively. A possible theory was that this was caused by a 

difference in steric hindrance between the ortho protons on DMPTCx compared to the 

fluorine atoms on DMPFPCx. However, DFT calculations of both (BF2)2(Calix) and 

B2OF2(Calix) showed that their energy differences between their respective isomers for 

DMPCx and DMPFPCx are almost identical (Table 4.1 and Table 4.3) hence this is not a 

factor in isomer formation. A second theory is that since B2OF2(DMPTCx) is so insoluble in 

toluene even at reflux temperature the compound precipitates out of reaction and reacts with 

adventitious water before it can isomerise into the trans/dpm isomer. To test this, the 

reactions were repeated by increasing the volume of toluene from the usual 20 ml to 200 ml 

to reduce precipitation of the product. Although a significant amount of the green precipitate 

of B2OF2(DMPTCx) still formed, it was now possible to isolate from the solvent mixture 

B2OF2(DMPTCx) thus the poor solubility of B2OF2(DMPTCx) is definitely a factor. This 

could explain why the reaction with DMPFPCx yields little B2OF2(DMPFPCx) since the PFP 

groups presumably make the di-boron calixphyrin compounds significantly more soluble in 

toluene hence it can stay in solution and isomerise. 

 

Based on the DFT calculations and reaction observations, the following generalised 

mechanism can be proposed (Scheme 4.6). Calixphyrin reacts with one BF3 to form 

BF2[H(Calix)]. A second BF3 reacts with BF2[H(Calix)] to give both the cisoid and transoid 

isomers of the dipyrrin bonded (BF2)2(Calix). The cisoid isomer can be hydrolysed at this 

stage of the reaction which results in the formation of B2OF2(Calix). Otherwise, it isomerises 

into the transoid isomer which is driven by the high reaction temperatures. The 

transoid/dipyrrin bonded (BF2)2(Calix) isomerises into the trans/dpm isomer of 

(BF2)2(Calix). Hydrolysis of this isomer gives B2OF2(Calix). 



142 
 

 

 

Scheme 4.6: Proposed mechanism for synthesis of two isomers of B2OF2(Calix). 
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4.2.4: Characterisation of B2OF2(Calix) 

 

1
H NMR Spectra 

 

The 
1
H NMR spectra of two analogues of B2OF2(Calix) were obtained for DMPTCx and 

CHPTCx. No analogues of the PFP calixphyrins were isolated. The 
1
H NMR spectra of 

B2OF2(Calix) were obtained for all four ligands studied. 

 

 

Scheme 4.7: Labelling scheme for 
1
H NMR spectrum of B2OF2(Calix). 

 

B2OF2(Calix) has very high symmetry. The eight β-pyrrolic protons appear as two doublets 

integrating to four protons each (A/B, Figure 4.4). This pattern is identical to the 
1
H NMR 

spectrum of the free-base calixphyrin indicating that the free-base calixphyrin and 

B2OF2(Calix) likely have the same symmetry. The coupling constant of the doublets is 4.5 Hz 

whereas in the free-base calixphyrin the coupling constant is 4.0 Hz. The coupling constant of 

4.5 Hz is the same as observed for the β-pyrroles that coordinated to boron in the mono-BF2 

calixphyrins. The high symmetry is also observed for the substituents on the meso-carbons. 

The p-tolyl groups are both equivalent with only one doublet each observed for the ortho (C) 

and meta (D) protons respectively, and only one singlet for the para CH3-tolyl (E). In 

B2OF2(DMPTCx), the meso-CH3 signal splits into two peaks integrating to six protons each 

which can be assigned as the axial and equatorial meso-CH3 (Figure 4.5). The axial meso-CH3 

is downfield to 2.84 ppm due to its proximity to the electronegative B2OF2 moiety. In 

B2OF2(CHPTCx), the cyclohexyl rings appear as four multiplets, each representing two CH2 
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groups, from 1.4 to 2.3 ppm however the integrals added up to 16 protons so four protons 

were missing. A fifth very broad signal at 3.65 ppm integrating to four protons was also 

observed and tentatively assigned as belonging to the cyclohexyl ring using 2D NMR. The 

downfield chemical shift and broadening of the signal is likely due to interaction with the 

B2OF2 moiety in the centre. As expected, no internal N-H peak is observed. 

 

 

Scheme 4.8: Labelling scheme for 
1
H NMR spectrum of B2OF2(Calix). 

 

In contrast to B2OF2(Calix), B2OF2(Calix) has only one plane of symmetry (Figure 4.4). The 

β-pyrrole protons split into four doublets integrating to two protons each (A-D). The doublets 

all have a coupling constant of 4.5 Hz, which is the same as observed for B2OF2(Calix). 

Similar to the mono-boron calixphyrins, the doublets form AB pairs so each AB pair 

represented different halves of the ligand. Since the coupling constants for both AB pairs are 

the same, it is not possible to exactly assign which half of the ligand they belonged to. When 

comparing the β-pyrrole chemical shifts using the different ligands, there appears to be no 

trend depending on the meso substituents. For example, in B2OF2(DMPTCx), there is an AB 

quartet signal however this is not present in the other analogues. In the p-tolyl calixphyrins, 

the ortho and meta protons both split into two doublet of doublets integrating to two protons 

each although in the case of the meta protons, they overlap so appear as a broadened triplet 

instead. The CH3-tolyl appears as a singlet integrating to six protons so the tolyl groups are 

equivalent (I). The splitting of the ortho/meta peaks is consistent with each doublet 

representing two equivalent protons on different tolyls (E-H). This indicates that there is 

restricted rotation of the p-tolyl rings. In B2OF2(CHPTCx) and B2OF2(CHPFPCx) the 
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cyclohexyl protons appear as broad multiplets with chemical shift between 1.50 to 2.50 ppm. 

The chemical shift are similar to those observed in the free-base ligand which indicates no 

electronic effects from the electronegative B2OF2 moiety. The di-methyl calixphyrins 

(DMPTCx and DMPFPCx) have four singlets for the meso-CH3 protons so each methyl is 

inequivalent. Furthermore, they are shifted upfield to 1.5 – 1.85 ppm indicating they are 

pointing away from the N4 core of the ligand (Figure 4.5). These methyl signals are similar in 

pattern and chemical shift to BF2[H(Calix)]. Considering also the equivalency of the p-tolyl 

groups, this was an indication that the boron was occupying the dipyrromethane site. As 

expected, no internal N-H proton was observed. 

 

 

Figure 4.4: Comparison of the aromatic region of B2OF2(DMPTCx) (red) and B2OF2(DMPTCx) (blue) in 

CDCl3.  

 

 

 

Figure 4.5: Comparison between signals from CH3 peaks in B2OF2(DMPTCx) (red) and B2OF2(DMPTCx) 

(blue) in CDCl3. 
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2D COSY and NOESY NMR Spectra 

 

The 2D NMR spectra of B2OF2(Calix) was easy to assign due to the high symmetry of the 

compound. NOESY was used to assign the β-pyrrole protons since one β-pyrrole doublet 

would only correlate with the sp
3
-meso substituent whereas the other β-pyrrole doublet 

correlated with the ortho-tolyl protons. From this, the meta-tolyl protons could be assigned 

since these correlated both with the ortho-tolyl protons and the tolyl-CH3. In 

B2OF2(CHPTCx), the broad signal at 3.65 ppm did correlate very weakly with a CH2 

multiplet in the COSY spectrum and with the ortho protons on the p-tolyl .  

 

 

Figure 4.6: Observable correlations in the 2D NMR spectra of B2OF2(Calix). Red lines indicate 3-bond 

correlation (COSY), blue lines represent NOEs. 

 

The lower symmetry of B2OF2(Calix) made 2D NMR valuable in fully assigning the 
1
H 

NMR spectrum (Figure 4.6). As for the mono-boron calixphyrins, COSY established that 

each AB pairing of β-pyrrole protons belonged to different halves of the ligand. The splitting 

of the ortho/meta protons in the p-tolyl compounds initially seemed to contrast with the two 

tolyls being equivalent as the single tolyl-CH3 peak had suggested. The two doublet of 

doublets that resonated above 7.3 ppm were assigned as the ortho protons since they 

correlated with the β-pyrrole protons in the NOESY spectrum. Furthermore, each doublet 

correlated with both β-pyrrole AB pairs at the same time, confirming the assignments made 

in the 
1
H NMR spectrum. Correlations between the ortho protons and tolyl-CH3 confirmed 

the assignment of the meta-tolyl protons. 
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11
B NMR Spectra 

 

The 
11

B NMR of B2OF2(Calix) shows only a single broad peak that confirms the presence of 

boron (Figure 4.7). Unlike the mono-BF2 calixphyrins, there is no observable B-F coupling. 

The broad peak indicates that the boron is coordinated to the N4 core and not as an adduct or 

salt since this gives sharper peaks in the NMR spectrum.
14

  

 

The 
11

B NMR of B2OF2(Calix) shows a broadened signal (Figure 4.7). The asymmetrical 

appearance of the peak indicates that it is likely to be two signals overlapping each other but 

with very similar chemical shift. Again, there is no observable B-F coupling in this 

compound. All of the signals regardless of the isomer or ligand have a similar chemical shift 

of between -2.0 to 3.0 ppm indicate that in both isomers the boron atoms exist in similar 

chemical environments. 

 

 

Figure 4.7: 
11

B NMR of B2OF2(DMPTCx) (red) and B2OF2(DMPTCx) (blue) in CDCl3. 

 

The different 
11

B spectra for the two isomers provided some insight into the respective 

geometries of the B2OF2 moieties. Since there was only one broad singlet in B2OF2(Calix), 

the B2OF2 is coordinated in the cisoid geometry. This geometry is consistent with the high 

symmetry 
1
H NMR spectra since transoid geometry would have broken one of the planes of 

symmetry. In B2OF2(Calix), the broadened signal along with the lower symmetry species 

observed via 
1
H NMR is consistent with B2OF2 bonding in the transoid geometry. 
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19
F NMR Spectra 

 

The 
19

F NMR was used to assign the geometry B2OF2 moiety as well as information on the 

PFP rings. In B2OF2(Calix), only one broad singlet was observed with a chemical shift of 

between -130 to -125 ppm (Figure 4.8). The appearance of only one peak confirms that the 

B2OF2 moiety exists in cisoid geometry and the chemical shift belongs to a B-F occupying an 

out-of-plane position.  

 

 

Figure 4.8: 
19

F NMR of B2OF2(DMPTCx) (red) and B2OF2(DMPTCx) (blue) in CDCl3. 

 

In B2OF2(Calix), two peaks are observed from the B2OF2 moiety with one peak typically at -

135 ppm and the second at -158 to -156 ppm (Figure 4.8). The wide chemical shift 

differences between the two peaks indicate that the fluorine atoms exist in different 

environments. The peak at -135 ppm most likely belongs to a fluorine bonded to an out-of-

plane boron atom since this chemical shift is most similar to that of B2OF2(Calix) which has 

two out-of-plane B-F groups. Therefore the peak at -156 ppm belongs to a fluorine atom 

bonded to an in-plane B-F. This is consistent with transoid geometry. The difference in 

chemical shift is small when comparing compounds synthesised from different ligands so 

there is little effect from the meso substituents.   

 

In B2OF2(Calix), there are five peaks from the PFP groups, two peaks from the ortho and 

meta fluorine atoms and one from the para fluorine atoms. The presence of only one para 

peak suggests that the two PFP groups are equivalent with respect to symmetry which is 

consistent with dipyrromethane coordinated boron. However, because the ortho/meta signals 

split into two, each ortho/meta fluorine on each PFP ring is unique and there is restricted 

rotation of the PFP ring. This coupling pattern is similar to what was observed in the 
1
H 

NMR spectra of the p-tolyl groups in B2OF2(DMPTCx) and B2OF2(CHPTCx). 
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UV-vis Spectra

 

Figure 4.9: Normalised UV-vis Spectra of B2OF2(Calix) in CH2Cl2. 

 

The coordination site and geometry of the B2OF2 moiety has a profound effect on the UV-vis 

spectra. In the cisoid/dipyrrin bonding B2OF2(Calix), the maximum absorbance occurs at 

~475 nm with a pronounced shoulder at 450 nm (Figure 4.9). It is red shifted compared to the 

free-base calixphyrin. There is also a second absorbance peak at ~350 nm. This peak was also 

observed for p-tolyl derivatives of BF2[H(Calix)] but not in the PFP derivatives of 

BF2[H(Calix)] so it is believed to be due to energy transfer to or from the p-tolyl substituents 

during excitation although this is uncertain since no PFP derivatives of B2OF2(Calix) were 

able to be synthesised for direct comparison.  

 

In the transoid/dipyrromethane bonding B2OF2(Calix), the maximum absorbance is blue-

shifted to 430-450 nm compared to B2OF2(Calix) and appears as a smooth broad signal 

(Figure 4.9). Absorbances below 400 nm appear to be suppressed especially in the p-tolyl 

derivatives where the magnitude of the absorbance at ~350 nm is much weaker compared to 

B2OF2 (Calix). A possible reason for this is that the B2OF2 moiety is not on the same axis as 

the sp
2
-meso aromatic substituents so there is less energy transfer between each other 

compared to the other isomer where the B2OF2 moiety is on the same axis. 
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X-ray Crystal Structure: B2OF2(Calix) 

 

Crystals of B2OF2(DMPTCx) were successfully grown from slow evaporation of CH2Cl2:n-

hexane solutions containing the compound (Figure 4.10) allowing the molecular structure to 

be determined. The R factor is 5.6%. 

 

Figure 4.10: Molecular structure of B2OF2(DMPTCx) with thermal ellipsoids calculated at the 50% 

probability level. Minor disorder components omitted for clarity. Hydrogen atoms set as fixed sized 

spheres (radii = 0.15 Å). 
 

The crystal structure of B2OF2(DMPTCx) confirmed the dipyrrin bonding sites and the cisoid 

B2OF2 geometry, which is consistent with NMR analysis. The ligand has retained its original 

“roof” shape which is unusual compared to other B2OF2 porphyrinoid complexes which have 

significant ligand distortions accompanying the boron coordination.
3,4

 Both boron atoms are 

sitting out-of-plane of the N4 core by 0.89 Å and are on the “roof” of the ligand. The cisoid 

geometry often results in doming of the ligand to fit the boron as was observed in [B2OF2 

(Cor)]
-
 but since the ligand has this shape already, no further doming is required.  The bond 

angles and N
…

N distances are given below (Table 4.4): 

 

Table 4.4: Selected Bond Angles and Distances (Å) in 

B2OF2(DMPTCx). 

 
B2OF2(DMPTCx) Free-Base

13
 

C-C5-C 120.96 125.46 

C-C10-C 110.13 112.45 

C-C15-C 120.96 125.71 

C-C20-C 106.31 107.76 

N1
…

N2 2.511 2.741 

N2
…

N3 3.323 2.955 

N3
…

N4 2.511 2.734 

N4
…

N1 3.242 2.996 
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The bond angles at the meso carbons are very close to their idealised respective sp-hybridised 

angles and there is no more than a 4° difference between those of B2OF2 (DMPTCx) and the 

free-base calixphyrin. The N
…

N distances do show some tetragonal elongation by 

approximately 0.3 Å compared to the free-base ligand along the N
…

N axis that is parallel to 

the B
…

B axis (N2
…

N3, N4
…

N1). The bond angles and distances of the B2OF2 moiety are given 

below and are compared to B2OF2(Por)
3
 and [B2OF2(Cor)]

-
.
4
 

 

Table 4.5: Selected Bond Angles and Distances in the B2OF2 moiety compared with 

B2OF2 (Por) and [B2OF2 (Cor)]
-
. 

 
B2OF2(Calix) B2OF2(Por) [B2OF2(Cor)]

-
 

B-O-B 138.6 115.8 126.1 

N-B-N (ave) 105.17 104.9 101.9 

F-B-O (ave) 110.41 108 107.9 

B-F (ave) 1.401 1.415 1.433 

B-O (ave) 1.381 1.395 1.398 

B-N (ave) 1.581 1.57 1.552 

 

The bond angles are similar with the notable exception of the B-O-B bond angle which is 

138.60°, the widest for any boron porphyrinoid synthesised so far. This central oxygen is 

possibly stabilised by weak hydrogen bonding with the axial sp
3
-CH3 groups which are 2.15 

Å away. This could also explain the dramatic downfield chemical shift for these protons in 

the 
1
H NMR spectrum. The F-B-O and N-B-N angles are close to the preferred tetrahedral 

bond angle of 109°. The bond lengths in the B2OF2 moiety are similar to other B2OF2 

porphyrinoids. 

 

X-ray Crystal Structure: B2OF2(Calix) 

 

Figure 4.11: Molecular structure of B2OF2(DMPFPCx) with thermal ellipsoids calculated at the 50% 

probability level. PFP rings omitted for clarity. Hydrogen atoms set as fixed sized spheres (radii = 0.15 

Å). 



152 
 

An X-ray crystal structure of B2OF2(DMPFPCx) with an R factor of 7.7% was also obtained; 

however, not enough unique reflections were collected hence the bond distances and angles 

are unreliable (Figure 4.11). Also, the B2OF2 moiety was found to be disordered over two 

sites in an almost exactly 50% ratio. The disordered components had to be refined with 

isotropic thermal parameters. The crystal was grown by the slow evaporation of a 

CH2Cl2:MeOH solution containing the compound. 

 

The crystal structure showed the boron was coordinated via the dipyrromethane site with 

transoid geometry, consistent with the NMR data. Unlike B2OF2(Calix) where the boron was 

a comfortable fit and the roof shape retained, the ligand has flattened out to accommodate the 

boron which results in a more ruffled shape which is similar to the structure adopted by 

B2OF2(Por). One boron atom is sitting in-plane of the ligand whereas the second boron is out-

of-plane which is typical of transoid geometry. 

 

4.3: Di-Boron Calixphyrins from PhBCl2 

 

4.3.1: Introduction 

 

Following on from the successful synthesis of two isomers of B2OF2(Calix), the 

corresponding chemistry was extended to PhBCl2 as the boron reagent. The reaction of 

porphyrins with PhBCl2 led to a product containing a PhBOBOH moiety coordinated to the 

N4 core. The OH group is believed to be acquired from hydrolysis of the presumed 

intermediate (PhBCl)2(Por) which leads to a loss of one of the phenyl rings as benzene.
5
 It is 

believed that the steric demands caused by two phenyl groups within the N4 core drives this 

hydrolysis. Although the reaction mechanism has not been confirmed experimentally, DFT 

calculations indicate that the process is energetically and thermodynamically favourable. The 

reaction of corroles to PhBCl2 led to a di-boron product with a PhBHBPh moiety coordinated 

to the N4 core.
6
 

 

Of interest is to see whether the reactions with PhBCl2 lead to the isomerism in the products 

that was observed for reactions with BF3
.
Et2O. PhBCl2 has a bulky phenyl ring attached to 

boron which could be expected to influence the final geometry and/or bonding site of any 

products which could prevent the isomerism observed for B2OF2(Calix). 
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4.3.2: Observations 

 

The reaction of PhBCl2 with calixphyrin with N(
i
Pr)2Et led to the reduced mono-boron 

calixphyrins PhBH[H2(Calix)] whereas the reaction with 2,6-lutidine resulted in a PhBCl 

coordinated calixphyrin. Since these reactions were at room temperature, no di-boron product 

was isolated. As with the reaction with BF3
.
Et2O, it was rationalised that by increasing the 

reaction temperature, it would be possible to isolate di-boron calixphyrins from PhBCl2. Due 

to the reduction of calixphyrin when using N(
i
Pr)2Et, 2,6-lutidine was used as the base 

instead. All four calixphyrins were reacted with 10 eq. of PhBCl2 and 10 eq. of 2,6-lutidine in 

refluxing toluene for 18 hours. For DMPTCx and CHPTCx, two di-boron calixphyrin 

products were identified by HRMS as having the chemical formulae of PhBOBOH(Calix) 

and PhBOBPh(Calix) (Scheme 4.9). The two compounds could be separated via column 

chromatography. The minor product eluted as a green band and was identified by NMR and 

HRMS as a dipyrrin bonding PhBOBPh(Calix). The major product eluted as a red band and 

was confirmed to be a dipyrromethane bonding PhBOBOH(Calix). For DMPFPCx, the 

reaction was low yielding and only PhBOBOH(DMPFPCx) was observed. The reaction did 

not work at all for CHPFPCx presumably due to its bulk. The yields are much lower 

compared to B2OF2(Calix) due to the large amounts of unknown by-products formed.  

 

 

Scheme 4.9: Reaction scheme of H2Calix with PhBCl2 and 2,6-lutidine to give PhBOBPh(Calix) and 

PhBOBOH(Calix). 

 

4.3.3: Reaction Mechanism  

 

The synthesis of two di-boron calixphyrin products using PhBCl2 mirrors the reaction with 

BF3
.
Et2O where two isomers of B2OF2(Calix) are isolated. As described earlier in section 

4.2.3, the reaction mechanism is believed to be coordination of two boron atoms stepwise via 
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the mono-boron intermediates. The reaction mechanism for PhBCl2 is believed to be similar 

(Scheme 4.10).  

 

Scheme 4.10: Proposed mechanism for synthesis of two di-boron products using PhBCl2. 

 

Isomer of Major Product 

 

TLC analysis of the reaction mixture confirmed that PhBCl[H(Calix)] is formed first then the 

di-boron products later. Unlike the major isomer of BF2[H(Calix)] where boron is bonded to 

the dipyrrin site, the major isomer of PhBCl[H(Calix)] has boron coordinated to the 

dipyrromethane site. In this case, the coordination of a second boron atom to the 

dipyrromethane bonding PhBCl[H(Calix)] would be expected to produce a dipyrromethane 

bonding di-boron product as the major product without the need for isomerism from a 

dipyrrin bonding isomer as was inferred for B2OF2(Calix). To check that a dipyrromethane 

bonding isomer would be the most energetically favourable, the DFT optimised structures of 

the presumed intermediate (PhBCl)2(Calix) were calculated. As with (BF2)2(Calix), there are 

four possible isomers: cis/dpy, trans/dpy, cis/dpm and trans/dpm (Figure 4.12). Two ligands 

were investigated: the dimethyl/phenyl calixphyrin (DMPCx) and cyclohexyl/phenyl 

calixphyrin (CHPCx). The B3LYP functional and 6-31G (d, p) basis set were again utilised. 

Frequency calculations were run on the optimised structures to check they were at a 

minimum. To simplify calculations, the rotation of the phenyl rings was not considered. 
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Cisoid/ Dipyrrin  
 

 

Transoid/Dipyrrin 

  

 
Cisoid/Dipyrromethane 

 

 

Transoid/Dipyrromethane 

 

 
Figure 4.12: Optimised structures of (PhBCl)2(Calix) using DMP as representative. Hydrogen atoms 

omitted for clarity. 

 

Table 4.6: Relative Energies of the Isomers of (PhBCl)2(Calix). 

Ligand Isomer Bonding Site Relative Energy (kcal mol
-1

) 

DMPCx Transoid Dipyrromethane 0.00 

DMPCx Transoid Dipyrrin 6.17 

DMPCx Cisoid Dipyrrin 21.04 

DMPCx Cisoid Dipyrromethane 65.04 

CHPCx Transoid Dipyrromethane 0.00 

CHPCx Transoid Dipyrrin 8.00 

CHPCx Cisoid Dipyrrin 12.34 

CHPCx Cisoid Dipyrromethane 61.92 

 

DFT showed that the trans/dpm isomer of (PhBCl)2(Calix) was the most energetically 

favourable followed by the trans/dpy isomer, cis/dpy isomer and cis/dpm isomer (Table 4.6). 

The ordering of the isomers is the same as in (BF2)2(Calix). The cisoid isomers are 

significantly domed to accomodate the two PhBCl groups compared to the transoid isomers 

which have ruffled distortions instead (Figure 4.12). This supports the observation that a di-

boron dipyrromethane bonding transoid isomer should be the major product. 
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Hydrolysis 

 

The hydrolysis of the presumed intermediate (PhBCl)2(Calix) would be expected to form 

PhBOBPh(Calix). This was observed for the cis/dpy isomer however the trans/dpm isomer 

underwent a second hydrolysis of one of the phenyl rings to give PhBOBOH(Calix) with 

benzene most likely formed as a by-product although it was not observed directly. Assuming 

that PhBOBOH(Calix) adopts a similar structure to B2OF2(Calix), two phenyl rings could 

have been hydrolysed in the trans/dpm structure: the phenyl belonging to the in-plane 

bonding boron or the phenyl belonging to the out-of-plane bonding boron. The X-ray crystal 

structure confirmed that the phenyl bonded to the in-plane boron was hydrolysed. The 

hydrolysis is believed to be driven by steric crowding of the in-plane boron atom since the 

out-of-plane phenyl is retained. This was inferred from the similar hydrolysis observed 

during the synthesis of PhBOBOH(Por) although this mechanism is not well understood.
5
 

This could possibly explain why in PhBOBPh(Calix) both out-of-plane phenyl groups were 

retained since there was lower steric demand. DFT was used to try model the 

thermodynamics of this reaction by assuming the reaction proceeds via the following 

formula: 

PhBOBPh(Calix) + H2O  PhBOBOH(Calix) + C6H6 

However, the DFT results gave negative values for ΔE, ΔH and ΔG indicating the hydrolysis 

is exothermic and spontaneous at 298 K regardless of the starting isomer of 

PhBOBPh(Calix). This is inconsistent with the lack of hydrolysis observed for 

PhBOBPh(Calix). The calculations were done without considering solvent effects or the 

reaction temperature (110°C or 383.15 K) so there is very likely experimental errors. Another 

possibility is that this reaction is not solely driven by thermodynamics but other factors such 

as steric crowding of the in-plane phenyl.
5
 

 

4.3.4: Characterisation of PhBOBPh(Calix) 

 

1
H NMR Spectra 

 

Two analogues of PhBOBPh(Calix) were synthesised using DMPTCx and CHPTCx as the 

ligands.  



157 
 

 

Scheme 4.11: Labelling scheme for
 1
H NMR spectrum of PhBOBPh(Calix). 

 

The 
1
H NMR spectra of PhBOBPh showed that this species had the same symmetry as the 

free base ligand and B2OF2(Calix) (Figure 4.13). Two doublets integrating to four protons are 

observed for the β-pyrrole protons with coupling constant of 4.5 Hz, consistent with a di-

boron compound (A/B, see Scheme 4.11). There are only one set of phenyl-boron signals and 

comparison of their integrals with the signals from the ligand indicate that there are two 

chemically equivalent phenyl groups. There are three signals from the two equivalent p-tolyl 

groups, a doublet for the ortho protons (C), a doublet for the meta protons (D) and a singlet 

for the para-CH3 (E). In PhBOBPh(DMPTCx) only two peaks are observed for the axial and 

equatorial meso-CH3 groups. The axial CH3 signal is shifted to 2.59 ppm due to the proximity 

to the B-containing N4 core although it is not as dramatic as in B2OF2(Calix). In 

PhBOBPh(CHPTCx), the cyclohexyl protons resonate as broad multiplets between 0.8 to 4.3 

ppm. Overall, the 
1
H NMR is very similar to that of B2OF2(Calix), indicating that they have 

the same symmetry and  PhBOBPh(Calix) is assigned dipyrrin bonding boron in cisoid 

geometry.  
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Figure 4.13: 
1
H NMR spectrum of PhBOBPh(DMPTCx) in CDCl3. 

 

11
B NMR Spectra 

 

The 
11

B NMR of PhBOBPh(Calix) has a large broad singlet at 5 ppm. This chemical shift is 

the most downfield of all the boron calixphyrins although this is due to the presence of the 

phenyl rings rather than electronegative fluorine atoms. The peak is much broader than is 

expected from a compound with such high symmetry and is believed to be due to the rotation 

of the phenyl-boron rings. A similar observation was observed in subporphyrins with axial 

boron-carbon bonds.
15

  

 

UV-vis Spectra 

 

 

Figure 4.14: UV-vis spectrum of PhBOBPh(DMPTCx) and PhBOBPh(CHPTCx) in CH2Cl2. 
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The UV-vis spectrum of PhBOBPh(DMPTCx) and PhBOBPh(CHPTCx) were collected 

using CH2Cl2 as the solvent (Figure 4.14). The maximum absorption occurs at ~475 nm with 

an extensive shoulder at 450 nm. The spectrum is very similar to B2OF2(Calix) which has the 

same bonding site and boron geometry. There is a secondary absorbance at ~360 nm which is 

characteristic of the p-tolyl class of calixphyrins.  

 

X-ray Crystal Structure 

 

An X-ray quality crystal of PhBOBPh(DMPTCx) was grown by slow diffusion of n-hexane 

into a CH2Cl2 solution containing the compound. There was disorder of the n-hexane solvent 

molecules around the compound. The R-factor is 7.5%. 

 

Figure 4.15: Molecular structure of PhBOBPh(DMPTCx) with thermal ellipsoids calculated at the 50% 

probability level. Minor disorder components and meso-methyl groups omitted for clarity. Hydrogen 

atoms set as fixed sized spheres (radii = 0.15 Å). 

 

The X-ray crystal structure confirmed that PhBOBPh(DMPTCx) exists in cisoid/dipyrrin 

geometry as inferred from the 
1
H NMR spectrum (Figure 4.15). Just as for B2OF2(Calix), 

PhBOBPh(DMPTCx) has retained the original roof-shape of the free-base calixphyrin. The 

boron atoms are displaced out-of-plane of the N4 core by 0.94 Å, 0.05 Å more than in the 

crystal structure of B2OF2 (DMPTCx). The phenyl rings are orientated so they are both 

approximately parallel to the B-O-B axis which inspection of the unit cell indicates is due to 

crystal packing effects. The two ortho protons on the boron phenyl closest to each other are 
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2.4 Å away which is far enough to presume that in solution these phenyl rings are free to 

rotate. 

 

Table 4.7: Selected Bond Angles and Distances (Å) in 

PhBOBPh(DMPTCx). 

 
B2OF2(DMPTCx) Free-Base

13
 

C-C5-C 121.54 125.46 

C-C10-C 104.97 112.45 

C-C15-C 120.75 125.71 

C-C20-C 104.07 107.76 

N1
…

N2 2.536 2.741 

N2
…

N3 3.099 2.955 

N3
…

N4 2.533 2.734 

N4
…

N1 3.193 2.996 

   

The bond angles in PhBOBPh(DMPTCx) are more contracted than in the free-base 

calixphyrin as a result of boron coordination (Table 4.7). This is especially noticeable for the 

angles around meso-carbons C10 and C20 which have contracted from 112° to 104° due to the 

steric repulsion of the two phenyl rings causing the ligand to fold further. This extra folding 

has also affected the tetragonal elongation of the N2
…

N3 and N4
…

N1 intramolecular distances 

which are shorter than in B2OF2(DMPTCx) which had N
…

N distances of 3.24 Å and 3.32 Å 

respectively. 

 

Inspection of the bond angles around the boron indicate that it is in its preferred tetrahedral 

geometry with an average N-B-N angle of 104.24° and C-B-O angle of 112°. The B-O-B 

angle is 134.42° which is narrower than in B2OF2(DMPTCx) but still wider than in 

[B2OF2(Cor)]
-
 and can be attributed to the phenyl ring repulsion. The B-C bond has an 

average distance of 1.642 Å, similar to those reported for subporphyrins and 

subphthalocyanines.
15,16

  

 

4.3.5: DFT Calculations on PhBOBPh(Calix) 

 

Optimised Structure 

 

Although the 
1
H NMR spectrum of PhBOBPh(Calix) was consistent with a cisoid/dipyrrin 

bonding boron, DFT was undertaken to understand the relative stability of this and other 
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isomers of PhBOBPh(Calix). As with B2OF2(Calix), there are four possible isomers: cis/dpy, 

trans/dpy, cis/dpm and trans/dpm (Figure 4.16). To test steric effects from the meso 

substituents, calculations were run using the DMPCx and CHPCx ligand. The input structures 

were generated using Avogadro and optimisation calculations run using Gaussian 09 with 

B3LYP functional and 6-31G (d, p) basis set. Frequency calculations checked that structures 

obtained were at a minimum. 

 

Cisoid/ Dipyrrin  
 

 

Transoid/Dipyrrin 

  

 

Cisoid/Dipyrromethane 

 

 

Transoid/Dipyrromethane 

 

 
Figure 4.16: Possible isomers of PhBOBPh(Calix). 

 

Table 4.8: Relative Energies of the Isomers of PhBOBPh(Calix). 

Ligand Isomer Bonding Site Relative Energy (kcal mol
-1

) 

DMPCx Cisoid Dipyrrin 0.00 

DMPCx Transoid Dipyrromethane 12.42 

DMPCx Transoid Dipyrrin 12.53 

DMPCx Cisoid Dipyrromethane 24.15 

CHPCx Cisoid Dipyrrin 0.00 

CHPCx Transoid Dipyrrin 14.44 

CHPCx Transoid Dipyrromethane 19.48 

CHPCx Cisoid Dipyrromethane 32.75 
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The DFT calculations confirmed that the cis/dpy isomer was the lowest energy isomer for 

both ligands (Table 4.8). As with B2OF2(Calix), this structure was the only one that retained 

the ligand’s original “roof” shape whereas the other isomers have some distortions. The two 

phenyl rings are orientated so they are perpendicular to each other which is not consistent 

with the X-ray crystal structure where they were on the same plane. Interestingly for DPMCx, 

the two transoid isomers are energetically equivalent. 

 

The N
…

N bond distances continue the general trend that minimising distortions in the ligand 

is the driving force behind the stability of boron porphyrinoid isomers. The amount of 

tetragonal distortion is the lowest in the cis/dpy isomer where the N…N distance parallel to 

the B-O-B bond is 3.26 Å whereas in the trans/dpm isomer, the N
...

N distance is 3.62 Å. In 

general, the cisoid isomers have less tetragonal distortions in the ligand than the transoid 

isomers. However, the cisoid isomers have large distortions in the PhBOBPh moiety where 

the B-O-B bond angles are 138° for the dipyrrin isomer and 145° for the dipyrromethane 

isomer. In contrast, the transoid isomers have angles of 120° - 124°. The very large 145° B-

O-B angle for the cis/dpm isomer could explain why this isomer is so energetically 

unfavourable. 

 

Phenyl Ring Rotation 

 

Obtaining the energy level of the optimised structure of the cisoid/dipyrrin isomer of 

PhBOBPh calixphyrin was complicated due to the possible rotation of the phenyl rings on the 

boron. During optimisations, several structures were obtained that had different orientation of 

the two phenyl-boron rings and thus different relative energies. Two examples include the 

DFT optimised structure with one phenyl ring rotated by 90° with respect to the second and 

the X-ray crystal structure where the phenyl rings are on the same axis. The rotation of the 

phenyl rings was investigated by DFT to see the effect on energy levels and whether there is 

possible restricted ring rotation. 

 

 

Figure 4.17: Dihedral angle rotated to generate rotamers of PhBOBPh(DMPCx). 
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The meso-substituents could induce some steric hindrance and affect phenyl ring rotation so 

the DMPCx ligand was used for calculations rather than a simplified model with no meso-

substituents. The structure with the two phenyl rings facing each other was defined as the 

origin (0°,0°; also 180°,180°). In this configuration, both phenyl rings are perpendicular to 

the B-O-B plane. Subsequently at an angle of 90°, the phenyl ring is parallel to the B-O-B 

plane as in the X-ray crystal structure of PhBOBPh(DMPTCx) where both phenyl rings were 

parallel to the B-O-B axis (defined as 90°, 90°). One ring was defined as the “left” ring and 

the second as the “right” ring. Despite the symmetry of the compound, to minimise error it 

was assumed that each ring was unique. Each unique isomer was generated by rotating one or 

both of the phenyl rings clockwise via changing the O-B-C-Cortho dihedral angle (Figure 

4.17). Given that a combination of both phenyl rings had to be rotated, to save time the 

phenyl rings were rotated by 30°. The structure of the ligand was left unchanged and a total 

of 36 unique isomers were obtained. Single-point energy calculations were performed on 

each isomer using Gaussian 09 using the B3LYP functional and 6-31G (d, p) basis set (Table 

4.9).  

 

Table 4.9: Relative Energy (kcal mol
-1

) of rotamers of PhBOBPh(Calix). 

  

Angle of Phenyl Right Ring 

  
0° 30° 60° 90° 120° 150° 180° 

A
n

g
le

 o
f 

P
h

en
y
l 

L
ef

t 

R
in

g
 

0° 5.08 13.07 7.22 0.00 4.87 9.93 5.08 

30° 8.38 11.97 7.43 4.90 7.60 10.12 8.38 

60° 9.73 18.02 9.74 4.99 9.90 11.49 9.73 

90° 7.52 15.98 8.01 4.02 7.55 12.34 7.52 

120° 9.20 17.26 9.62 4.39 7.84 13.98 9.20 

150° 8.32 12.07 7.51 4.83 7.36 9.91 8.32 

180° 5.08 13.07 7.22 0.00 4.87 9.93 5.08 
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Figure 4.18: 3D chart showing relative energy of PhBOBPh ring rotation. 

 

The obtained 3D diagram of phenyl ring rotation had a valley like shape to it corresponding 

to the rotation of one phenyl ring while the second ring was fixed at an angle of 90° (or 

parallel to the B-O-B axis) (Figure 4.18). The relative energy of this rotation varied by only 4 

kcal mol
-1

 as the phenyl ring is rotated. This could possibly indicate that only one phenyl ring 

might be rotating in solution at a time.  In general, the highest energy isomers occurred when 

both rings were partially rotated and not either perpendicular or parallel with the B-O-B axis.  

 

4.3.6: Characterisation of PhBOBOH(Calix) 

 

1
H NMR Spectra 

 

Three examples of PhBOBOH(Calix) were synthesised using DMPTCx, CHPTCx and 

DMPFPCx.  
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Scheme 4.12: Labelling scheme for 
1
H NMR spectrum of PhBOBOH(Calix). 

 

The 
1
H NMR spectrum of PhBOBOH(Calix) indicated a lower symmetry boron species 

compared to PhBOBPh(Calix) (Figure 4.19). The lower symmetry could be due either to the 

unsymmetrical PhBOBOH moiety or due to the bonding site and/or geometry the boron 

occupies. Four doublets for the β-pyrrole protons are observed with all having a coupling 

constant of 4.50 Hz, consistent with a di-boron species (A-D, see Scheme 4.12). Since there 

are four doublets, one plane of symmetry has been retained otherwise eight doublets would 

be observed. Three signals arising from the phenyl-boron that corresponded to the ortho, 

meta and para protons were observed and comparing the integrals with the rest of the 

compound determined that there was only one phenyl group (PhB). The phenyl boron signals 

are not broadened but seem to split further indicating that there could be restricted rotation of 

the phenyl ring. The p-tolyl calixphyrins had only one peak for the para-CH3 so each tolyl is 

equivalent (E). The ortho protons split into two doublets (F,G) so there is also restricted 

rotation of the tolyl rings, as observed in B2OF2(Calix). The meta protons appeared as a 

single doublet (H). In the dimethyl calixphyrin analogues, the meso-CH3 groups appear as 

four singlets. Three of the singlets resonate at ~1.7 ppm however one has been shifted upfield 

to ~0.9 ppm. This shift indicates that this particular meso-CH3 group is being shielded by the 

aromatic ring current of the internal phenyl-boron so they must be in close proximity. In 

PhBOBOH(CHPTCx) the cyclohexyl protons appear between 1.2 and 2.3 ppm as broad 

multiplets,similar to B2OF2(CHPTCx). The OH proton is not observed. 
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Figure 4.19: 
1
H NMR spectrum of PhBOBOH(DMPTCx) in CDCl3. 

 

Based on the symmetry of the meso-substituents the possibility that boron occupies the 

dipyrrin bonding site could be ruled out and that the boron occupies the dipyrromethane site. 

In the p-tolyl analogues, the singlet for the tolyl-CH3 indicated that the tolyl groups were still 

equivalent which is consistent with dipyrromethane bonding. Similarly the axial and 

equatorial meso-CH3 were not equivalent since there were four meso-CH3 signals rather than 

the axial and equatorial signals observed when boron bonds via the dipyrrin site. 

Furthermore, the shielding observed for one of the meso-CH3 groups could only occur if the 

boron was bonding via the dipyrromethane site.  Compelling evidence is that the signals from 

the meso substituents have the exact same splitting pattern as those in B2OF2(Calix) hence it 

is inferred that the two compounds most likely have the same geometry. From this, the 

structure of PhBOBOH(Calix) is most likely a dipyrromethane bonding compound with a 

transoid geometry. This consistent with the NMR since the axis of symmetry that is retained 

is the same axis that the PhBOBOH moiety occupies so the different substituents on boron 

have no effect on symmetry. 

 

2D COSY and NOESY NMR 

 

2D COSY and NOESY NMR were used to confirm the geometry of the compounds as well 

as which site the phenyl boron possibly occupied. The 
1
H NMR data are consistent with 

PhBOBOH(Calix) and B2OF2(Calix) having the same geometry. This was confirmed by both 

COSY and NOESY NMR by observing correlations between the meso substituents on the 

ligand especially those between the two AB β-pyrrole pairs and either the ortho-tolyl protons 

or meso-CH3/cyclohexyl protons, which were observed to be the same as in B2OF2 (Calix). 

F G   H   Ph
B
       β-pyrrole (A-D) 

tolyl-CH
3
                             meso-CH

3
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The position of the B-phenyl ring could be deduced by observing correlations with the 

substituents on the ligand. There were NOE correlations between the ortho-phenyl protons 

and only one doublet belonging to the ortho-tolyl protons which confirmed the restricted 

rotation of the p-tolyl rings. The ortho-phenyl protons also had NOE interactions with the 

upfield shifted meso-CH3 at ~0.9 ppm. It was deduced that this particular CH3 group was in 

an axial position since no correlation would be possible if it was equatorial and orientated 

away from the N4 core of the ligand. No NOE correlations were observed for the meta and 

para B-phenyl protons which indicated that the phenyl belongs to a boron that is most likely 

out-of-plane of the ligand.  

 

11
B NMR Spectra 

 

The 
11

B NMR spectra of PhBOBOH(Calix) shows a peak at around 2-3 ppm. The signal is 

much sharper compared to PhBOBPh(Calix) and is inconsistent with the transoid geometry 

proposed by the 
1
H NMR spectrum since two peaks should be observed. The broadness of the 

PhBOBPh(Calix) 
11

B NMR peak was attributed to phenyl-boron ring rotation. In 

PhBOBOH(Calix), the splitting of the boron-phenyl peaks in the 
1
H NMR spectrum indicates 

that this rotation could be restricted which would result in a sharper peak in the 
11

B NMR. 

The single peak could arise if the Ph-B boron and the B-OH boron have a similar chemical 

shift. 

 

UV-vis Spectra 

 

 

Figure 4.20: UV-vis spectra of PhBOBOH(Calix) in CH2Cl2. 
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The UV-vis spectrum of PhBOBOH(Calix) consists of one broad absorbance at ~450 nm 

(Figure 4.20). A second weak absorbance at ~350 nm can also be seen in the p-tolyl 

calixphyrins. The maxima are slightly red-shifted in the PFP and cyclohexyl calixphyrins. 

The appearance of these spectra is very similar to those of B2OF2(Calix) and appears to be 

typical of transoid/dipyrromethane boron coordination.  

 

X-ray Crystal Structure 

 

The X-ray crystal structure of PhBOBOH(CHPTCx) was obtained by slow evaporation of a 

CH2Cl2:n-hexane solution containing the compound in the dark at 4°C. The R factor is 4.2%. 

 

Figure 4.21: Molecular structure of PhBOBOH(CHPTCx) with thermal ellipsoids calculated at the 50% 

probability level. Solvent molecules and p-tolyl groups omitted for clarity. Hydrogen atoms set as fixed 

sized spheres (radii = 0.15 Å). 

 

The X-ray crystal structure confirmed that the PhBOBOH moiety was bonding to the 

dipyrromethane site in transoid geometry (Figure 4.21). The phenyl is attached to the boron 

that is bonded out-of-plane of its bonding site by 0.52 Å. The second boron with the hydroxyl 

group is practically in-plane of its bonding site. The ligand has ruffled to accompany the 

boron and is distorted away from the free-base roof shape.  
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Table 4.10: Selected Bond Angles and Distances (Å) in 

PhBOBOH(CHPTCx). 

 

PhBOBOH(CHPTCx) Free-Base
13

 

C-C5-C 135.27 125.46 

C-C10-C 108.50 112.45 

C-C15-C 134.88 125.71 

C-C20-C 109.35 107.76 

N1
…

N2 3.637 2.741 

N2
…

N3 2.509 2.955 

N3
…

N4 3.664 2.734 

N4
…

N1 2.474 2.996 

   

 

The intramolecular N
…

N distances show that there is significant tetragonal elongation in the 

compound (Table 4.10). The N
…

N distances along the axis parallel to the B-O-B axis 

(N1
…

N2, N3
…

N4) is stretched to over 0.95 Å longer than in the free base. Because of this, the 

bond angles around the sp
2
-meso carbons (C5, C15) have widened to 135° which is 10° more 

than the free-base calixphyrin and 15° more than the sp
2
-hybridised preferred geometry. 

There is also a large contraction of the N
…

N distance by 0.5 Å across N1
…

N2 and N3
…

N4 due 

to the coordination of boron. The bond angles around the sp
3
-meso carbons (C10, C20) are near 

their idealised bond angle of 109°. 

 

4.3.7: DFT Calculations on PhBOBOH(Calix) 

 

Optimised Structure 

 

Although the X-ray crystal structure confirmed that PhBOBOH(Calix) existed as a trans/dpm 

isomer, DFT calculations were undertaken to gauge the relative stability of this isomer with 

respect to the other possible isomers. Due to the boron bonding to two different substituents, 

there are six possible isomers of PhBOBOH(Calix) rather than four for other B2OX2(Calix) 

(X = F, Ph) compounds since the substituents could bond either to the in-plane or out-of-

plane boron atom (Figure 4.22). The DMP ligand was used for these calculations. The input 

structures were generated using Avogadro and DFT calculations done with Gaussian 09 using 

the B3LYP functional and 6-31G (d, p) basis set. 
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Cisoid/ Dipyrrin  
 

 

Cisoid/Dipyrromethane 

  

 
Transoid/Dipyrrin/Phenyl Out-of-Plane 

 

 
 

Transoid/Dipyrromethane/Phenyl Out-of-Plane 

 

 

Transoid/Dipyrrin/Phenyl In-Plane 

 

 

Transoid/Dipyrromethane/Phenyl In-Plane 

 
 

Figure 4.22: Possible isomers of PhBOBOH(DMPCx). Hydrogen atoms omitted for clarity. 

 

Table 4.11: Relative Energies of the Isomers of PhBOBOH(Calix) 

Ligand Isomer Phenyl Bonding Site Relative Energy (kcal mol
-1

) 

DMPCx Cisoid N/A Dipyrrin 0.00 

DMPCx Transoid Out-of-Plane Dipyrrin 5.97 

DMPCx Transoid In-Plane Dipyrrin 10.25 

DMPCx Transoid Out-of-Plane Dipyrromethane 12.95 

DMPCx Transoid In-Plane Dipyrromethane 13.71 

DMPCx Cisoid N/A Dipyrromethane 21.26 
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The calculated results for other B2OX2(Calix) species showed a clear preference for the 

cis/dpy structure and there is no exception in this case (Table 4.11). The preferred isomer of 

PhBOBOH(Calix) is the cis/dpy structure followed by the two trans/dpy isomers, the two 

trans/dpm isomers and finally the cis/dpm structure. Just as with B2OF2(Calix) this is 

inconsistent with the experimental results however this can be explained by the reaction 

mechanism where the mono-boron precursor to PhBOBOH(Calix), PhBCl[H(Calix)] favours 

the dipyrromethane bonding site. Of interest is that the energy difference between both 

trans/dpm isomers for PhBOBOH(DMP) is less than 1 kcal mol
-1

 which makes them 

practically energetically equivalent yet the isomer with an in-plane phenyl boron is never 

observed. This supports the theory that the hydrolysis of the phenyl-boron is driven more by 

steric hindrance rather than thermodynamics or energy. 

 

Phenyl Ring Rotation 

 

 

Figure 4.23: Two possible rotamers of PhBOBOH(Calix) (only the phenyl boron site is shown for clarity). 

 

The 
1
H NMR data for PhBOBOH(Calix) indicated possible restricted rotation of the phenyl-

boron ring. To support this supposition, DFT calculations were performed on phenyl ring 

rotation. The optimised structure of the trans/dpm isomer of DMPCx with the phenyl ring 

bonding to the out-of-plane boron was obtained and the boron phenyl ring rotated by 

changing the torsion angle between (atoms). The rest of the compound was unchanged. The 

phenyl ring parallel to the B-O-B axis was defined as 0° (Figure 4.23, left structure). Isomers 

were obtained by rotating the phenyl ring by 15° at a time up to 180°. This gave 13 isomers. 

Single-point energy calculations were performed on each isomer using Gaussian 09 software. 

The B3LYP functional and 6-31G (d, p) basis set were used as before.  
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Figure 4.24: Phenyl ring angle versus relative energy (kcal mol
-1

). 

 

The DFT calculations confirm that rotation of the boron-phenyl ring is restricted (Figure 

4.24). The energy level of rotation is largely similar when the phenyl ring is perpendicular to 

the plane of the B-O-B axis (i.e. around 90°) for about 45° in either direction with only a 0-3 

kcal mol
-1

 difference. However, further rotation which brings the phenyl ring closer to the 

meso-CH3 results in a dramatic rise in energy. At 0° and 180° where the phenyl ring is 

parallel to the B-O-B plane, the relative energy of this conformer is 75-90 kcal mol
-1

 higher 

than the more stable conformations. An inspection of this structure reveals that one of the 

ortho protons on the phenyl-boron is only 0.7Å away from the proton on the meso-CH3 so 

this structure is sterically crowded. 
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4.4: Summary 

 

The reaction of H2(Calix) with BF3
.
Et2O resulted in the unanticipated formation of two 

possible isomers of B2OF2(Calix) with one isomer bonding via the dipyrrin site in cisoid 

geometry and a second isomer bonding via the dipyrromethane site in transoid geometry. 

Mechanistic studies indicated that hydrolysis of the initially formed intermediate 

(BF2)2(Calix) directed the geometry of the resulting B2OF2(Calix) complex.  

 

The reaction with PhBCl2 also produced two products with different geometry and bonding 

site. The cisoid/dipyrrin bonding PhBOBPh(Calix) was resistant to hydrolysis however the 

transoid/dipyrromethane bonding PhBOBOH was not. This hydrolysis is believed to arise 

from steric hindrance around the in-plane boron atom although future work is required to 

confirm this. Both compounds were fully characterised by NMR and X-ray crystallography. 
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4.5: Experimental Procedures 

 

Preparation of B2OF2(DMPTCx) 

 

BF3·Et2O (0.202 mL, 1.64 mmol), followed by NEt3 (0.153 mL, 1.09 mmol), were added 

dropwise to a stirred solution of H2(DMPTCx) (60 mg, 0.109 mmol) in dry toluene (20 mL) 

and the resulting mixture was refluxed for four hours under N2. During this time a green 

precipitate formed. Once cooled to room temperature, the reaction mixture was filtered and 

the solid washed with dichloromethane and methanol to yield B2OF2(DMPTCx) as a fine 

green powder.  

 

Yield: 45.9 mg, 67%.  

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.79 (s, 6H, CH3), 2.41 (s, 6H, C6H4CH3), 2.84 (s, 6H, 

CH3), 6.29 (d, 4H, 
3
JHH = 4.5 Hz, βH), 6.46 (d, 4H, 

3
JHH = 4.5 Hz, βH), 7.22 (d, 4H, m-

C6H4CH3), 7.34 (d, 4H, o-C6H4CH3).  

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -129.0 (br s, 2F, BF).  

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ 1.73 (br s, 2B, BF).  

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 368 (8500), 473 (30800). 

HRMS (ESI+): Calcd for C38H34B2F2N4ONa
+
: 645.2792, found: 645.2794. 

 

Preparation of B2OF2(DMPTCx) 

 

BF3·Et2O (0.10 mL, 0.81 mmol), followed by N(
i
Pr)2Et (0.10 mL, 0.57 mmol), were added 

dropwise to a stirred solution of BF2[H(DMPTCx)] (20 mg, 0.03 mmol) in dry toluene (50 

mL) and the resulting mixture was refluxed for 18 hours under N2. Once cooled to room 

temperature, the solvent was removed and the resulting residue was chromatographed (SiO2, 

CH2Cl2) with B2OF2(DMPTCx) eluting as an orange band.  

 

Yield: 11.9 mg, 57%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.63 (s, 3H, CH3), 1.75 (s, 3H, CH3), 1.76 (s, 3H, 

CH3), 1.82 (s, 3H, CH3), 2.46 (s, 6H, C6H4CH3), 6.27 (d, 2H, 
3
JHH = 4.5 Hz, βH), 6.31 (ABq, 

4H, 
3
JHH = 4.5 Hz, βH), 6.59 (d, 2H, 

3
JHH = 4.5 Hz, βH), 7.20 (m, 4H, m-C6H4CH3), 7.37 (m, 

2H, o-C6H4CH3), 7.47 (m, 2H, o-C6H4CH3). 
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19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -134.6 (br s, 1F, BF), -155.7 (br s, 1F, BF). 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ -0.57(br s, 2B, BF). 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 357 (13400), 440 (121500). 

HRMS (ESI+): Calcd for C38H34B2F2N4ONa
+
: 645.2792, found: 645.2803. 
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Preparation of B2OF2(CHPTCx) and B2OF2(CHPTCx):  

 

BF3·Et2O (0.177 mL, 1.43 mmol), followed by N(
i
Pr)2Et (0.17 mL, 0.97 mmol), were added 

dropwise to a stirred solution of H2(CHPTCx) (60 mg, 0.095 mmol) in dry toluene (20 mL) 

and the resulting mixture was refluxed for 18 hours under N2. During this time an orange 

precipitate formed. Once cooled to room temperature, the reaction mixture was filtered and 

the solid washed with dichloromethane and methanol to yield B2OF2(CHPTCx) as a fine 

orange powder. The filtrate can be concentrated and chromatographed (SiO2, CH2Cl2) with 

B2OF2(CHPTCx) eluting as a green band. 

 

B2OF2(CHPTCx):  

Yield: 53.9 mg, 80%.  

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.34-1.49 (m, 6H, CH2), 1.62-1.72 (m, 2H, CH2), 

1.92-2.01 (m, 6H, CH2), 2.16-2.29 (m, 6H, CH2), 2.46 (s, 6H, C6H4CH3),  6.28 (d, 2H, 
3
JHH = 

4.5 Hz, βH), 6.43 (d, 2H, 
3
JHH = 4.5 Hz, βH), 6.53 (d, 2H, 

3
JHH = 4.5 Hz, βH), 6.60 (d, 2H, 

3
JHH = 4.5 Hz, βH), 7.20 (m, 4H, m-C6H4CH3), 7.35 (d, 2H, o-C6H4CH3), 7.46(m, 2H, o-

C6H4CH3).  

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -157.2 (br s, 1F, BF), -135.1 (br s, 1F, BF).  

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ 0.61 (br s, 1B, BF), 1.39 (br s, 1B, BF).  

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 357 (4800), 447 (25600).  

HRMS (ESI+): Calcd for C44H42B2F2N4ONa
+
: 725.3419, found: 725.3424. 

 

B2OF2(CHPTCx):  

Yield: 2.6 mg, 4.2%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.50-1.61 (m, 4H, CH2), 1.71-1.81 (m, 4H, CH2), 

1.82-1.91 (m, 4H, CH2), 2.14-2.25 (m, 4H, CH2), 2.41 (s, 6H, C6H4CH3), 3.50-4.20 (bm, 4H, 

CH2),  6.21 (d, 4H, 
3
JHH = 4.5 Hz, βH), 6.41 (d, 4H, 

3
JHH = 4.5 Hz, βH), 7.21 (d, 4H, m-

C6H4CH3), 7.35 (m, 4H, o-C6H4CH3).  

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -130.9 (br s, 2F, BF).  

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ 1.94 (br s, 2B, BF). 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 368 (7400), 476 (25700). 

HRMS (ESI+): Calcd for C44H42B2F2N4ONa
+
: 725.3419, found: 725.3432. 
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Preparation of B2OF2(DMPFPCx):  

 

BF3·Et2O (0.159 mL, 1.29 mmol), followed by NEt3 (0.119 mL, 0.86 mmol), were added 

dropwise to a stirred solution of H2(DMPFPCx) (60 mg, 0.086 mmol) in dry toluene (20 mL) 

under N2. After refluxing for 18 hours and cooling to room temperature, the organic phase 

was washed with saturated NaHCO3 solution and water, dried over Na2SO4, and the solvent 

removed in vacuo. The residue was purified by column chromatography (SiO2, CH2Cl2) with 

B2OF2(DMPFPCx) eluting as the third red band.  

 

Yield: 24.3 mg, 36%.  

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.66 (s, 3H, CH3), 1.78 (s, 3H, CH3), 1.81 (s, 3H, 

CH3), 1.82 (s, 3H, CH3), 6.37 (d, 2H, 
3
JHH = 4.5 Hz, βH), 6.47 (d, 2H, 

3
JHH = 4.5 Hz, βH), 

6.56 (d, 2H, 
3
JHH = 4.5 Hz, βH), 6.58 (d, 2H, 

3
JHH = 4.5 Hz, βH).  

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -161.5 (m, 2F, m-C6F5), -159.7 (m, 2F, m-C6F5), 

-155.5 (br s, 1F, BF), -152.2 (t, 2F, p-C6F5), -140.3 (m, 2F, o-C6F5), -138.0 (m, 2F, o-C6F5), -

134.8 (br s, 1F, BF).  

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ 0.89 (br s, BF).  

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 447 (132700). 

HRMS (ESI+): Calcd for C36H20B2F12N4ONa
+
: 797.1536, found: 797.1553. 
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Preparation of B2OF2(CHPFPCx):  

 

BF3·Et2O (0.142 mL, 1.15 mmol), followed by NEt3 (0.11 mL, 0.77 mmol), were added 

dropwise to a stirred solution of H2(CHPFPCx) (60 mg, 0.077 mmol) in dry toluene (20 mL) 

under N2. After refluxing for four days and cooling to room temperature, the organic phase 

was washed with saturated NaHCO3 solution and water, dried over Na2SO4, and the solvent 

removed in vacuo. The residue was purified by column chromatography (SiO2, CH2Cl2) with 

B2OF2(CHPFPCx) eluting as the third red band.  

 

Yield: 5.1 mg, 8%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.42-1.64 (m, 6H, CH2), 1.63-1.76 (m, 2H, CH2), 

1.92-2.02 (m, 6H, CH2), 2.12-2.31 (m, 6H, CH2), 6.54 (d, 2H, 
3
JHH = 4.5 Hz, βH), 6.55 (d, 

2H, 
3
JHH = 4.5 Hz, βH), 6.58 (d, 2H, 

3
JHH = 4.5 Hz, βH), 6.69 (d, 2H, 

3
JHH = 4.5 Hz, βH). 

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -161.6 (m, 2F, m-C6F5), -160.7 (m, 2F, m-C6F5), 

-157.3 (br s, 1F, BF), -152.1 (t, 2F, p-C6F5), -140.3 (m, 2F, o-C6F5), -137.6 (o, 2F, m-C6F5), -

135.3 (br s, 1F, BF).  

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ 1.06 (br s, BF).  

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 453 (72800). 

HRMS (ESI+): Calcd for C42H28B2F12N4ONa
+
: 877.2163, found: 877.2142. 
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Preparation of PhBOBPh(DMPTCx) and PhBOBOH(DMPTCx): 

 

PhBCl2 (0.142 mL, 1.09 mmol), followed by 2,6-lutidine (0.127 mL, 1.09 mmol), were added 

dropwise to a stirred solution of H2(DMPTCx) (60 mg, 0.109 mmol) in dry toluene (20 mL). 

After refluxing for 18 hours, the solution was cooled to room temperature and the organic 

phase was washed with saturated NaHCO3 solution and water, dried over Na2SO4, and the 

solvent removed in vacuo. The desired products were isolated by silica gel column 

chromatography with PhBOBPh(DMPTCx) eluting as the second green band (CH2Cl2:n-

hexane 1:1) followed by PhBOBOH(DMPTCx) eluting as the major red band (CH2Cl2:n-

hexane:Et2O 9:9:2).  

 

PhBOBPh(DMPTCx) 

Yield: 7.1 mg, 9%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.79 (s, 6H, CH3), 2.41 (s, 6H, C6H4CH3), 2.59 (s, 6H, 

CH3), 6.36 (d, 4H, 
3
JHH = 4.5 Hz, βH), 6.47 (d, 4H, 

3
JHH = 4.5 Hz, βH), 7.10 (m, 2H, p-C6H5),  

7.14-7.24 (m, 12H, m-C6H4CH3, o/m-C6H5), 7.52 (d, 4H, o-C6H4CH3). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 21.5, 29.8, 32.0, 40.8, 117.7, 125.3, 126.9, 

128.1, 128.8, 130.3, 131.5, 132.0, 138.2, 139.8, 143.6, 170.1. 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ 5.39 (br s, 2B, PhB) 

UV-vis (λmax/nm in CH2Cl2): 362 (45100), 455 (sh), 474 (190600). 

HRMS (ESI+): Calcd for C50H44B2N4ONa
+
: 761.3593, found: 761.3611. 

 

PhBOBOH(DMPTCx) 

Yield: 29.7 mg, 40%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 0.94 (s, 3H, CH3), 1.67 (s, 3H, CH3), 1.68 (s, 3H, 

CH3), 1.71 (s, 3H, CH3), 2.49 (s, 6H, C6H4CH3), 6.24 (d, 2H, J = 4.5 Hz, βH), 6.31 (d, 2H, J 

= 4.5 Hz, βH), 6.40 (d, 2H, J = 4.5 Hz, βH), 6.65 (d, 2H, J = 4.5 Hz, βH), 6.88 (m, 2H, o-

C6H5), 7.01 (m, 1H, p-C6H5), 7.10 (m, 2H, m-C6H5), 7.26 (m, 4H, m-C6H4CH3), 7.46 (m, 2H, 

o-C6H4CH3), 7.56 (m, 2H, o-C6H4CH3). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 21.7, 24.5, 29.5, 30.9, 34.8, 38.1, 38.5, 111.7, 

111.8, 126.2, 127.5, 127.8, 127.9, 130.7, 132.5, 132.6, 135.9, 136.5, 139.1, 140.0, 142.1, 

149.7, 162.1, 162.2. 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ 2.34 (br s, 2B). 
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UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 352 (5600), 445 (48800). 

HRMS (ESI+): Calcd for C44H41B2N4O
+
: 679.3424, found: 679.3405. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



181 
 

Preparation of PhBOBPh(CHPTCx) and PhBOBOH(CHPTCx): 

 

Experimental procedure as for PhBOBPh(DMPTCx) and PhBOBOH(DMPTCx) using 

H2(CHPTCx) (60 mg, 0.095 mmol), PhBCl2 (0.124 mL, 0.954 mmol) and 2,6-lutidine (0.110 

mL, 0.954 mmol). 

 

PhBOBPh(CHPTCx) 

Yield: 2.6 mg, 3%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 0.81-0.98 (m, 4H, CH2), 1.17-1.32 (m, 4H, CH2), 

1.52-1.64 (m, 4H, CH2), 2.04-2.15 (m, 4H, CH2), 2.43 (s, 6H, C6H4CH3), 3.10-4.30 (bm, 4H, 

CH2),  6.19 (d, 4H, 
3
JHH = 4.5 Hz, βH), 6.43 (d, 4H, 

3
JHH = 4.5 Hz, βH), 7.15 (t, 2H, p-C6H5), 

7.20-7.60 (m, 12H, m-C6H4CH3, o/m-C6H5), 7.93 (m, 4H, o-C6H4CH3).  

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 21.4, 23.8, 24.7, 26.1, 30.9, 35.9, 37.9, 45.7, 

119.0, 125.2, 126.8, 127.6, 128.7, 131.8, 132.1, 137.2, 139.7, 142.7, 170.9. 

11
B{

1
H} NMR (CDCl3, 25°C,128 MHz): δ 4.97 (br s, 2B, PhB) 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 363 (26600), 462 (53200), 478 (93100). 

HRMS (ESI+): Calcd for C56H52B2N4ONa
+
: 841.4219, found: 841.4239. 

 

PhBOBOH(CHPTCx) 

Yield: 18.9 mg, 26%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.24 (m, 2H, CH2), 1.35 (m, 2H, CH2), 1.44 (m, 2H, 

CH2), 1.58 (m, 4H, CH2), 1.87 (m, 2H, CH2), 1.95 (m, 2H, CH2), 2.10 (m, 4H, CH2), 2.23 (m, 

2H, CH2), 2.49 (s, 6H, C6H4CH3), ),  6.38 (d, 2H, J = 4.5 Hz, βH), 6.40 (d, 2H, J = 4.5 Hz, 

βH), 6.54 (d, 2H, J = 4.5 Hz, βH), 6.64 (d, 2H, J = 4.5 Hz, βH), 6.85 (m, 2H, o-C6H5), 6.99 

(m, 1H, p-C6H5), 7.07 (m, 2H, m-C6H5), 7.26 (m, 4H, m-C6H4CH3), 7.44 (m, 2H, o-

C6H4CH3), 7.53 (m, 2H, o-C6H4CH3). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 21.1, 21.4, 22.7, 22.7, 23.2, 24.9, 25.3, 30.6, 

35.6, 37.1, 41.9, 42.1, 43.8, 113.2, 113.7, 125.7, 127.3, 130.3, 132.4, 135.5, 137.1, 138.0, 

139.0, 139.3, 142.0, 149.7, 161.3, 162.6. 

11
B{

1
H} NMR (CDCl3, 25°C,128 MHz): δ 2.58 (br s, 2B). 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 452 (113800), 355 (15600). 

HRMS (ESI+): Calcd for C50H49B2N4O2
+
: 759.4036, found: 759.4032. 
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Preparation of PhBOBOH(DMPFPCx) 

 

Experimental procedure as for PhBOBOH(DMPTCx) using H2(DMPFPCx) (60 mg, 0.086 

mmol), PhBCl2 (0.111 mL, 0.856 mmol) and 2,6-lutidine (0.100 mL, 0.856 mmol). 

 

PhBOBOH(DMPFPCx) 

Yield: 11.2 mg, 16%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 0.89 (s, 3H, CH3), 1.67 (s, 3H, CH3), 1.71 (s, 3H, 

CH3), 1.74 (s, 3H, CH3), ),  6.35 (d, 2H, J = 4.5 Hz, βH), 6.44 (d, 2H, J = 4.5 Hz, βH), 6.59 

(d, 2H, J = 4.5 Hz, βH), 6.64 (d, 2H, J = 4.5 Hz, βH), 6.75 (m, 2H, o-C6H5), 6.98 (m, 1H, p-

C6H5), 7.04 (m, 2H, m-C6H5). 

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -161.3 (m, 2F, m-C6F5), -160.7 (m, 2F, m-C6F5), 

-152.2 (t, 2F, p-C6F5), -139.8 (m, 2F, o-C6F5), -138.1 (o, 2F, m-C6F5). 

11
B{

1
H} NMR (CDCl3, 25°C,128 MHz): δ 1.96 (br s, 2B). 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 454 (158300). 

HRMS (ESI+): Calcd for C42H26B2F10N4O2Na
+
: 853.1974, found: 853.1969. 
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Chapter 5 

Boron Porphyrazines 

 

5.1: Introduction 

 

The objective of the work described in this chapter is to synthesise the first examples of 

boron porphyrazines where the boron is coordinated via the N4 core. Porphyrazines with 

boron attached to the periphery of the ligand in the form of carboranes
1-3

 and boronic acids
4
 

for potential BNCT applications have been previously synthesised. However, no attempts 

have been made at N4 coordination. 

 

Although a wide range of synthetically accessible porphyrazines are available such as those 

with oxygen, nitrogen or sulphur appendages, the ligand that was chosen for this synthesis 

was octaethylporphyrazine (H2(OEPz), also known in the literature as 

octaethyltetraazaporphyrin), first prepared by Fitzgerald in 1991 (Figure 5.1).
5
 H2(OEPz) has 

been previously utilised for studying the fundamental properties of iron
6,7

 and rhodium
8
 

porphyrazines as well as sandwich complexes of zirconium
9
 and lanthanides

10,11
. The ligand 

is also an analogue of octaethylporphyrin, H2(OEP), which has been used before for the 

synthesis of boron porphyrin compounds.
12

 The similarity in structure between the two 

ligands has often led to direct comparison of their electronic properties such as differences in 

their UV-vis and XPS spectra.
13,14

  

 

Figure 5.1: Structure of octaethylporphyrazine H2(OEPz). 
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5.2: Boron Porphyrazines from Boron Trihalides 

 

5.2.1: Observations 

 

Analogous to previous chemistry on boron porphyrins, corroles and calixphyrins, the first 

reagent used for coordination of boron to porphyrazines was BF3
.
Et2O. Initially, the 

conditions used to synthesise B2OF2(Por) were employed based on the structural similarity of 

porphyrazines to porphyrins.
15

 The addition of BF3
.
Et2O to a solution of purple H2(OEPz) in 

dry chlorobenzene resulted in a bright green solution. Upon addition of a small amount of the 

green reaction mixture onto a silica TLC plate for analysis, the solution immediately changed 

colour back to the purple starting material, indicating that the colour change is not due to 

boron coordination since the presumed B2OF2(OEPz) product was expected to be air stable. 

After stirring overnight under N2, the green colour persisted. However, TLC of a sample gave 

the same result as described above. Upon exposure to air for work up, the solution rapidly 

colourised back to purple with fuming. 

 

After this failure, a large variety of reaction conditions were explored such as the ratio of 

BF3
.
Et2O to porphyrazine (from 10 molar eq. up to 25 molar eq.), the use of base, reaction 

solvent, reaction temperature (room temperature to refluxing chlorobenzene at 130°C) and 

reaction time (from overnight to a week). In all cases, the same observations as described 

above were observed with no potential boron porphyrazine product identified. The reaction 

with bases such as NEt3 and N(
i
Pr)2Et resulted in black precipitates that were deduced by 

NMR to possibly be base-boron adducts. The final attempts used the Mg(OEPz) precursor 

rather than the free base ligand. Although demetallation of the macrocycle is observed, no 

boron containing product was formed. The reason for the reaction failure is unclear and was 

not investigated further but is presumably due to the BF3 forming weak adducts with the 

meso-nitrogen atoms of the porphyrazine rather than coordinating with the N4 core.  

 

Since the direct reaction of BF3
.
Et2O failed to produce B2OF2(OEPz), an alternative 

procedure was considered. BCl3 became the next target since the weaker B-Cl bonds should 

aid in the coordination to porphyrazine. When a 1 mol L
-1

solution of BCl3 in CH2Cl2 was 

added to a solution of H2(OEPz) in CH2Cl2, the solution turned a dark green colour. TLC of 

the solution showed a dark blue/green spot at the baseline which persisted for a few minutes 



187 
 

after exposure to air before changing colour back to purple. This was potentially consistent 

with the formation of an air and moisture-sensitive boron-coordinated intermediate. After 

stirring for an hour the solvent was removed in vacuo and the residue was re-dissolved in dry 

CDCl3. Multinuclear NMR confirmed that this was the first example of a boron porphyrazine 

compound although no structure could be elucidated. As predicted by the TLC, upon 

exposure to air or moisture the compound reverted back to the free-base over several minutes. 

This made further analysis by HRMS or X-ray crystallography not possible. 

 

 

Scheme 5.1: Synthesis of B2OF2(Por) from B2O2(BCl3)2(Por). 

 

Since the original target compound was B2OF2(OEPz), it was expected that this intermediate 

could be converted into this compound via a halogen exchange if it was exposed to fluoride. 

Although the structure of the intermediate was unknown, this procedure was based on the 

successful synthesis of B2OF2(Por) from B2O2(BCl3)2(Por).
16

 This unusual intermediate 

arising from the reaction of porphyrin with BCl3 was converted into B2OF2(Por) upon 

exposure to fluoride either from BF3
.
Et2O or TBAF (Scheme 5.1). This procedure used for 

porphyrins was therefore adapted for porphyrazines (Scheme 5.2). The boron porphyrazine 

intermediate was prepared as described above. Approximately 10 eq. of BF3
.
Et2O, the 

fluoride source, was added in situ to the reaction mixture and the solution stirred for a further 

one to two hours. No attempt was made at isolating the intermediate prior to the addition of 

BF3
.
Et2O. TLC of the reaction mixture promisingly showed a blue/green spot that did not 

decompose upon elution with CH2Cl2. Furthermore, the compound survived an aqueous 

work-up with saturated NaHCO3 and water. The solvent was removed in vacuo and the 

product could be isolated by flash chromatography in 84% yield overall using CH2Cl2 to 

remove unreacted H2(OEPz) followed by Et2O:CH2Cl2 1:1 to elute the product. The product 

needed to be eluted quickly otherwise it would stick irreversibly to the silica. Attempts to 

elute the product with more polar solvents often led to decomposition. Multinuclear NMR 
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and MS confirmed that the product was the desired B2OF2(OEPz) complex.  Similar to boron 

porphyrin chemistry, no mono-boron species were isolated. 

 

 

Scheme 5.2: Reaction scheme of H2(OEPz) with BCl3 followed by BF3
.
Et2O to give B2OF2(OEPz). 

 

5.2.2: Characterisation of B2OF2(OEPz) 

 

1
H NMR Spectrum 

 

 

Figure 5.2: 
1
H NMR spectrum of B2OF2(OEPz) in CDCl3. 

 

Free base H2(OEPz) contains only three unique proton signals arising from the ethyl-CH2 

protons, the ethyl-CH3 protons and the two internal N-H protons. Since boron coordination 

removed the internal N-H protons, only the signals arising from the ethyl groups were 

observed. The 
1
H NMR spectrum of B2OF2(OEPz) has four predominant signals, two triplets 

at 1.62 and 1.89 ppm from the ethyl-CH3, and two complex set of multiplets between 3.6 and 

4.2 ppm arising from the ethyl-CH2 groups (Figure 5.2). The sum of the integrals of the 

triplets compared to the sum of the integrals of the multiplets had a ratio of 3:2, consistent 

with the assignments given above. The two triplets have a coupling constant of 7.5 Hz 

CH
2
 

CH
3
 

* 
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corresponding to CH3-CH2 coupling. Since there are two signals rather than one in the free 

base, there is a loss of a plane of symmetry in the compound although there are still two 

planes of symmetry remaining, otherwise further splitting of the triplets would have been 

observed. The ethyl-CH2 protons have a more complex signal than anticipated. While 

appearing as multiplets, there are eight overlapping quartets which each integrate to two 

protons each. The coupling constant of the quartets is 7.5 Hz which is consistent with CH2-

CH3 coupling observed for the ethyl-CH3 protons. One signal centred at 3.66 ppm contains 

two quartets whereas the remaining six overlap in the region between 3.90 – 4.20 ppm. 

Closer inspection of the signal at 3.66 ppm reveals that the signal is a doublet of quartets 

where the doublet with coupling constant of 13.9 Hz arises from H1-C-H2 coupling in CH2 

(Scheme 5.3). This pattern can be extrapolated to the six quartets in the main multiplet thus 

there are actually four doublet of quartet signals in total. This pattern implies that each quartet 

does not correspond to one CH2 and that the two protons on a CH2 are inequivalent. This is 

consistent with the CH2 protons being diastereotopic.  

 

Scheme 5.3: Coupling in ethyl group of B2OF2(OEPz) that gives rise to the observed doublet of quartet 

signals for the CH2 protons. 
 

11
B NMR Spectrum 

 

The 
11

B NMR spectrum provides information on the geometry of the B2OF2 moiety. It is 

known from previous boron porphyrinoid chemistry that B2OF2 has cisoid geometry if one 

signal is observed or transoid geometry if two signals are observed.
15,17

 B2OF2(OEPz) has 

only one broad signal at -11 ppm. This is consistent with cisoid geometry. Furthermore, the 

upfield shift of the boron signal due to the porphyrazine aromatic ring current confirms that 

the boron is complexed directly to the porphyrazine N4 core and not as a salt or adduct to the 

meso-nitrogen atoms.   
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19
F NMR Spectrum 

 

Only one signal is observed in the 
19

F NMR spectrum of B2OF2(OEPz) at -143 ppm. This is 

consistent with the cisoid geometry predicted in the 
11

B NMR spectrum.  

 

UV-vis Spectrum 

 

The absorption spectrum of porphyrazines is similar to that of porphyrins. Both are 

dominated by π → π* transitions and contain two features, namely the Soret band in the 

region 300-500 nm and the Q-bands from 500-800 nm. In porphyrazines, the Q-bands are 

stronger than in porphyrins due to the lifting of the accidental degeneracy of the a1u (HOMO-

1) and a2u (HOMO) orbitals that occurs for porphyrins as described by the Gouterman four-

orbital model.
18-20

 

 

Figure 5.3: UV-vis spectra of B2OF2(OEPz) (blue) compared to free-base H2(OEPz) (purple) in CH2Cl2. 

 

The UV-vis spectrum of B2OF2(OEPz) was obtained using CH2Cl2 as the solvent (Figure 

5.3). The maximum of the Soret band occurs at 338 nm which is similar to the free-base 

porphyrazine. The Q-bands are at a similar intensity compared to the free-base ligand and 

have the same wavelength absorbance. They have also split into a large number of 

overlapping peaks and shoulders which could be attributed to the lower symmetry caused by 

the coordinated B2OF2 moiety.  
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X-ray Crystal Structure 

 

X-ray quality crystals of B2OF2(OEPz) were grown by the slow evaporation of a CH2Cl2:n-

hexane solution. The R-factor is 8.6%. 

 

Figure 5.4: Molecular structure of B2OF2(OEPz) with thermal ellipsoids set at the 50% probability level. 

Solvent molecules omitted for clarity. Hydrogen atoms set as fixed sized spheres (radii = 0.15 Å). 

 

The crystal structure of B2OF2(OEPz) confirmed that the B2OF2 moiety was in cisoid 

geometry as the NMR data had suggested (Figure 5.4). Both boron atoms were out-of-plane 

of the N4 core of the ligand by approximately 0.96 Å and occupied the same face. The boron 

was in its preferred tetrahedral geometry with the average bond angle at boron close to 109°. 

Like the cisoid [B2OF2(Cor)]
-
 species, the ligand has domed to accomodate the diboron  

moiety.
17

 Five of the eight ethyl groups orientated towards the opposite face of the ligand 

from the B2OF2 moiety. It is most likely that the arrangement of the ethyl groups in 

B2OF2(OEPz) is dominated by crystal packing effects since the unit cell for the crystal 

structure of B2OF2(OEP) shows two structures that have different arrangement of the eight 

ethyl groups.
12

 There is visible tetragonal elongation in the ligand. The C-N-C bond angle 

across the meso-nitrogen parallel to the B-O-B axis has widened to 128° while the C-N-C 

bond angle across the other axis has contracted to 118° due to the coordination of boron. The 

average pyrrole N
…

N distance parallel to the axis of the B-O-B is 3.12 Å compared to 2.42 Å 

along the other axis. This difference of 0.7 Å is smaller than in [B2OF2(Cor)]
-
 which had a 

difference of 0.86 Å implying that there is less tetragonal distortion in porphyrazines than 

corroles despite both ligands having relatively small N4 cores. The B-O-B bond angle is 128° 

which is similar to those reported for [B2OF2(Cor)]
- 
complexes. This is in agreement with the 

overall trend that a wider B-O-B bond angle is a feature of cisoid geometry when comparing 

the B-O-B angles in B2OF2 compounds of porphyrins, corroles, porphyrazines and 

calixphyrins.  
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5.2.3: DFT Calculations 

 

DFT calculations were undertaken to understand the preferred geometry of the FBOBF 

moiety in B2OF2(Pz). The unsubstituted porphyrazine was used rather than the octa-ethyl 

derivative since early calculations using OEPz indicated that the random orientation of the 

eight ethyl groups had a significant effect on the relative energy of the optimised structures, 

hence obtaining a global minimum would be difficult and time consuming. Optimisation 

calculations were performed using the B3LYP functional with 6-31G (d, p) basis set using 

Gaussian.
21

 Frequency calculations were used to check that the structure obtained was at a 

minimum. Two possible isomers were tested, the cisoid isomer where both boron atoms sit 

out-of-plane and displaced to the same side of the ligand, and the transoid isomer which has 

the two boron atoms occupying an in-plane and out-of-place site displaced to opposite sides 

of the ligand (Figure 5.5). The structure of the isomers were generated using Avogadro.
22

  

 

 
B2OF2(Pz) Cisoid 

Relative Energy: 0.00 kcal mol
-1

 

 
B2OF2(Pz) Transoid 

Relative Energy: 1.16 kcal mol
-1

 

 

Figure 5.5: Optimised structure of the two isomers of B2OF2(Pz). 

 

The DFT calculations indicated that the cisoid and transoid isomers of B2OF2(Pz) are nearly 

energetically equivalent with only a 1.16 kcal mol
-1

 difference in relative energy which 

makes them practically energetically equivalent. The cisoid isomer of B2OF2(Pz) adopts a 

domed shape to accommodate the diboron moiety which is consistent with the experimentally 

obtained crystal structure. In comparison, the ligand in the transoid isomer is ruffled. The 

amount of tetragonal distortion is slightly overestimated in the DFT-optimised structure of 

the cisoid isomer when compared to the X-ray crystal structure although other bond lengths 

and angles are largely in good agreement. Selected bond angles and distances are given in 

Table 5.1. 
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Scheme 5.4: Labelling scheme for B2OF2(Pz). 

 

Table 5.1: Selected Bond Distances and Angles for both crystal and DFT optimised 

structures of B2OF2(Pz). 

 

Crystal 

Cisoid 
DFT 

Cisoid 
DFT 

Transoid 

N1
...

N2 3.117 3.197 3.432 

N2
...

N3 2.416 2.429 2.437 

N3
...

N4 3.119 3.197 3.432 

N4
...

N1 2.410 2.429 2.454 

C-N5-C 128.42 129.56 135.45 

C-N10-C 117.08 117.89 118.12 

C-N15-C 128.86 129.56 135.45 

C-N20-N 118.36 117.89 118.34 

B-N(ave) 1.583 1.602 1.553 

B-F(ave) 1.401 1.390 1.394 

B-O(ave) 1.377 1.368 1.394 

N-B-N (ave) 99.30 98.59 103.93 

B-O-B (ave) 128.00 132.33 113.12 

F-B-O (ave) 110.10 112.02 118.17 

 

The similarity in energy between the cisoid and transoid isomer is unusual compared to 

B2OF2(Por) which had a calculated difference of 15.9 kcal mol
-1

 between the two structures.
15

 

Similarly, in the four possible isomers of [B2OF2(Cor)]
-
, there are wide differences in energy 

levels.
17

 In these cases, the variation in energy level is often attributed to the amount of 

tetragonal distortion that the ligand adopts. Inspection of the intramolecular N
…

N distances 

indicates that the transoid isomer has greater tetragonal distortion than the cisoid isomer. The 

average N
…

N distance across the axis parallel to the B-O-B axis is 3.432 Å in the transoid 

isomer compared to 3.197 Å in the cisoid isomer. This distortion is also reflected in the 
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average C-Nmeso-C bond angle across this axis (N5 and N15) which has an average of 135.45° 

in the transoid isomer and 129.56° in the cisoid isomer. The N
…

N distance along the axis 

perpendicular to the B-O-B axis is similar in both isomers at 2.42-2.45 Å. These results 

indicate that the small energy differences in the two isomers cannot be explained by 

tetragonal distortions alone since the cisoid isomer should be more energetically favoured 

than what was calculated. Upon looking at the B2OF2 moiety, in the cisoid isomer the B-O-B 

angle is significantly wider at 132.33° compared to 113.12° in the transoid isomer. It is likely 

that the smaller B-O-B angle in the transoid geometry is more preferable to the wide angle in 

the cisoid geometry since it is closer to its preferred bond angle of 120° and this can 

somewhat offset the differences caused by tetragonal distortions in the ligand.  

Experimentally, only the cisoid isomer of B2OF2(OEPz) is ever isolated. Changes to the 

experimental procedure such as reaction time, temperature and solvent all failed to produce 

the transoid isomer. Since the calculations were performed on unsubstituted porphyrazine 

rather than the octa-ethyl derivative, it is possible that the orientation of the ethyl groups 

could affect the relative energy of the isomers and make the cisoid isomer more energetically 

favourable. Furthermore, the calculations were in the gas phase and no solvent effects were 

tested which is likely to be a big variable since the solvent interacts with the ethyl 

substituents and the B2OF2 group. 

 

5.2.4: Characterisation of BCl3 Intermediate 

 

Unlike the air and moisture stable B2OF2(OEPz), the boron intermediate formed by reaction 

of H2(OEPz) with BCl3 rapidly loses boron upon exposure to air or moisture which 

complicates characterisation. Attempts were made at obtaining a crystal structure and mass 

spectrum of the compound although these were unsuccessful. Without these, the structure has 

to be inferred from NMR data. NMR samples of the boron intermediate were prepared by 

dissolving the crude compound in CDCl3 that had been dried over CaH2 and making the 

NMR sample in a glovebox. The spectrum was contaminated with substantial amounts of 

protonated [H4(OEPz)]
2+

 due to the reaction being incomplete; however, a separate NMR 

spectrum of this species was obtained to distinguish the two compounds. 
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Figure 5.6: Comparison of the 
1
H NMR spectrum of B2OF2(OEPz) red and the product obtained from 

BCl3 (blue) in CDCl3. Peaks marked with X belong to [H4(OEPz)]
2+

. 

 

The 
1
H NMR spectrum of the boron intermediate was almost identical to B2OF2(OEPz) with 

small differences in chemical shift and broader peaks (Figure 5.6). The ethyl-CH3 protons 

appeared as two triplets at 1.63 and 1.91 ppm whereas the ethyl-CH2 protons appeared as 

multiplets from 3.6 to 4.2 ppm. The sum of the integrals of the triplets compared to the 

multiplets again had a ratio of 3:2, consistent with the above assignment. The coupling 

constants in this compound were the same as in B2OF2(OEPz). A large triplet at 1.77 ppm 

and quartet at 3.52 ppm are from the protonated [H4(OEPz)]
2+. 

 

 

Figure 5.7: 
11

B NMR spectrum of the product obtained from the reaction with BCl3 in CDCl3. 

 

The 
11

B NMR spectrum showed a broad signal at -8.4 ppm which is consistent with cisoid 

geometry (Figure 5.7). The upfield chemical shift indicates that the boron is coordinated to 

the N4 core. It is not as far upfield as B2OF2(OEPz) which is likely due to a less 

electronegative atom bonding to boron. Since this was a crude reaction mixture, several other 

peaks are observed in the spectrum and are likely due to BCl3 and other by-products.  

 

X X 
CH

2
 CH

3
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Based on the NMR evidence, the intermediate compound had the same symmetry and 

structure as B2OF2 (OEPz). It was therefore proposed structure of the boron intermediate was 

B2OCl2(OEPz). This compound would have arisen from the partial hydrolysis of the 

precursor (BCl2)2(OEPz) by adventitious water in the reaction or NMR solvent (Scheme 5.5). 

This is the first time that this intermediate has been observed in solution although it had been 

previously hypothesised to be an intermediate between (BCl2)2(Por) and B2O2(BCl3)2(Por) 

which has all four B-Cl bonds hydrolysed.
23

 Further hydrolysis to B2O2(BCl3)2(OEPz) is 

unlikely since the smaller N4 core would make the already unstable B2O2 ring even more 

sterically constrained. Attempts to isolate the presumed initially formed (BCl2)2(OEPz) were 

unsuccessful. 

 

Scheme 5.5: Reaction scheme showing formation of B2OCl2(OEPz) from the presumed intermediate 

(BCl2)2(OEPz). 
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5.3: Boron Porphyrazines from PhBCl2 

 

5.3.1: Observations 

 

The initial reactions replicated the conditions used to successfully synthesise B2OF2(OEPz). 

Since PhBCl2 has labile B-Cl bonds, the reaction was expected to proceed readily. However, 

the addition of 10 mol eq. of PhBCl2 to a solution of H2(OEPz) in dry CH2Cl2 at room 

temperature failed to produce a boron porphyrazine product. It was believed that this was due 

to steric hindrance caused by the larger phenyl group attached to the boron. When the 

reaction is carried out in refluxing chloroform, a mint green product is observed to form via 

TLC as well as several other by-products (Scheme 5.6). Mass spectrometry of the crude 

reaction mixture indicated that two predominant species had formed: PhBOBPh(OEPz) and 

PhBOBOH(OEPz). The mint green spot was later identified as belonging to 

PhBOBPh(OEPz) which could be purified by column chromatography. However, 

PhBOBOH(OEPz) would stick to the silica gel and was unable to be isolated. NMR indicated 

that PhBOBPh(OEPz) was of lower symmetry compared to B2OF2(OEPz) and most likely 

that the PhBOBPh moiety existed in transoid geometry. The retention of both boron-phenyl 

rings in the final product was somewhat surprising since in the boron porphyrin analogue; the 

loss of one phenyl ring via hydrolysis is usually observed.
23

 

 

Scheme 5.6: Reaction scheme of H2(OEPz) with PhBCl2 in refluxing CHCl3 to give transoid 

PhBOBPh(OEPz). 

 

The reaction produces several unidentified by-products caused by decomposition of the 

H2(OEPz) ligand hence the yield of PhBOBPh(OEPz) were typically quite low with 27% 

being the highest yield obtained. Attempts were made at modifying the reaction conditions by 
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changing solvent, temperatures and times. Longer reaction times, for example refluxing 

overnight, favoured the formation of PhBOBOH(OEPz) and other decomposed by-products 

at expense of the desired PhBOBPh(OEPz) product. When the reaction is performed in 

refluxing toluene, a blue compound was the major product instead of the expected mint green 

compound although yields were less than 10% (Scheme 5.7). MS of the isolated blue 

compound gave the chemical formula as PhBOBPh(OEPz), the same as the mint green 

compound. NMR data were interpreted to establish that the blue compound was cisoid 

PhBOBPh(OEPz). This is the first time that both cisoid and transoid isomers have been 

isolated for a B2OX2 porphyrinoid compound. 

 

Scheme 5.7: Reaction scheme of H2(OEPz) with PhBCl2 in refluxing toluene to give PhBOBPh(OEPz) 

cisoid. 

 

5.3.2: Reaction Mechanism 

 

The synthesis of both isomers of PhBOBPh(OEPz) is believed to occur through an air and 

moisture sensitive intermediate (PhBCl)2(OEPz) which upon hydrolysis of the B-Cl bonds 

gives rise to the bridging oxygen. This intermediate has been postulated for the synthesis of 

previous boron porphyrinoids including PhBHBPh(Cor) and for the phenyl-boron di-boron 

calixphyrin species discussed in Chapter 4. Due to the steric hindrance from the phenyl rings 

on the boron, the intermediate species is extremely labile hence it has not been observed 

directly.
24
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Scheme 5.8: Proposed reaction scheme for synthesis of PhBOBPh(OEPz). 

 

The isolation of two isomers of PhBOBPh(OEPZ) implies that two isomers of 

(PhBCl)2(OEPz) were formed as well. Since it is difficult to observe (PhBCl)2(OEPz) 

directly, DFT calculations were used to investigate the relative energies of the two isomer of 

(PhBCl)2(Pz). The unsubstituted porphyrazine ligand was used to reduce computational time 

and cost. Two isomers of (PhBCl)2(Pz) were tested, the cisoid isomer with both PhBCl 

groups coordinating to the same face of the ligand, and the transoid isomer with the PhBCl 

groups on opposite sides of the ligand. Hydrolysis of the cisoid isomer of (PhBCl)2(Pz) 

should give the cisoid PhBOBPh(Pz) and likewise for the transoid isomers. The B3LYP 

functional and 6-31G (d,p) basis set were used. 

 

DFT indicated that the transoid isomer with both PhBCl groups displaced to opposite sides of 

the ligand is more energetically favourable than the cisoid isomer by 61.03 kcal mol
-1

 (Figure 

5.8). The cisoid isomer is dramatically distorted into a bowl shape due to the repulsion from 

the two PhBCl groups. In contrast, the transoid isomer is the ruffled shape that is typical of 

transoid B2OX2 porphyrinoids. These results support the experimental observations that a 

transoid PhBOBPh(OEPz) product should be expected given the energy level of the 

precursor intermediate. 
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The large difference in energy level for the isomers of (PhBCl)2(Pz) suggests that the 

synthesis of cisoid PhBOBPh(OEPz) might occur via a different intermediate. An alternative 

intermediate could be PhBBPh(OEPz) which would form from (PhBCl)2(OEPz) via the 

reductive coupling of the two PhBCl fragments and the loss of Cl2. This presumed 

intermediate could be either hydrolysed or oxidised to form PhBOBPh(OEPz). In the 

corresponding corrole chemistry, PhBBPh(Cor) was proposed as an intermediate for the 

synthesis of PhBHBPh(Cor).
24

 Futhermore, the B-B bonding complex, PhBB(Cor), was able 

to be oxidised into PhBOB(Cor) so this is a plausible reaction pathway (Scheme 5.9).
25

  

 

 

Scheme 5.9: Alternative reaction scheme for the synthesis of cisoid PhBOBPh(OEPz). 

 

 

 
 

 

 

 

(PhBCl)2(Pz) Cisoid 

Relative Energy: 61.03 kcal mol
-1

 

 
 

(PhBCl)2(Pz) Transoid 

Relative Energy: 0.00 kcal mol
-1

  

Figure 5.8: DFT optimised structure of (PhBCl)2(Pz). 
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The DFT optimised structure of cisoid PhBBPh(Pz) shows that the ligand is slightly domed 

to accommodate the PhBBPh moiety (Figure 5.9). This complex has far less steric demand 

compared to the optimised structure of (PhBCl)2(Pz) where the ligand had to formed a bowl 

shape to accommodate the two PhBCl groups. This supports the hypothesis that PhBBPh(Pz) 

is a more plausible intermediate than (PhBCl)2(Pz). However, when the relative energy of the 

cisoid PhBBPh(Pz) is compared to the transoid PhBBPh(Pz), the transoid isomer is 14.32 

kcal mol
-1

 more favourable. The calculations did not consider the steric from the eight ethyl 

groups or solvent effects. Another aspect that was not calculated was the thermodynamics of 

the reaction pathways postulated given that the cisoid and transoid isomers of 

PhBOBPh(OEPz) are isolated at different reaction temperatures. 

 

Figure 5.9: DFT optimised structure of cisoid PhBBPh(Pz). 

 

5.3.3: Characterisation of PhBOBPh(OEPz) 

 

1
H NMR Spectra 

 

Figure 5.10: Structure and 
1
H NMR spectrum of the cisoid isomer of PhBOBPh(OEPz) in CDCl3. 
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The 
1
H NMR of the cisoid isomer of PhBOBPh(OEPz) has resonances arising from the ethyl 

groups and the phenyl rings on the boron (Figure 5.10). The pattern of the signals arising 

from the ethyl groups are similar to B2OF2(OEPz) so the two compounds have the same 

symmetry. The CH3-ethyl signals appear as two triplets integrating to twelve protons or four 

CH3 groups each and appear at 1.46 and 1.94 ppm. The ethyl CH2 protons appear as four sets 

of multiplets from 3.4 – 4.3 ppm. Each multiplet is a doublet of quartet with coupling 

constant of 7.5 Hz for the quartet, and 13.9 Hz for the doublet. These coupling constants are 

identical to those observed for B2OF2(OEPz) so can be assigned as vicinal CH2-CH3 coupling 

and germinal H1-C-H2 coupling respectively. Three signals appear for the phenyl-boron 

protons, a doublet at 4.77 ppm for the ortho protons, a triplet at 6.41 for the meta protons, and 

a triplet at 6.52 ppm for the para protons. There is an upfield shift due to the aromatic ring 

current of the porphyrazine hence the phenyl protons do not appear in the tradition aromatic 

region downfield of 7.00 ppm. In particular, the ortho protons which are closest to the plane 

of the porphyrazine N4 core are the most affected which is why they are most upfield shifted. 

Although only one set of phenyl signals is observed, the integrals with respect to the ethyl 

groups confirms that there are two chemically equivalent phenyl groups. 

 

 

Figure 5.11: Structure and 
1
H NMR spectrum of the transoid isomer of PhBOBPh(OEPz) in CDCl3. 

   Ph
2

p
  Ph

2

m
                  Ph

1

p
      Ph

1

m
    Ph

2

o
                     CH

2                                                                           
 CH

3
                  Ph

1

o
  

CH
3
 



203 
 

The 
1
H NMR of the transoid isomer of PhBOBPh(OEPz) showed that this was a lower 

symmetry species compared to the cisoid isomer (Figure 5.11). The CH3-ethyls appear as 

four triplets integrating to six protons or two CH3 groups at 1.10, 1.68, 1.79 and 1.80 ppm. 

The splitting of the CH3-ethyls into four triplets indicates that another plane of symmetry has 

been lost when compared to the cisoid isomer. There is still one plane of symmetry 

remaining, namely containing the B-O-B group, that prevents the signal splitting again into 

eight triplets. The diastereotopic CH2-ethyl protons appear as eight doublet of quartet signals 

between 3.10 to 4.20 ppm although only three are not overlapping with each other. The 

coupling constants for the doublet of quartets are the same as in the cisoid isomer of 

PhBOBPh(OEPz) as well as B2OF2(OEPz). Each doublet of quartet integrates to two protons 

thus each quartet corresponds to only one proton. 

 

In transoid B2OX2 porphyrinoid compounds, one boron atom sits in-plane of the ligand 

whereas the second boron atom is out-of-plane of the ligand. The substituents on the boron 

are affected by the aromatic ring current so will resonate further upfield compared to their 

normal chemical shift. Substituents that are bonded to the in-plane boron atom are more 

affected than substituents on the out-of-plane boron since they are closer to the centre of the 

ligand where the effect of the aromatic ring current is at its greatest.
26

  

 

Six signals are observed for the phenyl-boron protons, indicating that the two phenyl groups 

are not equivalent, consistent with transoid geometry. The assignment of the phenyl protons 

was made using 2D COSY NMR that could distinguish between the two phenyl groups. The 

phenyl assigned as the out-of-plane boron had signals arising from the ortho protons at 4.58 

ppm, the meta protons at 6.22 ppm and the para proton at 6.35 ppm. Their chemical shift is 

very similar to the B-Ph signals in cisoid PhBOBPh(OEPz) where both boron atoms are out-

of-plane of the N4 core. The phenyl belonging to the in-plane boron had signals at 1.19 ppm 

for the ortho protons, 4.93 ppm for the meta protons, and 5.33 ppm for the para protons. The 

dramatic upfield shift of the ortho protons is due to these protons being closest to the centre 

of the N4 core of the ligand and thus being the most shielded by the aromatic ring current. 

The meta and para protons are less affected but are still further upfield compared to the out-

of-plane boron-phenyl substituents.  

 

 

 



204 
 

11
B NMR Spectra 

 

The cisoid isomer has only one broad signal in the 
11

B NMR which is consistent with 

chemically equivalent boron atoms. The signal is broader than is expected for a compound 

with reasonably high symmetry and is broader compared to B2OF2(OEPz) which is a 

structural analogue. The broadening of the boron peak is presumed to occur due to rapid 

rotation of the phenyl rings in solution, as was observed in PhBOBPh(Calix). 

 

The transoid isomer has two broad peaks in the 
11

B NMR. The first signal at -7.8 ppm is 

similar to the 
11

B NMR of cisoid PhBOBPh so it is likely that this signal is from an out-of-

plane boron atom. The second signal at -13.7 ppm is more upshifted showing greater effect of 

the porphyrazine aromatic ring current thus can be assigned as the boron atom in-plane with 

the porphyrazine N4 core.  

 

UV-vis Spectra 

 

 

Figure 5.12: UV-vis spectra of both isomers of PhBOBPh(OEPz) in CH2Cl2. 

 

The UV-vis spectra of both isomers were recorded using CH2Cl2 as the solvent (Figure 5.12). 

The spectrum of the cisoid isomer appears similar to that of B2OF2(OEPz) so this particular 

absorbance pattern can be attributed to the cisoid geometry. There is a Soret band that has a 

shoulder centred at 350 nm. The Q-bands contain a large absorbance at 600 nm that is almost 
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of equal intensity to the Soret band. The wavelength of absorbances are similar to 

B2OF2(OEPz) and the free-base H2(OEPz).  

 

The absorbance spectrum of the transoid isomer is dramatically different compared to the 

cisoid isomer. The Soret band is in a similar position to the cisoid isomer; however, the Q-

bands are broadened and have been red-shifted to 700 nm. The broadening of the Q-bands 

could possibly be attributed to the lowered symmetry of the compound which is a feature of 

low symmetry porphyrazine compounds.
27

 

 

X-ray Crystal Structure: cisoid PhBOBPh(OEPz) 

 

An X-ray crystal structure of cisoid PhBOBPh(OEPz) with R = 10.1% was able to be 

obtained however not enough reflections were able to be collected for this sample so the bond 

angles and distances generated are unreliable. The crystal was obtained through slow 

evaporation of a CH2Cl2:n-hexane solution at 4°C in the dark to avoid decomposition. The 

structure does confirm the cisoid geometry of the PhBOBPh moiety predicted by the NMR 

data (Figure 5.13). 

 

Figure 5.13: Molecular structure of the cisoid isomer of PhBOBPh(OEPz) with thermal ellipsoids set at 

the 50% probability level. Minor disorder components omitted for clarity. Hydrogen atoms set as fixed 

sized spheres (radii = 0.15 Å). 
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X-ray Crystal Structure: transoid PhBOBPh(OEPz) 

 

X-ray quality crystals of transoid PhBOBPh(OEPz) were grown from the slow diffusion of n-

hexane into a CH2Cl2 solution containing the compound in the dark at 4°C (Figure 5.14). The 

R-factor is 3.8%. 

 

Figure 5.14: Molecular structure of the transoid isomer of PhBOBPh(OEPz) with thermal ellipsoids set at 

the 50% probability level. Minor disorder components omitted for clarity. Hydrogen atoms set as fixed 

sized spheres (radii = 0.15 Å). 

 

The X-ray crystal structure confirmed that the PhBOBPh moiety was bonding in transoid 

geometry. Both boron atoms are in their preferred tetrahedral geometry with one boron atom 

in-plane of its bonding site, while the second boron atom is out-of-plane of its bonding site. 

The in-plane phenyl-boron ring is perpendicular to the B-O-B axis while the out-of-plane 

boron is rotated so it is neither perpendicular nor parallel to the B-O-B axis although this 

could be due to crystal packing effects. To accommodate the PhBOBPh moiety, the ligand 

has undergone tetragonal distortions. As a result, the ligand has adopted a ruffled shape, 

similar to other transoid di-boron porphyrinoids.
15,24

 The average N
…

N distance parallel to 

the B-O-B axis is 3.44 Å, wider than the 3.12 Å observed in the cisoid B2OF2(OEPz) 

complex. Similarly, the C-N-C bond angle across the meso-nitrogen parallel to the B-O-B 

axis is 134°, wider than the 128° observed for B2OF2(OEPz). The average N
…

N distance of 

the bonding nitrogen atoms is 2.45 Å, indicating a contraction due to the coordination of 

boron. 
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5.3.4: DFT Calculations 

 

DFT calculations were attempted to investigate the relative energies of PhBOBPh(OEPz) 

isomers. The isolation of both isomers using different reaction conditions is unusual in boron 

porphyrinoid chemistry and gaining insight into why both isomers were isolated could 

improve understanding of reaction mechanisms behind boron porphyrinoid coordination. As 

for the calculations on B2OF2(Pz) and (PhBCl)2(Pz), the unsubstituted ligand was used to 

lower computational time and cost. The B3LYP functional with 6-31G (d,p) basis set was 

utilised. The DFT optimised structures of PhBOBPh(Pz) are given in Figure 5.15. 

 

 

 
 

 

 

 

PhBOBPh(Pz) Cisoid 

Relative Energy: 0.00 kcal mol
-1

 

 
 

PhBOBPh(Pz) Transoid 

Relative Energy: 11.16 kcal mol
-1

 

 

Figure 5.15: DFT optimised structures of PhBOBPh(Pz). 

 

Surprisingly, the cisoid isomer of PhBOBPh is 11.16 kcal mol
-1

 more energetically 

favourable compared to the transoid isomer despite both isomers being isolated. Similar to 

B2OF2(Pz), the difference in energy can be attributed to tetragonal distortion and the 

geometry of the PhBOBPh moiety. The bond angles and N
…

N distances in the optimised 

structures of both isomers B2OF2(Pz) and PhBOBPh(Pz) are very similar (Table 5.2). 
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Table 5.2: Comparison of the bond distances and angles between the DFT 

optimised structures of B2OF2(Pz) and PhBOBPh(Pz). 

 

Cisoid Transoid 

  B2OF2 PhBOBPh B2OF2 PhBOBPh 

N1
...

N2 3.197 3.226 3.432 3.472 

N2
...

N3 2.429 2.426 2.437 2.454 

N3
...

N4 3.197 3.226 3.432 3.472 

N4
...

N1 2.429 2.426 2.454 2.461 

C-N5-C 129.56 129.83 135.45 137.07 

C-N10-C 117.89 117.80 118.12 118.58 

C-N15-C 129.56 129.83 135.45 137.07 

C-N20-N 117.89 117.80 118.34 118.71 

B-N(ave) 1.602 1.613 1.553 1.563 

B-O(ave) 1.368 1.380 1.394 1.408 

N-B-N (ave) 98.59 97.58 103.93 103.75 

B-O-B 132.33 135.28 113.12 120.03 

F-B-O (ave) 112.02 110.14 118.17 122.91 

 

 

In general, the amount of tetragonal elongation in PhBOBPh(Pz) is only 0.03-0.04 Å longer 

than in B2OF2(Pz) and the bond angles are practically identical. The larger difference in 

energy between the two isomers of PhBOBPh(Pz) compared to B2OF2(Pz) is due to the 

PhBOBPh moiety not being able to offset the energy caused by the tetragonal distortions. 

When looking at the PhBOBPh moiety, the B-O-B bond angle in the transoid isomer is 120° 

which is wider than the 113° calculated in the corresponding B2OF2(Pz) transoid isomer and 

further away from the preferred bond angle of 109°. Although the cisoid isomer is wider still 

at 135°, the lower tetragonal distortion of the ligand can compensate for this. 

 

The difference between the DFT optimised structures and experimental observations can be 

attributed to the reaction mechanism. As described in section 5.3.2, the presumed precursor to 

PhBOBPh(Pz), (PhBCl)2(Pz) preferred the transoid geometry over the cisoid geometry which 

could explain why more of the transoid isomer was isolated. Also, for simplification the 

calculations did not take into account the effect of the octa-ethyl groups or solvent effects 

which could be significant given the bulk of the phenyl groups on the boron. 
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5.4: Functionalisation of Boron Porphyrazines 

 

5.4.1: Introduction 

 

To extend the possible library of boron porphyrazine compounds, attempts were made at 

functionalisation at the two boron centres. The compounds would have the general structure 

B2O(X)2(OEPz) where X could possibly have alkyl, aryl or alkoxo functionality. 

 

5.4.2: Attempts to Install B-O Functionality 

 

Based on previous boron porphyrin chemistry, the easiest functionality to introduce at boron 

was compounds containing boron-oxygen bonds. The simplest example, B2O(OH)2(Por), 

could be isolated by chromatography of B2O2(BCl3)2(Por) over basic alumina. Alcohols or 

the corresponding alkoxides could also react with B2O2(BCl3)2(Por) to give products with the 

general formula B2O(OR)2(Por) (Scheme 5.10). This procedure could incorporate a wide 

range of alcohols including ethanol and benzyl alcohol.
23

 Formation of boron-oxygen bonds 

is also now established in the BODIPY literature. Known as O-BODIPYs, the first reported 

synthesis was achieved by reacting an alcohol or sodium alkoxide with an F-BODIPY in the 

presence of a strong Lewis acid such as AlCl3.
28

 Alternatively, Thompson has shown that 

BODIPYs synthesised from BCl3 readily undergo substitution with alcohols to form O-

BODIPYs.
29

 This procedure has been adapted to form BODIPY-sugar conjugates.
30

 Boron-

oxygen bonds are also common in subphthalocyanine chemistry.
31

 

 

 

Scheme 5.10: Reaction of B2O2(BCl3)2(Por) with alcohols or alkoxides to give compounds with the 

structure B2O(OR)2(Por). 
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The first attempts to functionalise boron porphyrazines with B-O groups adapted the 

procedures from boron porphyrin chemistry. B2OCl2(OEPz) was synthesised as described in 

section 5.2.1. The reaction solvent was removed and the crude product was dissolved in dry 

CH2Cl2 and passed through a plug of basic alumina. Most of the compound ended up 

adsorbed onto the alumina and attempts to elute this with polar solvents led to the 

decomposition of the product. The bluish solution that was able to be collected was analysed 

by TLC which indicated it was a mixture with the majority being H2(OEPz) and some boron-

containing blue product. HRMS indicated that B2O(OH)2(OEPz) was one of the species in 

solution. Attempts to isolate pure samples of B2O(OH)2(OEPz) all failed. The compound 

could not be isolated via silica gel chromatography since it permanently stuck to the silica.  It 

was possible to separate the compound from the majority of H2(OEPz) by extracting into 

acetonitrile since H2(OEPz) is insoluble in acetonitrile whereas B2O(OH)2(OEPz) is soluble. 

Despite this, upon leaving the acetonitrile solutions standing for more than a few minutes, a 

precipitate of H2(OEPz) was observed to form. 

 

The next reactions attempted to install OR groups onto the boron. It was hypothesised that the 

polar hydroxyl group was causing B2O(OH)2(OEPz) to stick to the silica or alumina so a less 

polar B2O(OR)2(OEPz) species would be more likely to be eluted. The alcohol chosen for the 

synthesis was ethanol since the CH2 quartet and CH3 triplet would be expected to be easily 

identified in the 
1
H NMR spectrum since the aromatic ring current was expected to cause an 

upfield shift to below 0.00 ppm, as observed for B2O(OEt)2(Por) so it could be distinguished 

from the ethyl groups on the porphyrazine.
23

 

 

B2OCl2(OEPz) was prepared and dried ethanol was added to the solution in situ. There was 

an instant colour change from green/blue to purple with significant fuming and a large 

amount of white precipitate formed. It was clear from the reaction observations that the 

porphyrazine had been demetallated which was subsequently confirmed by TLC. The ethanol 

added to the reaction mixture would have reacted preferentially with the excess BCl3 

remaining in solution. This formed B(OEt)3 which was the white precipitate, and HCl which 

both demetallated the porphyrazine and was the source of the fuming. The reaction was 

repeated; however, the crude B2OCl2 was isolated first by removing the solvent in vacuo 

followed by keeping under vacuum for several hours to remove any BCl3 remaining in the 

reaction flask. This time, the ethanol was directly added to the solid B2OCl2(OEPz). 

However, the resulting solution was again purple and H2(OEPz) was recovered from the 
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reaction. The most likely reason for this failure is that the substitution of ethanol to 

B2OCl2(OEPz) would still form two molar equivalents of HCl which could be demetallating 

the boron. 

 

Attention then turned to the reaction with sodium ethoxide (NaOEt) since the reaction with 

alcohols had failed to produce a B2O(OR)2(OEPz) product. An advantage over using alcohols 

is that the by-product of the reaction would be NaCl rather than HCl so there is no acid in the 

reaction mixture. The disadvantages were than NaOEt was largely insoluble in the reaction 

solvent CH2Cl2 and ethanol could not be used as the solvent. Despite this, a test reaction was 

performed where NaOEt was added straight to the crude B2OCl2(OEPz). Unlike previous 

attempts, the solution promisingly remained a bluish colour. The 
1
H NMR spectrum of the 

crude residue contained the ethyl peaks from the NaOEt however they had not been shifted 

upfield due to the aromatic ring current indicating that they did not belong to an ethyl group 

attached to a coordinated boron atom. There was no signal in the 
11

B NMR spectrum. It was 

concluded that the blue compound observed was most likely an adduct rather than the desired 

B2O(OEt)2(OEPz). This was confirmed when the colour of the NMR sample changed back to 

purple after standing overnight and a precipitate had formed. 

 

5.4.3: Attempts to Install B-C Functionality 

 

The installation of B-C bonds in BODIPY chemistry has been achieved by using nucleophilic 

Grignards and organolithium reagents to substitute fluorine at the boron centre. Common 

functionalities introduced at the boron centre include aryl, alkyl groups and ethynyl 

groups.
29,32-34

 Similar reactions have also been replicated with subphthalocyanine 

compounds.
35-39

 

 

The first reagents attempted for this research were Grignard reagents due to their wide 

accessibility and mild reaction conditions. A proof of concept reaction was undertaken using 

PhMgBr as the chosen Grignard reagent. This would theoretically synthesise the already 

known PhBOBPh(OEPz) compound that had already been isolated using PhBCl2 as the boron 

reagent. The boron intermediate B2OCl2(OEPz) was prepared as described in section 5.2.1. 

The solvent was removed in vacuo and replaced with freshly distilled THF to give a blue 

solution. Two molar equivalents of PhMgBr were added and the solution stirred at room 
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temperature over an hour. No colour change was observed. TLC using CH2Cl2 as eluent 

showed that only a minute amount of the expected PhBOBPh(OEPz) product had formed and 

a large amount of an unknown blue porphyrazine product had appeared at the baseline. This 

initially unknown product was isolated via chromatography and identified as Mg(OEPz) so a 

transmetallation reaction had occurred rather than the desired substitution (Scheme 5.11). The 

lack of a colour change in the reaction mixture is due to both B2OCl2(OEPz) and Mg(OEPz) 

being a similar shade of blue in colour. The reaction was repeated at 0° but this also yielded 

Mg(OEPz) as the major product. 

 

 

Scheme 5.11: Accidental synthesis of Mg(OEPz) from B2OCl2(OEPz) when using PhMgBr. 

 

The reaction was repeated using B2OF2(OEPz) instead. Although this added an extra step in 

the synthetic pathway, the high reaction yields of B2OF2(OEPz) as well as being able to 

handle in air and moisture makes this compound a more convenient starting material. Two 

equivalents of PhMgBr were added dropwise to a stirred solution of B2OF2(OEPz) in dry 

THF and the resulting solution stirred at room temperature for one hour. TLC showed that 

most of the compound had been successfully converted into PhBOBPh(OEPz) (Scheme 

5.12). Chromatography of the resulting residue allowed isolation of PhBOBPh(OEPz) in 68% 

yield. NMR analysis indicated that the reaction also retained the original cisoid geometry of 

the B2OF2 moiety. Although this procedure contains extra synthetic steps this reaction has 

several advantages over the direct reaction of OEPz with PhBCl2 including: 

 the reaction uses milder reaction conditions since it can be performed at room 

temperature rather than in refluxing toluene (110°C); 

 by-product formation is minimised so purification via chromatography is easier; 

 yields are significantly higher than via direct boron insertion (68% versus 9%). 
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Scheme 5.12: Successful synthesis of PhBOBPh(OEPz) from B2OF2(OEPz) using PhMgBr. 

 

The reaction of Grignards with B2OF2(OEPz) was extended to alkyl Grignards by using 

EtMgBr as the reagent in the hope of forming EtBOBEt(OEPz). Two equivalents of EtMgBr 

in THF were added to a solution of B2OF2(OEPz) in dry THF and the resulting mixture 

turned brown straight away. A small aliquot was removed for analysis and washed with water 

which turned the mixture blue again. Extraction of the product using CH2Cl2 followed by 

TLC analysis indicated that the product formed was Mg(OEPz) so the undesired 

transmetallation had again occurred. A second reaction was done by cooling the reaction 

mixture to -78°C to try avoid the tranmetallation side reaction. Although the Mg(OEPz) no 

longer formed, no substitution of the fluorine atoms by EtMgBr took place. A third attempt 

was made by keeping the reaction at room temperature but adding the Grignard reagent 

slowing over a period of 15 to 20 minutes. This successfully avoided the transmetallation 

reaction but no substitution reaction took place. The last attempts used an excess of EtMgBr 

rather than the stoichiometric amount; however, this also failed to produce the desired 

EtBOBEt(OEPz) product even after gentle heating. In reactions where no Mg(OEPz) was 

formed, the starting material B2OF2(OEPz) could be recovered quantitatively from the 

reaction mixture. 

 

An attempt was made at using organolithium reagents to install B-C bonds onto 

porphyrazines. PhLi was chosen as the reagent to synthesise PhBOBPh(OEPz). When PhLi 

was added to a solution of B2OCl2(OEPz) in THF, the solution turned dark brown straight 

away. TLC analysis of the mixture showed no porphyrazine compounds in solution so it was 

inferred that the highly basic PhLi had decomposed the macrocycle instead. The reaction was 

repeated using B2OF2(OEPz); however, the compound also decomposed upon addition of 

PhLi. From this, it was concluded that the highly basic organolithium reagents were 

unsuitable for installing B-C functionality for boron porphyrazine compounds. 
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5.5: Summary 

 

The reaction of BCl3 with H2(OEPz) successfully produced the first example of a boron 

porphyrazine compound B2OCl2(OEPz). Substitution of the labile B-Cl bonds with fluoride 

from BF3.Et2O resulted in the air and moisture stable B2OF2(OEPz) compound in high yield. 

Similar to boron corroles, NMR and X-ray crystal analysis indicates that the smaller 

porphyrazine core favours the cisoid geometry for the B2OF2 moiety. The reaction with 

PhBCl2 is able to produce both the cisoid and transoid isomers of PhBOBPh(OEPz) 

depending on reaction conditions; one of the first examples where both possible isomers of a 

B2OX2 porphyrinoid has been isolated. 

 

The functionalisation of boron porphyrazines using various reagents proved to be largely 

unsuccessful. The reactions with alcohols or alkoxides failed to yield the desired 

B2O(OR)2(OEPz) compounds with demetallation of the macrocycle occurring instead. It is 

possible to substitute aryl Grignards onto boron porphyrazines but not alkyl Grignards or 

organolithium reagents.   
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5.6: Experimental Procedures 

 

Preparation of B2OF2(OEPz) 

 

BCl3 (1 mol L
-1

 solution in CH2Cl2, 1.00 ml), is added to a solution of H2(OEPz) (40 mg, 

0.07 mmol) in dry CH2Cl2 (20mL). After stirring for 1 hour at room temperature BF3·Et2O 

(0.137 mL, 1.11 mmol) is added, and the solution is stirred for a further hour. The reaction is 

quenched by the addition of saturated NaHCO3 solution and the organic phase is washed with 

water, dried over Na2SO4 and the solvent removed in vacuo. The residue was purified by 

column chromatography (SiO2, CH2Cl2 then CH2Cl2:Et2O 1:1) with B2OF2(OEPz) eluting as 

the major blue band. 

 

Yield: 38.4 mg, 84%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.59 (t, 12H, 

3
JHH = 7.5 Hz, CH2CH3), 1.87 (t, 12H, 

3
JHH  = 7.5 Hz, CH2CH3), 3.67 (dq, 4H, 

3
JHH =7.5 Hz, 

2
JHH = 13.9 Hz, CH2CH3), 3.96 (dq, 4H, 

3
JHH =7.5 Hz, 

2
JHH = 13.9 Hz, CH2CH3), 4.03 (dq, 4H, 

3
JHH =7.5 Hz, 

2
JHH = 13.9 Hz, 

CH2CH3), 4.12 (dq, 4H, 
3
JHH =7.5 Hz, 

2
JHH = 13.9 Hz, CH2CH3), 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 16.1, 16.6, 19.0, 20.1, 142.2, 150.9, 151.4, 

161.0. 

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -142.8 (brs, BF) 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ -11.07 (brs, BF) 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 338 (107400), 563 (26900), 607 (54400), 624 

(98800).  

HRMS (ESI+): Calcd for C32H41B2F2N8O
+
: 613.3555, found: 613.3581. 
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Preparation of PhBOBPh(OEPz) (cisoid isomer) 

 

Method 1: 

PhBCl2 (0.096 mL, 0.74 mmol), is added to a solution of H2(OEPz) (40 mg, 0.07 mmol) in 

dry toluene and the resulting solution is refluxed for 2 hours. After cooling to room 

temperature, the reaction mixture is washed with NaHCO3 followed by water and brine, dried 

over Na2SO4 and the solvent removed in vacuo. The residue was purified by column 

chromatography (SiO2, CH2Cl2:n-hexane 7:3) with the cisoid isomer of PhBOBPh(OEPz) 

eluting as a blue band.  

Yield: 4.6 mg, 8%. 

 

Method 2: 

PhMgBr (3 mol L
-1

 solution in THF, 0.05 mL) was slowly added to a solution of 

B2OF2(OEPz) (25 mg, 0.04 mmol) in dry THF and the resulting solution is stirred for 1 hour. 

The solvent is removed in vacuo and the residue purified by chromatography (SiO2, 

CH2Cl2:n-hexane 7:3) with PhBOBPh(OEPz) eluting as the major blue band. 

Yield: 20.3 mg, 68%. 

 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.46 (t, 12H, 

3
JHH = 7.5 Hz, CH2CH3), 1.94 (t, 12H, 

3
JHH  = 7.5 Hz, CH2CH3), 3.52 (dq, 4H, 

3
JHH =7.5 Hz, 

2
JHH = 13.9 Hz, CH2CH3), 3.70 (dq, 4H, 

3
JHH =7.5 Hz, 

2
JHH = 13.9 Hz, CH2CH3), 4.09 (dq, 4H, 

3
JHH =7.5 Hz, 

2
JHH = 13.9 Hz, 

CH2CH3), 4.20 (dq, 4H, 
3
JHH =7.5 Hz, 

2
JHH = 13.9 Hz, CH2CH3), 4.77 (d, 4H, BPhortho), 6.41 

(t, 4H, BPhmeta), 6.52 (t, 2H BPhpara). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 15.1, 15.7, 17.7, 19.1, 123.9, 124.6, 124.8, 

140.2, 150.5, 152.2, 161.1. 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ -7.15 (brs, BPh) 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 356 (27800), 562 (7200), 616 (27200), 685 (3400). 

HRMS (ESI+): Calcd for C44H51B2N8O
+
: 729.4376, found: 729.4381. 
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Preparation of PhBOBPh(OEPz) (transoid isomer) 

 

PhBCl2 (0.096 mL, 0.74 mmol), is added to a solution of H2(OEPz) (40 mg, 0.07 mmol) in 

dry CHCl3 and the resulting solution is refluxed for 2 hours. After cooling to room 

temperature, the reaction mixture is washed with NaHCO3 followed by water and brine, dried 

over Na2SO4 and the solvent removed in vacuo. The residue was purified by column 

chromatography (SiO2, CH2Cl2:n-hexane 4:1) with the transoid isomer of PhBOBPh(OEPz) 

eluting as a mint green band. 

 

Yield: 14.5 mg, 27%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.10 (t, 6H, 

3
JHH = 7.5 Hz, CH2CH3), 1.19 (d, 2H, 

BPh
1

ortho), 1.68 (t, 6H, 
3
JHH  = 7.5 Hz, CH2CH3), 1.79 (t, 6H, 

3
JHH = 7.5 Hz, CH2CH3), 1.80 (t, 

6H, 
3
JHH = 7.5 Hz, CH2CH3),  3.20 (dq, 2H, 

3
JHH =7.5 Hz, 

2
JHH = 13.9 Hz, CH2CH3), 3.54 (dq, 

2H, 
3
JHH =7.5 Hz, 

2
JHH = 13.9 Hz, CH2CH3), 3.61-3.74 (m, 6H, CH2CH3), 3.75-3.86 (m, 4H, 

CH2CH3), 4.03 (dq, 2H, 
3
JHH =7.5 Hz, 

2
JHH = 13.9 Hz, CH2CH3), 4.58 (d, 2H, BPh

2
ortho), 4.93 

(t, 2H, BPh
1

meta), 5.33 (t, 1H, BPh
1

para), 6.22 (t, 2H, BPh
2

meta), 6.35 (t, 1H BPh
2

para). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 15.9, 16.4, 16.5, 16.6, 18.5, 19.3, 19.6, 19.9, 

122.8, 123.5, 125.8, 126.2, 126.8, 127.5, 133.7, 139.3, 141.9, 143.4, 144.4, 145.4, 154.9, 

157.2, 160.7. 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ -13.65 (brs, BPh) 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 305 (38700), 367 (68100), 685 (65100).  

HRMS (ESI+): Calcd for C44H50B2N8ONa
+
: 751.4200, found: 751.4200. 
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Chapter 6 

Boron Phthalocyanines 

 

6.1: Introduction 

 

The objectives of the work described in this chapter are to synthesise the first examples of 

boron coordinated to the N4 core of phthalocyanines. Since their first synthesis in 1907,
1
 

phthalocyanines and their metal complexes have become one of the most studied classes of 

macrocycle with over 70 different metals coordinated to the N4 core.
2,3

 However, with the 

exception of silicon phthalocyanines, examples of non-metals coordinated to the N4 core of 

phthalocyanines are rare. There are only a handful of phosphorus phthalocyanines reported in 

the literature,
4-9

 and no examples of Group 16 or Group 17 phthalocyanine complexes. 

Phthalocyanines containing boron are known but only through groups fused to the periphery 

of the ring, not via coordination to the N4 core. These groups include carboranes which have 

been targets for potential BNCT applications.
10-12

 Phthalocyanine/BODIPY conjugates have 

also been synthesised.
13

 

 

Metallophthalocyanine complexes can be synthesised via two predominant methods; firstly 

through metal-templated macrocycle formation using phthalonitriles, and secondly the 

reaction of a metal salt with the free-base phthalocyanine. The template reaction between 

boron trihalides (BCl3 and BBr3) and phthalonitriles results in boron subphthalocyanine as the 

product hence it is not a suitable procedure for the synthesis of boron phthalocyanines.
14

 

Hence, boron will be complexed to the free-base phthalocyanine instead. The phthalocyanine 

used for this research was 2,9,16,23-tetra-tert-butyl phthalocyanine, H2(Pc). This compound 

was commercially obtained from Sigma Aldrich in 97% purity and is isomerically pure 

(Figure 6.1). 
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Figure 6.1: Structure of 2,9,16,23-tetra-tert-butyl phthalocyanine (H2(Pc)). 

 

6.2: Boron Phthalocyanines from Boron Trihalides 

 

6.2.1: Observations 

 

As with previous boron porphyrinoids, the reaction with BF3
.
Et2O was investigated first. The 

procedure used for boron porphyrins was attempted but using CH2Cl2 in place of 

chlorobenzene.
15

 Ten molar equivalents of BF3
.
Et2O was added to a solution of H2(Pc) in 

CH2Cl2. After three hours of stirring, the solution had gone from blue/green to colourless. 

Upon removal of the solvent, a brown residue remained indicating the decomposition of the 

H2(Pc) starting material. Since this was likely due to excess HF in solution, the reaction was 

repeated in refluxing chlorobenzene instead to boil off any excess HF. Although this 

prevented decomposition of phthalocyanine, no boron-containing product was observed. 

Since there was no coordination at high temperatures, it was concluded that the 

phthalocyanine was behaving in a similar way to the reaction of porphyrazines with 

BF3
.
Et2O.  As a result, this procedure and the use of BF3

.
Et2O as a suitable reagent for boron 

coordination were subsequently abandoned. BCl3 was used instead in expectation that the 

reaction would proceed in a similar manner to the porphyrazines where boron coordination 

was accomplished. A 1 mol L
-1 

solution of BCl3 in CH2Cl2 was added to a solution of H2(Pc) 

in dry CH2Cl2 and stirred overnight at room temperature. Although a colour change was 
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observed from blue/green to a murky green, upon exposure to air, the reaction mixture fumed 

and the solution returned to its original colour. TLC indicated no product had formed.  

 

Since the room temperature reactions had failed, reflux conditions were employed to try force 

the coordination of boron. There was initially some reluctance to use higher temperatures in 

the presence of the more Lewis acidic BCl3 since this could lead to other products forming or 

decomposition of the H2(Pc) ring. Reflux conditions were not particularly successful for 

boron porphyrazines where the reaction of PhBCl2 with H2(OEPz) in refluxing toluene led to 

a small amount of PhBOBPh(OEPz) forming and much of the macrocycle decomposing. In 

phthalocyanine chemistry, the reaction of py-PBr3 with H2(Pc) at 90-100°C led to the 

formation of phosphorus triazatetrabenzcorrole instead of the desired phosphorus 

phthalocyanine via ring contraction through the loss of one meso nitrogen atom (Scheme 

6.1).
4,16

  

 

 

Scheme 6.1: Accidental synthesis of phosphorus triazatetrabenzcorrole from free-base phthalocyanine. 

 

 

A 1 mol L
-1

 solution of BCl3 in CH2Cl2 was added to a solution of H2(Pc) in dry toluene and 

the solution was refluxed for two hours. No product was observed after this time via TLC so 

the reaction was continued overnight where the reaction mixture became forest green in 

colour. A TLC sample of the reaction mixture showed that nearly all of the H2(Pc) starting 

material had been consumed and a green spot on the baseline, indicating the potential 

formation of a boron phthalocyanine intermediate. The solvent was removed from the 

reaction mixture to give a green residue. Surprisingly, this green compound persisted upon 

exposure to air. NMR analysis of the crude material proved unhelpful since broad peaks were 

observed in the 
1
H NMR spectrum, suggesting that several species were in solution or 

possible aggregation of the phthalocyanine species. The UV-vis spectrum of the crude 

material in CH2Cl2 supported the hypothesis that several possible phthalocyanine products 

had formed, judging by the broad absorption bands observed. 
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Since no structure could be elucidated, the crude reaction mixture was exposed to BF3
.
Et2O to 

see whether it would form B2OF2(Pc) or any other potential product. This procedure had been 

successful for the synthesis of B2OF2 complexes of both porphyrins and porphyrazines. The 

intermediate was prepared as described above. After the solution was cooled, BF3
.
Et2O was 

added and the reaction stirred for one hour. TLC analysis showed a major green spot that 

moved using CH2Cl2 as the eluent. Following work-up the green band was isolated using 

silica gel chromatography with CH2Cl2 as the eluent in 65% yield. This green band was 

identified by NMR, UV-vis and HRMS to be the first example of a N4 coordinated boron 

phthalocyanine, B2OF2(Pc) (Scheme 6.2). 

 

 

Scheme 6.2: Reaction scheme of H2(Pc) with BCl3 followed by BF3
.
Et2O to give B2OF2(Pc). 

 

6.2.2: Characterisation of B2OF2(Pc) 

 

1
H NMR Spectrum 

 

The chosen ligand, 2,9,16,23-tetra-tert-butyl phthalocyanine, has signals arising from the t-

butyl groups and the benzo rings which can indicate whether any loss of symmetry occurred 

due to the coordination of boron. A complicating factor is that there are two possible isomers 

of B2OF2(Pc) although only one band is observed in column chromatography. The two 

isomers differ due to the position of the t-butyl groups on the benzo rings with respect to the 

B2OF2 moiety (Figure 6.2). Given the two isomers are non-superimposable mirror images of 

each other, they are most likely enantiomers. 
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Figure 6.2: Enantiomers of B2OF2(Pc). 

 

 

The 
1
H NMR spectrum of B2OF2(Pc) shows a lower symmetry species compared to the free-

base phthalocyanine (Figure 6.3). Three sets of signals could be observed. The t-butyl groups 

appeared as set of overlapping singlets between 1.68 and 1.83 ppm.  The benzo ring protons 

appeared as two series of complex multiplets, the first set resonating between 8.1 to 8.4 ppm, 

and the second set from 9.05 to 9.65 ppm. The integrals were evaluated for the three sets of 

signals and the ratio of the integrals (from highest ppm to lowest) were 2:1:9. There is no 

observable broadening of the benzo ring peaks which indicates that there is no aggregation of 

the phthalocyanine in solution via π-π stacking; a common feature of the 
1
H NMR spectrum 

of metallophthalocyanines.   

 

 

Figure 6.3: 
1
H NMR spectrum of B2OF2(Pc) in CDCl3. 

 

 

* 

* 
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11
B NMR Spectrum 

 

The 
11

B NMR spectrum shows two broad singlets at -12.4 ppm and -10.1 ppm (Figure 6.4). 

The broadened signal and upfield chemical shift indicates that the boron is coordinated to the 

phthalocyanine N4 core. The presence of two signals suggests that the B2OF2 moiety exists in 

transoid geometry. The chemical shift is not as far upfield as boron subphthalocyanines 

which typically have 
11

B NMR chemical shifts of -13.8 to -19.6 ppm.
17

 

 

 

Figure 6.4: 
11

B NMR spectrum of B2OF2(Pc) in CDCl3. 
 

19
F NMR Spectrum 

 

The 
19

F NMR spectrum of B2OF2(Pc) is dominated by two peaks, one at -148.4 ppm and a 

second at -159.9 ppm (Figure 6.5). The presence of two peaks is consistent with the transoid 

geometry that was suggested by the 
11

B NMR spectrum.  

 

 

Figure 6.5: 
19

F NMR spectrum of B2OF2(Pc) in CDCl3. 
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UV-vis Spectrum 

 

The UV-vis spectrum of phthalocyanines is dominated by highly intense Soret and Q-bands. 

The Q-bands of phthalocyanines are believed to be affected by the relative symmetry of the 

compound. In the free-base phthalocyanine, the presence of two internal N-H proton gives 

the compound a D2h symmetry leading to the splitting of the Q-band into two large peaks. 

Complexing a single metal to the N4 core results in higher D4h symmetry so only one Q-band 

is observed. Smaller shoulders also appear in the Q-band region and are usually attributed to 

vibrations.
18

 The Q-bands of most metallophthalocyanine complexes usually absorb at 680 

nm.
3,19

 

 

 

Figure 6.6: UV-vis spectrum of B2OF2(Pc) (green) compared to H2(Pc) (blue) in CH2Cl2. 

 

The Q-bands in the UV-vis spectrum of B2OF2(Pc) appear as a broadened signal that has red-

shifted to 752 nm with significant shoulders that extend down to 550 nm (Figure 6.6). This 

Q-band is unusual compared to metallophthalocyanine complexes that usually have one Q-

band which indicates that the synthesised compound has lowered symmetry. This is 

consistent with di-boron coordination via transoid geometry and the NMR data which 

suggested a low symmetry species. A large Soret band has an absorbance at 350 nm and is 

similar to the free-base H2(Pc) starting material. 
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Comparison of UV-vis Spectrum to Other Possible Products 

 

To remove doubt that a boron phthalocyanine compound had been successfully synthesised, 

the UV-vis spectrum was compared to other compounds that could have been formed with 

the procedure that was used. One concern with the reaction procedure was that contraction of 

the phthalocyanine could occur to accommodate the boron atom. One possible contraction 

was the formation of a subphthalocyanine via the loss of one pyrrolic ring. The second 

possible contraction was the formation of boron benzotriazacorrole. 

 

The UV-vis spectrum of subphthalocyanines is similar to that of the parent phthalocyanine 

since both have characteristic Soret bands and Q-bands. However, due to the decreased 

conjugation of the 14π electron aromaticity of subphthalocyanines compared to the 18π 

electron aromaticity of phthalocyanines, the wavelengths of the Q-bands are blue shifted to 

approximately 560 nm compared to 680 nm for phthalocyanines.
17,20

 The Q-bands in the UV-

vis spectrum have a maximum at 752 nm which is inconsistent with a boron 

subphthalocyanine product. Thus, there was no contraction of the phthalocyanine ring upon 

coordination with boron. 

 

The reaction of py-PCl3 with phthalocyanines is known to produce phosphorus 

triazatetrabenzcorrole which forms via the loss of one meso-nitrogen atom. This compound 

was miss-assigned as phosphorus phthalocyanine when it was first reported in 1981.
16

 A 

feature of the UV-vis spectra of triazatetrabenzcorrole is a sharp absorbance at 440 nm which 

has been reported not only for the phosphorus complex but also for the germanium and 

silicon complexes.
21,22

 This absorbance was not present in the UV-vis spectrum hence this 

possible product could be eliminated. 

 

6.2.3: Synthesis of B2O(OH)2(Pc) 

 

The crude intermediate from the reaction of H2(Pc) with BCl3 was also able to be converted 

into a second example of a N4 boron phthalocyanine complex, B2O(OH)2(Pc) (Scheme 6.3). 

The crude mixture was passed through a plug of basic alumina to remove any remaining acid 

by-product of BCl3 followed by eluting the alumina with EtOAc to give a green solution. 

This solvent was removed and the residue was subjected to silica gel chromatography using 
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EtOAc:n-hexane 4:6 as the eluent which eluted several impure green bands. A significant 

amount of the green product remained on the column even after increasing the amount of 

EtOAc in the eluent to 100%; hence the compound isolated is especially polar. Elution with 

other polar solvents such as MeOH resulted in a mixture of the compound with all other 

remaining by-products so it was not considered as a suitable solvent for chromatography. The 

compound was identified primarily by HRMS of the fractions collected. All the fractions had 

a common parent ion peak at 831.4101 m/z which correlated with the formula 

B2O(OH)2(Pc)Na
+
, thus indicating that the product isolated was B2O(OH)2(Pc). 

 

 

Scheme 6.3: Reaction scheme of H2(Pc) with BCl3 followed by filtration over basic Al2O3 to give 

B2O(OH)2(Pc). 

 

The 
1
H NMR spectrum of crude B2O(OH)2(Pc) indicates that it has the same geometry as 

B2OF2(Pc). The signals from the aromatic benzo rings had a similar appearance and chemical 

shift to that of B2OF2 (Figure 6.7). Furthermore, the t-butyl protons appear as overlapping 

singlets from 1.64-1.83 ppm; again similar to what was observed in B2OF2(Pc). The OH 

protons could not be identified in the spectrum. In the 
11

B NMR spectrum, two signals 

appeared at -8.8 and -13.1 ppm. The chemical shifts are consistent with boron coordination to 

the N4 core of the phthalocyanine and with transoid geometry. 

 

Figure 6.7: Comparison of aromatic region of 
1
H NMR spectrum of B2O(OH)2(Pc) (blue) with B2OF2(Pc) 

(red) in CDCl3. 



230 
 

The UV-vis spectrum of the impure compound appeared to be similar to that of B2OF2(Pc) 

which indicates that the two compounds have the same symmetry. There are Q-bands with a 

maximum at 750 nm extending down to 550 nm and a Soret band with a maximum 

absorbance at 353 nm. 

 

6.3: Boron Phthalocyanines from PhBCl2 

 

6.3.1: Observations 

 

The reaction of H2(Pc) with boron reagents was extended to PhBCl2. The reaction conditions 

that were successful for BCl3 were repeated but with PhBCl2 used instead. Ten equivalents of 

PhBCl2 were added to a solution of H2(Pc) in dry toluene and the reaction was refluxed 

overnight (Scheme 6.4). TLC of the reaction mixture indicated that a small amount of a green 

product had formed although there were significant amounts of unreacted free-base H2(Pc). 

This is in contrast to the reaction using BCl3 where nearly all of the starting material had been 

consumed. Removal of the solvent followed by silica gel chromatography of the residue 

isolated the green product in only 7% yield that was assigned via NMR and HRMS as being 

PhBOBOH(Pc).  The low reaction yields can probably be attributed to the lower Lewis 

acidity of PhBCl2 compared to BCl3. 

 

Scheme 6.4: Reaction scheme of H2(Pc) with PhBCl2 to give PhBOBOH(Pc). 
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6.3.2: Characterisation of PhBOBOH(Pc) 

 

1
H NMR Spectrum 

 

 

Figure 6.8: Aromatic region of 
1
H NMR spectrum of PhBOBOH(Pc) in CDCl3. 

 

The 
1
H NMR spectrum of PhBOBOH(Pc) has signals arising from both the ligand and the 

phenyl-boron coordinated to the Pc. The peaks arising from the phthalocyanine core indicate 

that PhBOBOH(Pc) has similar symmetry to that of B2OF2(Pc) and B2O(OH)2(Pc) so the di-

boron moiety is most likely coordinated in transoid geometry (Figure 6.8). The peaks from 

the t-butyl groups appear as broadened singlets from 1.63-1.85 ppm. The aromatic benzo ring 

signals again split into two regions; the first integrating to four protons resonating from 8.13-

8.44 ppm; and a second region integrating to eight protons from 9.04-9.66 ppm. Three 

phenyl-boron signals, representing the ortho, meta and para protons are observed at 5.09, 

6.32 and 6.46 ppm, respectively. The upfield shift from the traditional aromatic region 

downfield of 7.00 ppm is consistent with the phenyl being shielded by the phthalocyanine 

aromatic ring current, thus it belongs to a phenyl bonding to a boron atom coordinated to the 

N4 core. The chemical shift is consistent with the phenyl-boron being out-of-plane of the N4 

core since the chemical shift is similar to other boron porphyrinoids with out-of-plane Ph-B 

boron atoms including PhBOBOH(Por) and PhBOBPh(OEPz).
23

 The OH proton was not 

observed in the compound presumably due to trace H2O in the NMR solvent. 

 

 

 

 

                 Aromatic                                                            p-PhB             m-PhB                o-PhB 

* 
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11
B NMR Spectrum 

 

The 
11

B NMR spectrum of PhBOBOH(Pc) shows a broad peak centred at -11.50 ppm. The 

upfield chemical shift is consistent with boron coordinated to the N4 core of the 

phthalocyanine.  

 

UV-vis Spectrum 

 

Figure 6.9: UV-vis spectrum of PhBOBOH(Pc) in CH2Cl2. 

 

The UV-vis spectrum of PhBOBOH(Pc) was recorded using CH2Cl2 as the solvent. The 

spectrum is very similar to that of B2OF2(Pc) with a broad, intense Q-band with a maximum 

of 750 nm with several shoulders down to 550 nm and a Soret band at 364 nm (Figure 6.9). 

The UV-vis spectrum is consistent with PhBOBOH(Pc) having similar symmetry as 

B2OF2(Pc). 

 

HRMS 

 

 

Figure 6.10: HRMS spectrum of PhBOBOH(Pc)Na
+
 with observed spectrum above and calculated 

spectrum below. 
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HRMS of PhBOBOH(Pc) was done using ESI method in the positive ion mode. A peak 

corresponding to PhBOBOH(Pc)Na
+
 was observed at 891.4444 m/z (Figure 6.10), thus 

confirming the molecular formula postulated by the NMR data. A second peak at 851.4543 

m/z was also observed and was consistent with the formula PhBOB
+
(Pc); the positive ion 

generated by the loss of OH
-
. 

 

6.4: Synthesis of PhBOBPh(Pc) 

 

6.4.1: Observations 

 

The reaction of B2OF2(OEPz) with PhMgBr described in Chapter 5 was found to be an 

alternative synthetic route to PhBOBPh(OEPz) although reactions with other Grignards such 

as EtMgBr failed. That reaction was extended to boron phthalocyanines in the desire to show 

that substitution reactions at the two boron centres were possible and could increase the 

potential and versatility of future boron phthalocyanine complexes. In the corresponding 

porphyrazine chemistry, the reaction of B2OF2(OEPz) with PhMgBr succeeded in 

synthesising PhBOBPh(OEPZ) in good yield and purity, however, the reaction with the labile 

intermediate, B2OCl2(OEPz) only resulted in transmetallation to give Mg(OEPz). The boron 

phthalocyanine intermediate synthesised from BCl3 is not as labile, hence it might be a better 

starting material for substitution reactions. To investigate the reactivity of boron 

phthalocyanines with Grignards, two concurrent reactions were tried with one using 

B2OF2(Pc) as the starting material, and the other using the BCl3 intermediate as the starting 

material. In each reaction, the boron phthalocyanine was dissolved in sodium-dried THF and 

an excess of PhMgBr added. The reaction was monitored by TLC which showed that 

B2OF2(Pc) did not react with PhMgBr and was able to be recovered unchanged. However, a 

new green spot that readily eluted with CH2Cl2 formed in the reaction using the intermediate 

generated from BCl3. This reaction was deemed to be complete after one hour of stirring. The 

THF was removed in vacuo and the resulting residue subjected to silica gel chromatography. 

When CH2Cl2 was used as the eluent, the green band co-eluted with some H2(Pc) that had 

formed during the reaction which indicated that this compound was less polar than 

B2OF2(Pc). The eluent was changed to CH2Cl2:n-hexane 1:1 which was able to separate the 

pure green product. HRMS analysis indicated that the compound had the formula 

PhBOBPh(Pc), hence the reaction was successful (Scheme 6.5). Surprisingly, NMR and UV-



234 
 

vis data indicated that PhBOBPh(Pc) had higher symmetry compared to B2OF2(Pc) which 

raises the possibility that a cisoid isomer of PhBOBPh(Pc) had formed rather than the 

transoid isomer. A small amount of PhBOBOH(Pc) could also be isolated from the reaction 

mixture. 

 

 Scheme 6.5: Reaction of H2(Pc) with BCl3 followed by treatment with PhMgBr to give PhBOBPh(Pc). 

 

6.4.2: Characterisation of PhBOBPh(Pc) 

 

1
H NMR Spectrum 

 

The 
1
H NMR spectrum of PhBOBPh(Pc) showed that this was higher symmetry species 

compared to B2OF2(Pc). The peaks from the t-butyl groups appeared as two overlapping 

multiplets at 1.64 and 1.78 ppm. Both multiplets integrate to 18 protons each. The aromatic 

benzo ring protons appear as six multiplets in the region 8.15-9.82 ppm rather than coalescing 

into two distinct multiplets as in B2OF2(Pc); indicative of the higher symmetry (Figure 6.11). 

Each multiplet integrates to two protons each. Only three phenyl-boron signals could be 

observed, with the ortho, meta and para protons having chemical shifts of 5.18, 6.38 and 6.51 

ppm respectively. Just as in PhBOBOH(Pc), this chemical shift indicates that the phenyl 

signals arises from occupying an out-of-plane geometry. Although there are only one set of 

phenyl-boron protons, inspection of the integrals reveal that there are two phenyl rings in the 

compound since the ortho, meta and para protons integrated to four, four and two protons 

respectively. This indicates that the two phenyl rings in the compound are equivalent and is 

consistent with PhBOBPh bonding in cisoid geometry. These signals are also broadened 

indicating possible free rotation in solution. 



235 
 

 

Figure 6.11: Comparison of aromatic region of 
1
H NMR spectra of PhBOBPh(Pc) (blue) with B2OF2(Pc) 

(red) in CDCl3. 
 

11
B NMR Spectrum 

 

The 
11

B NMR spectrum of PhBOBPh(Pc) shows a broad peak at -6.81 ppm. The chemical 

shift of the peak is more downfield compared to B2OF2(Pc) which indicates that the boron 

atoms are not as shielded by the N4 phthalocyanine core. This is consistent with both boron 

atoms occupying out-of-plane sites in cisoid geometry.  

 

UV-vis Spectrum 

 

Figure 6.12: UV-vis spectrum of PhBOBPh(Pc) (green) compared to H2(Pc) (blue) in CH2Cl2. 
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The UV-vis spectrum of PhBOBPh(Pc) was recorded using CH2Cl2 as the solvent. The 

spectrum is dominated by a large Q-band at 717 nm flanked by several smaller shoulders and 

a broad Soret band with a maximum of 375 nm (Figure 6.12). The presence of only one Q-

band rather than the step-shaped Q-bands obtained for B2OF2(Pc) indicates that 

PhBOBPh(Pc) has higher symmetry. The Q-band is red-shifted with respect to the free-base 

H2(Pc) however it is not as red-shifted as B2OF2(Pc) whose maximum was at 752 nm.  

 

HRMS 

 

 

Figure 6.13: Mass spectrum of PhBOBPh(Pc)Na
+
; observed spectra on top and calculated spectrum 

below. 
 

HRMS of PhBOBPh(Pc) was measured using ESI method in the positive ion mode. A large 

peak at 951.4788 m/z which correlated with the formula PhBOBPh(Pc)Na
+
 confirmed the 

formation of PhBOBPh(Pc) (Figure 6.13). A smaller peak at 929.4977 corresponding to 

PhBOBPh(Pc)H
+ 

was also observed. 

 

6.5: DFT Calculations 

 

6.5.1: Introduction 

 

Since no crystal structure was obtained for any of the isolated species, DFT calculations were 

undertaken to obtain the optimised geometries of B2OF2(Pc), B2O(OH)2(Pc), PhBOBOH(Pc) 

and PhBOBPh(Pc). All four compounds can have boron coordinating either through cisoid or 

transoid geometries that have been previously established for other boron porphyrinoids. In 

the case of transoid PhBOBOH(Pc), there are two isomers depending on whether the out-of-

plane boron atom contains a B-Ph or B-OH group instead. Of interest was how the 

phthalocyanine ligand affected the geometry of the di-boron moiety. Because of the meso-

nitrogen atoms, phthalocyanines generally have a smaller N4 core than porphyrins. This is 
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similar to porphyrazines where DFT calculations on B2OF2(Pz) and PhBOBPh(Pz) indicated 

that the di-boron moiety preferred the cisoid geometry. However, because of the benzo rings 

on the periphery of phthalocyanines, the ligand is more planar and less flexible which could 

favour the transoid geometry instead since the ligand would be less likely to dome to 

accommodate the cisoid geometry. 

 

The calculations were performed using unsubstituted phthalocyanine to reduce computational 

time and costs (Scheme 6.6). The input structures were generated using Avogadro
24

 and 

optimised using Gaussian.
25

 The B3LYP functional and 6-31G (d, p) basis set were 

employed. Frequency calculations were run on the optimised structures to check they were at 

a minimum. 

 

Scheme 6.6: Labelling scheme for phthalocyanine nitrogens. 

 

6.5.2: Optimised Structure of B2OF2(Pc) 

 

B2OF2(Pc) has two unique isomers; cisoid B2OF2(Pc) and transoid B2OF2(Pc). 

 

B2OF2(Pc) Cisoid 

Relative Energy: 3.18 kcal mol
-1

 

  
 

B2OF2(Pc) Transoid 

Relative Energy: 0.00 kcal mol
-1

 

 

Figure 6.14: Optimised structures of B2OF2(Pc). 
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DFT calculations show that transoid B2OF2(Pc) is the most energetically favourable isomer 

by 3.18 kcal mol
-1

 which is consistent with the NMR data of B2OF2(Pc) that indicated that the 

product formed had transoid geometry (Figure 6.14). In the transoid structure, the ligand has 

adopted the ruffled step-shaped conformation previously observed for B2OF2(Por).
15,26

 One 

boron atom has been displaced out-of-plane of its bonding site by 0.65 Å, however, the 

second boron is almost in-plane of its 6-membered chelate. In contrast, the cisoid isomer 

shows the characteristic doming of the ligand previously observed in [B2OF2(Cor)]
-
 and 

B2OF2(OEPz).
27

 Both boron atoms are displaced from the N4 core by 0.96 Å.   

 

Table 6.1: Selected bond angles and distances in the DFT optimised structures of 

B2OF2(Pc) compared with H2(Pc).
28

 

 
Cisoid Transoid H2(Pc)

28
 

N1
…

N2 3.281 3.472 2.849 

N2
…

N3 2.446 2.454 2.730 

N3
…

N4 3.281 3.472 2.849 

N4
…

N1 2.446 2.461 2.730 

C-N5-C 132.09 137.07 123.80 

C-N6-C 118.43 118.58 121.71 

C-N7-C 132.09 137.07 123.80 

C-N8-C 118.43 118.71 121.71 

B-N (ave) 1.602 1.580 N/A 

B-F (ave) 1.391 1.394 N/A 

B-O-B 135.07 114.10 N/A 

N-B-N (ave) 99.50 109.97 N/A 

 

Inspection of the bond angles and N
…

N distances reveal that both isomers are tetragonally 

distorted to accommodate the boron (Table 6.1). Judging by the N
…

N distances, there is more 

elongation along the B-O-B axis (N1
…

N2, N3
…

N4) in the transoid isomer than the cisoid 

isomer when compared to the distances measured in the free-base H2(Pc). This is also 

reflected in the relative bond angles around the meso-nitrogen atoms (N5, N7). There is a 

contraction of the N
…

N distances along the other axis due to the coordination of boron and 

they are similar in both isomers. The bonds angle around the boron atoms is particularly 

interesting. In the cisoid isomer, the N-B-N bond angle is strained so it is about 10° less than 

the preferred tetrahedral bond angle of 109°. However, in the transoid isomer the bond angle 

is close to this value, indicating that this geometry is more preferable for boron. Similarly, the 

B-O-B bond angle in the cisoid isomer is over 25° wider than the preferred angle of 109°, 

whereas the transoid isomer’s B-O-B angle is only 5° wider. This most likely offsets the 
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greater tetragonal distortion of the ligand in the transoid isomer which helps to explain why it 

is the lowest energy isomer. 

 

6.5.3: Optimised Structure of B2O(OH)2(Pc) 

 

B2O(OH)2(Pc) has two types of isomerisation; firstly the arrangement of the OH groups 

within the moiety, and secondly the geometry of the B2O(OH)2 moiety.  

 

Arrangement of OH Groups in B2O(OH)2  

 

In B2O(OH)2(Por), the optimised structures showed that the OH groups could form weak 

hydrogen bonds to the B-O-B oxygen.
23

 In the cisoid isomer, none, one or both of the OH 

groups could hydrogen bond hence there are three possible arrangements for the B2O(OH)2 

moiety.  In the transoid isomer, only one of the OH groups is capable of hydrogen bonding 

hence there are only two arrangements here. 

     

 
Cisoid; No H-bond 

Relative Energy: 8.88 kcal mol
-1

 

 
Cisoid; One H-bond 

Relative Energy: 3.59 kcal mol
-1

 

 
Cisoid; Two H-bond 

Relative Energy: 0.00 kcal mol
-1

 

 

 
Transoid; No H-bond 

Relative Energy: 3.17 kcal mol
-1

 

 
Transoid; One H-bond 

Relative Energy: 0.00 kcal mol
-1

 

Figure 6.15: Relative energy of the different arrangements of the B2O(OH)2 moiety. Note that the relative 

energy at 0.00 kcal mol
-1

 refers specifically to either the cisoid or transoid isomers, respectively. 

 

DFT calculations indicate that the presence of H-bonding stabilises the B2O(OH)2 moiety 

(Figure 6.15). In the cisoid isomers, the doubly hydrogen bonding isomer is nearly 9 kcal 

mol
-1

 more energetically favourable that the non-hydrogen bonding isomer. This trend is also 



240 
 

observable in the transoid isomers where the hydrogen bonded B2O(OH)2 is 3.17 kcal mol
-1

 

more stable.  

 

Cisoid or Transoid Isomer 

 

 
 

B2O(OH)2(Pc) Cisoid 

Relative Energy: 0.09 kcal mol
-1

 

  
 

B2O(OH)2(Pc) Transoid 

Relative Energy: 0.00 kcal mol
-1

 

 

Figure 6.16: DFT optimised structures of cisoid and transoid isomers of B2O(OH)2(Pc). 

 

Surprisingly, the DFT calculations show that the lowest energy cisoid and transoid isomers 

are practically energetically equivalent with only a 0.09 kcal mol
-1

 difference between the 

two isomers (Figure 6.16). This is similar to the result obtained for B2O(OH)2(Por)  which 

had a 1-2 kcal mol
-1

 difference between their cisoid and transoid isomers.
29

 So far, only the 

transoid isomer has been isolated. 

 

There are several variables that could explain these results. The calculations were performed 

in the gas phase and do not consider solvent effects. Furthermore, the phthalocyanine ligand 

used did not contain the t-butyl groups on the periphery. Experimentally, the isolated product 

was largely impure due to the difficulties with chromatography due to the compound’s high 

polarity. Given that the majority of the product stuck to the silica gel column, it is possible 

that the cisoid isomer could have been synthesised but not eluted off the column. 

 

6.5.4: Optimised Structure of PhBOBOH(Pc) 

 

PhBOBOH(Pc) has three unique isomers based on boron geometry; the cisoid isomer, and 

two transoid isomers depending on whether the Ph or OH occupy the in-plane or out-of-plane 

boron sites (Figure 6.17). 
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PhBOBOH(Pc)Cisoid 

Relative Energy: 1.19kcal mol
-1 

 

PhBOBOH(Pc)Transoid, Ph out-of-plane 

Relative Energy: 0.00 kcal mol
-1 

 

 

PhBOBOH(Pc)Transoid, OH out-of-plane 

Relative Energy: 10.24 kcal mol
-1 

 

Figure 6.17: DFT optimised structures of PhBOBOH(Pc). 

 

The DFT optimised structure show that the transoid PhBOBOH(Pc) isomer with the phenyl 

occupying the out-of-plane site has the lowest energy followed closely by the cisoid isomer. 

The difference of 1.19 kcal mol
-1

 between these two indicate they are most likely 

energetically equivalent. The transoid isomer with the OH group in the out-of-plane site is 

the least favourable; similar to what was observed in PhBOBOH(Calix). This is likely due to 

the greater steric hindrance that the phenyl ring is under in this isomer compared to the out-

of-plane isomer.  The DFT calculations are in agreement with the NMR data which suggested 

that the phenyl bonding to boron was in an out-of-plane geometry. 

 

 

 

 

 

 



242 
 

6.5.5: Optimised Structure of PhBOBPh(Pc) 

 

 

 
 

 
PhBOBPh(Pc) Cisoid 

Relative Energy: 0.00 kcal mol
-1

 

  
 

PhBOBPh(Pc) Transoid 

Relative Energy: 6.18 kcal mol
-1

 

 

Figure 6.18: DFT optimised structures of PhBOBPh(Pc). 

 

The NMR data of PhBOBPh(Pc) had indicated that the boron had adopted a cisoid 

conformation based on the integrals of the phenyl-boron moiety with respect to the rest of the 

ligand. This was surprising because the other three boron phthalocyanines synthesised had 

adopted the transoid geometry. Indeed, the DFT calculations are in support of the cisoid 

isomer proposed by the NMR data with the cisoid isomer more energetically favourable than 

the transoid isomer by 6.18 kcal mol
-1 

(Figure 6.18). The cisoid structure shows both boron 

atoms displaced to the same face of the ligand and out-of-plane of the N4 core by 0.99 Å. 

Similar to cisoid PhBOBPh(OEPz), the ligand has domed to accommodate the borons. The 

phenyl rings are not perpendicular to the B-O-B axis but slightly rotated away, although the 

1
H NMR spectrum indicated they could rotate freely in solution. The transoid structure is 

similar to that of transoid PhBOBPh(OEPz), with the ruffling of the ligand as well as one 

boron in-plane of the N4 core and one boron out-of-plane of its 6-memebered chelate by 0.60 

Å. The two phenyl rings are orientated perpendicular to each other although they would most 

likely also be able to rotate freely. 
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Table 6.2: Selected bond angles and distances (Å) in DFT optimised structures of 

PhBOBPh(Pc) compared to H2(Pc).
28

 

 
Cisoid Transoid H2(Pc)

28
 

N1
…

N2 3.309 3.511 2.849 

N2
…

N3 2.442 2.487 2.730 

N3
…

N4 3.309 3.512 2.849 

N4
…

N1 2.442 2.448 2.730 

C-N5-C 132.40 137.15 123.80 

C-N6-C 118.30 118.60 121.71 

C-N7-C 132.40 137.18 123.80 

C-N8-C 118.30 118.79 121.71 

B-N (ave) 1.613 1.566 N/A 

B-C (ave) 1.638 1.640 N/A 

B-O-B 138.07 121.40 N/A 

N-B-N (ave) 98.46 109.70 N/A 

 

The bond angles and distances from the ligand in the cisoid and transoid isomers of 

PhBOBPh(Pc) are similar to those in B2OF2(Pc) with no more than 0.04 Å difference in N
…

N 

distances and virtually identical bond angles (Table 6.2). When the structure of cisoid 

B2OF2(Pc) and PhBOBPh(Pc) are overlapped with each other, the structure that the 

phthalocyanine ligand adopts is very similar. Overlapping the transoid isomers reveal that the 

ruffling of the ligand is more pronounced in PhBOBPh(Pc) compared to B2OF2(Pc) which 

could contribute to the higher energy with respect to the cisoid isomer. Another factor could 

be the B-O-B bond angle which is 7° wider in the transoid isomer of PhBOBPh(Pc) 

compared to B2OF2(Pc). 

 

 

 

 

 

 

 

 

 

 

 

 

 



244 
 

6.6: Summary 

 

BCl3 has been shown to be an effective reagent for coordinating boron into the N4 core of 

phthalocyanines and a novel example of non-metallic phthalocyanine complexes. The 

versatile intermediates that formed can be converted into other boron containing products 

with B-F, B-O and B-C bonds. Substitution with BF3
.
Et2O produced the first stable and 

characterised example of an N4 coordinated boron phthalocyanine, B2OF2(Pc). NMR analysis 

indicates that the compound is an analogue of B2OF2(Por). The compound has low symmetry 

which resulted in a red-shift and broadening of the Q-bands in the UV-vis spectrum. The B-O 

containing species, B2O(OH)2(Pc) has also be isolated. A phenyl ring was able to be 

incorporated onto the boron using PhMgBr, indicating the suitability of boron 

phthalocyanines towards substitution reactions at boron. The resulting compound, 

PhBOBPh(Pc) adopted a different geometry to B2OF2(Pc) with different UV-vis spectrum 

indicating that the optical properties can be tuned. Other boron reagents such as PhBCl2 are 

also suitable for boron coordination. 
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6.7: Experimental Procedures 

 

Synthesis of B2OF2(Pc) 

 

BCl3 (1 mol L
-1

 solution in CH2Cl2, 1.35 mL), was added to a stirred solution of H2(Pc) (100 

mg, 0.14 mmol) in dry toluene and the solution was refluxed for 18 hours. Once cooled to 

room temperature, BF3
.
Et2O (0.25 mL, 2.03 mmol) was added and the solution stirred for a 

further hour. The solvent was removed in vacuo and the residue purified by column 

chromatography (SiO2, CH2Cl2) with B2OF2(Pc) eluting as the major green band. 

 

Yield: 72.2 mg, 65%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.69-1.83 (m, 36H, t-Bu), 8.17-8.41 (m, 4H, Harom), 

9.06-9.66 (m, 8H, Harom). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 31.7, 31.8, 31.8, 31.9, 36.0, 36.1, 36.2, 119.3, 

120.3, 120.7, 120.8, 120.9, 121.0, 122.2, 123.5, 124.0, 124.3, 128.8, 129.1, 129.3, 132.3, 

132.4, 133.5, 134.4, 135.2, 135.9, 136.0, 137.8, 155.6. 

19
F{

1
H} NMR (CDCl3, 25°C, 376 MHz): δ -159.9 (br s, 1F, BF), -148.3 (b s, 1F, BF). 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ -12.39 (br s, 1B, BF), -10.16 (b s, 1B, BF). 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 271 (14600), 296 (20100), 344 (47100), 662 

(22100), 721 (37200), 753 (74600). 

HRMS (ESI+): Calcd. for C48H48B2F2N8ONa
+
: 835.4013; found: 835.4002. 
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Synthesis of PhBOBOH(Pc) 

 

PhBCl2 (0.07 mL, 0.54 mmol), was added to a stirred solution of H2(Pc) (40 mg, 0.05 mmol) 

in dry toluene and the solution was refluxed for 18 hours. Once cooled to room temperature, 

the solvent was removed in vacuo and the residue purified by column chromatography (SiO2, 

CH2Cl2:Et2O 19:1) with PhBOBOH(Pc) eluting as a green band. 

 

Yield: 3.3 mg, 7%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.64-1.84 (m, 36H, t-Bu), 5.09 (d, 2H, 

3
JHH = 7.5 Hz, 

o-BPh), 6.32 (t, 2H, 
3
JHH = 7.5 Hz, m-BPh), 6.46 (t, 1H,

 3
JHH = 7.5 Hz, p-BPh), 8.13-8.44 (m, 

4H, Harom), 9.04-9.66 (m, 8H, Harom). 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ -11.50. 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 289 (20400), 364 (44200), 661 (20700), 750 

(70100). 

HRMS (ESI+): Calcd. for C54H54B2N8O2Na
+
: 891.4444; found: 891.4465. 
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Synthesis of PhBOBPh(Pc) 

 

BCl3 (1 mol L
-1

 solution in CH2Cl2, 0.68 mL), was added to a stirred solution of H2(Pc) (50 

mg, 0.07 mmol) in dry toluene and the solution was refluxed for 18 hours. Once cooled to 

room temperature, the solvent was removed in vacuo and the resulting residue redissolved in 

dry THF. PhMgBr (3 mol L
-1

 solution in THF, 0.1 mL) was added dropwise and the resulting 

mixture stirred for one hour. The solvent was removed in vacuo and the residue purified via 

column chromatography (SiO2, CH2Cl2:n-hexane 1:1) with PhBOBPh(Pc) eluting as the 

major green band. 

 

Yield: 22.1 mg, 36%. 

1
H NMR (CDCl3, 25°C, 400 MHz): δ 1.63-1.67 (m, 18H, t-Bu), 1.77-1.81 (m, 18H, t-Bu), 

5.18 (m, 4H, BPhortho), 6.38 (m, 4H, BPhmeta), 6.51 (m, 2H, BPhpara), 8.16-8.23 (m, 2H, 

Harom), 8.32-8.42 (m, 2H, Harom), 8.93-9.00 (m, 2H, Harom), 9.05-9.13 (m, 2H, Harom), 9.60-

9.68 (m, 2H, Harom), 9.74-9.82 (m, 2H, Harom). 

13
C{

1
H} NMR (CDCl3, 25°C, 101 MHz): δ 31.9, 32.0, 36.2, 36.3, 119.5, 120.8, 122.8, 

124.1, 125.5, 125.9, 126.2, 126.3, 126.4, 126.7, 128.2, 129.2, 129.9, 130.0, 132.3, 132.4, 

138.1, 138.2, 140.5, 150.6, 155.3, 155.4, 155.9, 158.7. 

11
B{

1
H} NMR (CDCl3, 25°C, 128 MHz): δ -6.81. 

UV-vis (λmax/nm (ε/M
-1

 cm
-1

), CH2Cl2): 296 (41100), 375 (54700), 642 (23800), 717 

(118900), 759 (19600). 

HRMS (ESI+): Calcd. for C60H58B2N8ONa
+
: 951.4830; found: 951.4788. 
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Chapter 7 

Summary and Future Work 

 

This thesis has reported the first examples of boron coordination to the N4 core of 

calixphyrins, porphyrazines and phthalocyanines.   

 

7.1: Boron Calixphyrins 

 

The reaction of BF3
.
Et2O with H2(Calix) yielded four products; two mono-boron calixphyrin 

isomers with different bonding site, BF2[H(Calix)] and BF2[H(Calix)]; and two di-boron 

calixphyrin isomers with different bonding sites and geometry, B2OF2(Calix) and 

B2OF2(Calix) (Scheme 7.1). The ligand was found to preferentially bond one boron atom, 

which is in contrast to the porphyrin and corrole systems which preferentially bond two boron 

atoms. This allows for selective synthesis of mono or di-boron calixphyrins. In general, di-

boron coordination can only be achieved using higher reaction temperatures. A third mono-

boron calixphyrin, BF2[H2(PFPCx)] was also prepared. Both BF2[H(Calix)] and 

BF2[H2(PFPCx)] were envisioned as a potential BODIPY analogue, however, no 

fluorescence was detected. Unlike the stable BF2[H(Calix)], BF2[H(Calix)] was unstable and 

isomerised into BF2[H(Calix)] in solution. Kinetic experiments determined that the process 

follows first-order rate equations, and a tri-coordinated boron intermediate was proposed as 

the transition state structure. The synthesis of two isomers of B2OF2(Calix) is unprecedented 

in boron porphyrinoid chemistry which had previously favoured either the cisoid or transoid 

geometries. Experiments determined that the mechanism most likely proceeds via the 

addition of a second boron to the initially formed BF2[H(Calix)], and DFT calculations 

indicated that the formation of isomers is driven by the relative stability of the precursor 

(BF2)2(Calix) isomers rather than the stability of the B2OF2(Calix) isomers.  
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Scheme 7.1: Products formed from the reaction of H2(Calix) and BF3
.
Et2O. 

 

The reaction of reagents with the formula PhBX2 (X = H, F, Cl) with H2(Calix) proved to be 

more complex than anticipated (Scheme 7.2). In the presence of N(
i
Pr)2Et, there was the 

unexpected reduction of the ligand to form the hydride containing PhBH[H2(Calix)]. In the 

case of H2(DMPFPCx), a boron triphyrin was isolated as the major product instead. The 

reaction mechanism for the reduction is unclear, however, the formation of a boron-hydride 

intermediate is a possible explanation given that the reaction of PhBH2 with H2(Calix) 

yielded the same product as the reaction with PhBCl2. The reduction is so far unique to 

N(
i
Pr)2Et and PhBCl2, since the use of other bases gave either no product or 

PhBCl[H(Calix)], and the reaction of PhBF2 yielded PhBF[H(Calix)]. Di-boron calixphyrins 

can also be prepared using PhBCl2. The resulting complexes, PhBOBPh(Calix) and 

PhBOBOH(Calix), are believed to be formed via a similar mechanism that formed 

B2OF2(Calix). 

 

Scheme 7.2: Mono-boron products formed from the reaction of PhBX2 with H2(Calix). 
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Despite the promising results reported here, several opportunities exist for future work. 

Firstly, the BODIPY-like BF2[H(Calix)] and BF2[H2(PFPCx)] did not fluoresce. The cause of 

this observation was not investigated, nor whether it is possible to “switch” on the 

fluorescence which could lead to potential sensing applications. Secondly, the reaction 

mechanism for the reduction of calixphyrins during the coordination of PhBCl2 with 

N(
i
Pr)2Et is still unknown. Thirdly, coordination of boron using other bulky reagents such as 

BBr3 and BI3 has not yet been attempted. 

 

7.2: Boron Porphyrazines 

 

Unlike porphyrins, corroles and calixphyrins, H2(OEPz) did not react with BF3
.
Et2O to give a 

boron porphyrazine product. However, the reaction of BCl3 with H2(OEPz) yielded a boron 

containing intermediate, presumed to be B2OCl2(OEPz) based on NMR data. This 

intermediate can be converted into B2OF2(OEPz) via the addition of BF3
.
Et2O as a fluoride 

source. B2OF2(OEPz) was characterised by NMR and X-ray crystallography which showed 

that the boron adopted cisoid geometry. The fluorine atoms could be substituted by phenyl 

rings using PhMgBr to give cisoid PhBOBPh(OEPz). Unfortunately, alkyl Grignards and 

other heteroatom substitutions were unsuccessful. The transoid isomer of PhBOBPh(OEPz) 

can be isolated by the reaction of H2(OEPz) with PhBCl2 in refluxing CHCl3; allowing for the 

first time direct comparison of cisoid and transoid isomers of boron porphyrinoids (Figure 

7.1). The absorption spectra of the transoid isomer of PhBOBPh(OEPz) is significantly red-

shifted compared to the cisoid isomer. 

 

 

Figure 7.1: X-ray crystal structures of PhBOBPh(OEPz). Left: cisoid isomer; right: transoid isomer. 
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Future work in this area includes the investigation of the photophysical properties of boron 

porphyrazines especially in relation to cisoid/transoid isomerism, further attempts at 

heteroatom substitution at boron, and using other boron reagents such as BBr3 and BI3 for 

boron coordination. 

 

7.3: Boron Phthalocyanines 

 

Boron insertion into free-base phthalocyanine was achieved although they are less reactive 

than other porphyrinoids towards boron coordination and high reaction temperatures are 

required. B2OF2(Pc) is prepared via a similar route to the synthesis of B2OF2(OEPz) via an 

unknown intermediate. NMR and DFT calculations indicate that the B2OF2 moiety adopts 

transoid geometry (Figure 7.2). The reaction of PhMgBr with the boron phthalocyanine 

intermediate yields PhBOBPh(Pc) which adopts a cisoid geometry instead. The reaction of 

H2(Pc) with PhBCl2 also yielded PhBOBOH(Pc) albeit in very poor yield. 

 

Figure 7.2: DFT optimised structure of B2OF2(Pc). 
 

Future work towards boron phthalocyanines includes investigating the coordination of boron 

with other reagents, optimisation to improve yields, potential heteroatom substitution at 

boron and investigation of their photophysical properties. 
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Appendix: X-ray crystallography data 

 

Data for BF2[H(DMPTCx)] 

 

Identification code                  atbf2_0m 

Empirical formula                    C38 H35 B F2 N4 

Formula weight                    596.51 

Temperature                          372(2) K 

Wavelength                           0.71073 Å 

Crystal system     Orthorhombic 

Space group           P 21 21 21 

Unit cell dimensions                 a = 11.9721(11) Å   α = 90° 

                                           b = 14.8594(13) Å    β = 90° 

                                           c = 17.2769(17) Å   γ = 90° 

Volume                               3073.5(5) Å
3
 

Z, Calculated density                4,  1.289 Mg/m
3
 

Absorption coefficient              0.084 mm
-1

 

F(000)                               1256 

Crystal size                         0.320 x 0.100 x 0.100 mm 

Theta range for data collection     1.808 to 27.959° 

Limiting indices                     -15<=h<=15, -19<=k<=19, -21<=l<=22 

Reflections collected / unique      36247 / 7300 [R(int) = 0.1107] 

Completeness to theta = 25.242     99.6 % 

Refinement method                   Full-matrix least-squares on F
2
 

Data / restraints / parameters      7300 / 0 / 426 

Goodness-of-fit on F
2
               1.004 

 Final R indices [I>2σ(I)]        R1 = 0.0628, wR2 = 0.1280 

 R indices (all data)                 R1 = 0.1619, wR2 = 0.1582 

 Absolute structure parameter        0.9(7) 

 Extinction coefficient               0.021(2) 

 Largest diff. peak and hole         0.236 and -0.210 e Å
-3 
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Data for BF2[H(CHPTCx)] 

  

Identification code                  at159_2or 

Empirical formula                    C44 H45 B F2 N4 

Formula weight                       678.65 

Temperature                          293(2) K 

Wavelength                           0.71073 Å 

Crystal system,           Orthorhombic,   

Space group     P b c a 

Unit cell dimensions                 a = 12.260(3) Å   α = 90° 

                                           b = 22.192(5) Å    β = 90° 

                                           c = 25.426(6) Å   γ = 90° 

Volume                               6918(3) Å
3
 

Z, Calculated density                8,  1.303 Mg/m
3
 

Absorption coefficient              0.084 mm
-1

 

F(000)                               2880 

Crystal size                         0.08 x 0.24 x 0.36 mm 

Theta range for data collection     2.003 to 28.488° 

Limiting indices                     -9<=h<=16, -29<=k<=29, -33<=l<=24 

Reflections collected / unique      48906 / 8520 [R(int) = 0.6154] 

Completeness to theta = 25.242      99.9 % 

Refinement method                   Full-matrix least-squares on F
2
 

Data / restraints / parameters      8520 / 0 / 461 

Goodness-of-fit on F
2
                0.877 

Final R indices [I>2σ(I)]        R1 = 0.0921, wR2 = 0.1786 

R indices (all data)                 R1 = 0.4095, wR2 = 0.2956 

Extinction coefficient               n/a 

Largest diff. peak and hole         0.689 and -0.383 e Å
-3 
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Data for BF2[H2(DMPTCx)]
+
[BF4]

-
 

 

Identification code  at_bcal4_3 

Empirical formula  C39.50 H37 B2 Cl4.50 F6 N4 

Formula weight  862.88 

Temperature  93(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  Pccn 

Unit cell dimensions a = 21.546(5) Å   α = 90.000(5)° 

 b = 31.960(5) Å   β = 90.000(5)° 

 c = 11.640(5) Å   γ = 90.000(5)° 

Volume 8015(4) Å3 

Z, Calculated density 8,  1.430 Mg/m3  

Absorption coefficient 0.392 mm-1 

F(000) 3540 

Crystal size ? x ? x ? mm3 

Theta range for data collection 1.27 to 27.95° 

Limiting indices -28<=h<=28, -42<=k<=42, -15<=l<=15 

Reflections collected/unique 109808 / 9554 [R(int) = 0.1654] 

Completeness to theta = 27.95° 99.1 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9554 / 0 / 515 

Goodness-of-fit on F2 1.015 

Final R indices [I>2σ(I)] R1 = 0.0849, wR2 = 0.2049 

R indices (all data) R1 = 0.1984, wR2 = 0.2784 

Extinction coefficient               n/a 

Largest diff. peak and hole 2.169 and -1.286 e.Å-3 
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Data for BF2[H2(PFPCx)] 

 

Identification code                  bf2_nl 

Empirical formula                    C70 H63 B F14 N6 

Formula weight                       1265.07 

Temperature                          373(2) K 

Wavelength                           1.54184 Å 

Crystal system     Triclinic   

Space group           P -1 

Unit cell dimensions                 a = 10.9009(3) Å   α = 66.742(3)° 

                                           b = 16.0914(5) Å    β = 76.985(2)° 

                                           c = 18.8638(5) Å   γ = 81.205(2)° 

Volume                               2954.35(16) Å
3
 

Z, Calculated density                2,  1.422 Mg/m
3
 

Absorption coefficient              0.974 mm
-1

 

F(000)                               1312 

Crystal size                         0.210 x 0.160 x 0.100 mm 

Theta range for data collection     2.997 to 74.582° 

Limiting indices                     -13<=h<=13, -19<=k<=20, -18<=l<=23 

Reflections collected / unique      56734 / 11757 [R(int) = 0.0379] 

Completeness to theta = 67.684°      100.0 % 

Refinement method                    Full-matrix least-squares on F
2
 

Data / restraints / parameters      11757 / 0 / 856 

Goodness-of-fit on F
2
               1.016 

Final R indices [I>2σ(I)]        R1 = 0.0419, wR2 = 0.1139 

R indices (all data)                 R1 = 0.0485, wR2 = 0.1183 

Extinction coefficient               n/a 

Largest diff. peak and hole         1.294 and -0.581 e Å
-3 
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Data for PhBH[H2(DMPTCx)] 

 

Identification code                  at138r_1  

Empirical formula                    C44 H43 B N4 

Formula weight                       638.68 

Temperature                          372(2) K 

Crystal system     Monoclinic 

Space group           P21/c 

Unit cell dimensions                 a = 22.1853(8) Å   α = 90 

b = 15.1264(6) Å   β = 91.536(3)° 

c = 10.5448(4) Å   γ = 90° 

Volume                               3537.4(2) Å
3
 

Z, Calculated density                4,  1.1991 Mg/m
3
 

Absorption coefficient              0.070 mm
-1

 

F(000)                               1360 

Crystal size                         0.44 × 0.10 × 0.08 mm 

Theta range for data collection     0.918 to 19.426° 

Limiting indices                     -20 ≤ h ≤ 20, -14 ≤ k ≤ 14, -9 ≤ l ≤ 9 

Reflections collected / unique      29059 / 3010 [Rint = 0.1023] 

Refinement method                    Full-matrix least-squares on F
2
 

Data / restraints / parameters      3010/0/453 

Goodness-of-fit on F
2
               1.199 

Final R indices [I>2σ(I)]        R1 = 0.1270, wR2 = 0.2593 

R indices (all data)                 R1 = 0.1412, wR2 = 0.2662 

Extinction coefficient               0.0037(8) 

Largest diff. peak and hole    0.421 and -0.373 e Å
-3
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Data for Boron Triphyrin(2.1.1) 

 

Identification code                  phbhdmpfp  

Empirical formula                    C84 H54 B2 F20 N8 

Formula weight                       1576.97 

Temperature                          373(2) K 

Wavelength                           1.54184 Å 

Crystal system     Triclinic 

Space group           P-1 

Unit cell dimensions                 a = 15.1008(11) Å   α = 107.588(7)° 

b = 16.6046(13) Å   β = 90.089(6)° 

c = 17.8123(12) Å   γ = 115.806(7)° 

Volume                               3786.6(5) Å
3
 

Z, Calculated density                2,  1.383 Mg/m
3
 

Absorption coefficient              1.004 mm
-1

 

F(000)                               1608.0 

Crystal size                         0.220 × 0.080 × 0.050 mm 

Theta range for data collection     11.212 to 135.478° 

Limiting indices                     -18 ≤ h ≤ 16, -19 ≤ k ≤ 19, -21 ≤ l ≤ 21 

Reflections collected / unique      54852 / 13690 [Rint = 0.1231] 

Refinement method                    Full-matrix least-squares on F
2
 

Data / restraints / parameters      13690/0/1036 

Goodness-of-fit on F
2
               1.414 

Final R indices [I>2σ(I)]        R1 = 0.1408, wR2 = 0.3875 

R indices (all data)                 R1 = 0.2036, wR2 = 0.4217 

Extinction coefficient               n/a 

Largest diff. peak and hole    1.74 and -0.60 e Å
-3
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Data for PhBH[H(DMPTCx)] 

 

Identification code                  ate138_p2_0m 

Empirical formula                    C44 H41 B N4 

Formula weight                       636.62 

Temperature                          99(2) K 

Wavelength                           0.71073 Å 

Crystal system     Monoclinic 

Space group           P 21/c 

Unit cell dimensions                 a = 15.291(5) Å   α = 90.000(5)° 

                                           b = 11.198(5) Å    β = 104.825(5)° 

                                           c = 20.755(5) Å   γ = 90.000(5)° 

Volume                               3436(2) Å
3
 

Z, Calculated density                4,  1.231 Mg/m
3
 

Absorption coefficient              0.072 mm
-1

 

F(000)                               1352 

Crystal size                         0.280 x 0.200 x 0.200 mm 

Theta range for data collection     2.142 to 19.110° 

Limiting indices                     -14<=h<=14, -10<=k<=10, -19<=l<=19 

Reflections collected / unique      12343 / 2801 [R(int) = 0.0796] 

Completeness to theta = 19.110      99.6 % 

Absorption correction               Semi-empirical from equivalents 

Max. and min. transmission          0.7443 and 0.6387 

Refinement method                   Full-matrix least-squares on F
2
 

Data / restraints / parameters      2801 / 0 / 456 

Goodness-of-fit on F
2
               1.028 

Final R indices [I>2σ(I)]        R1 = 0.0627, wR2 = 0.1643 

R indices (all data)                 R1 = 0.0913, wR2 = 0.1862 

Extinction coefficient               n/a 

Largest diff. peak and hole         0.594 and -0.206 e Å
-3
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Data for PhBF[H(DMPTCx)] 

 

Identification code                  atphbf1_0m. 

Empirical formula                    C44 C0 H40 B F N4 

Formula weight                       654.61 

Temperature                          293(2) K 

Wavelength                           0.71073 Å 

Crystal system     Monoclinic 

Space group         P 21/c 

Unit cell dimensions                 a = 15.366(5) Å   α = 90.000(5)° 

                                           b = 11.178(5) Å    β = 105.129(5)° 

                                           c = 20.640(5) Å   γ = 90.000(5)° 

Volume                               3422(2) Å
3
 

Z, Calculated density                4,  1.271 Mg/m
3
 

Absorption coefficient              0.078 mm
-1

 

F(000)                               1384 

Crystal size                         0.14 x 0.14 x 0.36 mm 

Theta range for data collection     2.044 to 28.098° 

Limiting indices                     -19<=h<=19, -14<=k<=13, -26<=l<=26 

Reflections collected / unique      38260 / 7891 [R(int) = 0.2347] 

Completeness to theta = 25.242      99.2 % 

Refinement method                   Full-matrix least-squares on F
2
 

Data / restraints / parameters      7891 / 0 / 462 

Goodness-of-fit on F
2
               0.907 

Final R indices [I>2σ(I)]        R1 = 0.1074, wR2 = 0.1614 

R indices (all data)                 R1 = 0.2801, wR2 = 0.2119 

Extinction coefficient               0.0030(7) 

Largest diff. peak and hole         0.313 and -0.255 e Å
-3
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Data for PhBCl[H(DMPTCx)] 

 

Identification code                  ATPhBc1 

Empirical formula                    C44 C0 H40 B Cl N4 O0 

Formula weight                       671.06 

Temperature                          293(2) K 

Wavelength                           0.71073 Å 

Crystal system     Monoclinic 

Space group           P 21/c 

Unit cell dimensions                 a = 15.1243(17) Å   α = 90° 

                                           b = 11.1203(14) Å    β = 100.298(8)° 

                                           c = 27.464(3) Å   γ = 90° 

Volume                               4544.7(9) Å
3
 

Z, Calculated density                4,  0.981 Mg/m
3
 

Absorption coefficient              0.114 mm
-1

 

F(000)                               1416 

Crystal size                        0.05 x 0.12 x 0.22 mm 

Theta range for data collection     1.368 to 19.211°. 

Limiting indices                     -13<=h<=13, -9<=k<=10, -25<=l<=25 

Reflections collected / unique      36858 / 3724 [R(int) = 0.2450] 

Completeness to theta = 19.211      98.7 % 

Refinement method                   Full-matrix least-squares on F
2
 

Data / restraints / parameters      3724 / 0 / 452 

Goodness-of-fit on F
2
               1.069 

Final R indices [I>2σ(I)]        R1 = 0.0899, wR2 = 0.2404 

R indices (all data)                R1 = 0.1442, wR2 = 0.2814 

Extinction coefficient               0.025(3) 

Largest diff. peak and hole         0.402 and -0.409 e Å
-3

 

 

 

 

 

 



264 
 

Data for B2OF2(DMPTCx) 

 

Identification code                  atbf3c1 

Empirical formula                    C38 H34 B2 F2 N4 O 

Formula weight                       622.31 

Temperature                          372(2) K 

Wavelength                           0.71073 Å 

Crystal system     Orthorhombic 

Space group          Cmc2 (1) 

Unit cell dimensions                 a = 23.237(2) Å   α = 90° 

                                           b = 10.5234(10) Å    β = 90° 

                                           c = 12.0981(12) Å   γ = 90° 

Volume                               2958.4(5) Å
3
 

Z, Calculated density                4,  1.397 Mg/m
3
 

Absorption coefficient              0.093 mm
-1

 

F(000)                               1304 

Crystal size                         0.38 x 0.22 x 0.05 mm 

Theta range for data collection     2.12 to 27.73° 

Limiting indices                     -30<=h<=30, -13<=k<=11, -13<=l<=15 

Reflections collected / unique      9674 / 3154 [R(int) = 0.0821] 

Completeness to theta = 27.73       99.8 % 

Max. and min. transmission          0.9954 and 0.9656 

Refinement method                   Full-matrix least-squares on F
2
 

Data / restraints / parameters      3154 / 1 / 253 

Goodness-of-fit on F
2
               0.943 

Final R indices [I>2σ(I)]        R1 = 0.0558, wR2 = 0.1124 

R indices (all data)                 R1 = 0.1033, wR2 = 0.1305 

Absolute structure parameter        -0.2(13) 

Extinction coefficient               0.0072(10) 

Largest diff. peak and hole         0.326 and -0.262 e Å
-3

 

 

 

 



265 
 

Data for B2OF2(DMPFPCx) 

 

Identification code                  bf3c3or1_0m. 

Empirical formula                    C36 H20 B2 F12 N4 O 

Formula weight                       774.18 

Temperature                          293(2) K 

Wavelength                           0.71073 Å 

Crystal system     Triclinic 

Space group           P -1 

Unit cell dimensions                 a = 16.1693(10) Å   α = 83.225(4)° 

                                          b = 17.8717(11) Å    β = 79.773(4)° 

                                           c = 18.1564(11) Å   γ = 67.472(4)° 

Volume                               4762.1(5) Å
3
 

Z, Calculated density                6,  1.620 Mg/m
3
 

Absorption coefficient              0.147 mm
-1

 

F(000)                               2340 

Crystal size                         0.10 x 0.12 x 0.20 mm 

Theta range for data collection     1.141 to 27.928° 

Limiting indices                     -21<=h<=21, -23<=k<=23, -23<=l<=23 

Reflections collected / unique      151819 / 22188 [R(int) = 0.1883] 

Completeness to theta = 25.242      99.3 % 

Refinement method                   Full-matrix least-squares on F
2
 

Data / restraints / parameters      22188 / 0 / 1475 

Goodness-of-fit on F
2
               0.943 

Final R indices [I>2σ(I)]        R1 = 0.0767, wR2 = 0.1675 

R indices (all data)                 R1 = 0.3002, wR2 = 0.2544 

Extinction coefficient               0.0022(2) 

Largest diff. peak and hole         0.530 and -0.329 e Å
-3
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Data for PhBOBPh(DMPTCx) 

 

Identification code                  phbobph1 

Empirical formula                    C57 H68 B2 N4 O 

Formula weight                       846.77 

Temperature                          373(2) K 

Wavelength                           1.54184 Å 

Crystal system     Monoclinic 

Space group           C2/c 

Unit cell dimensions                 a = 15.6785(1) Å   α = 90° 

b = 21.0262(2) Å   β = 93.200(1)° 

c = 27.5110(2)γ = 90° 

Volume                               9055.12(12) Å
3
 

Z, Calculated density                8,  1.242 Mg/m
3
 

Absorption coefficient              0.552 mm
-1

 

F(000)                               3648 

Crystal size                         0.21 × 0.10 × 0.08 mm 

Theta range for data collection     2.646 to 74.612° 

Limiting indices                     -18 ≤ h ≤ 19, -24 ≤ k ≤ 25, -34 ≤ l ≤ 34 

Reflections collected / unique      44696 / 8930 [Rint = 0.0256] 

Completeness to theta = 67.684      99.6 % 

Refinement method                    Full-matrix least-squares on F
2
 

Data / restraints / parameters      8930/0/585 

Goodness-of-fit on F
2
               1.030 

Final R indices [I>2σ(I)]        R1 = 0.0754, wR2 = 0.2141 

R indices (all data)                 R1 = 0.0795, wR2 = 0.2191 

Extinction coefficient               n/a 

Largest diff. peak and hole   1.053 and -0.794 e Å
-3
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Data for PhBOBOH(CHPTCx) 

 

Identification code    PhBOBOH2 

Empirical formula    C51 H50 B2 Cl2 N4 O2 

Formula weight    843.47 

Temperature     100.01(10) K 

Wavelength                           1.54184 Å 

Crystal system     Triclinic 

Space group     P-1  

Unit cell dimensions                 a = 11.1955(2) Å   α = 71.1930(10)° 

      b = 13.01170(10) Å   β = 80.0380(10)° 

      c = 15.4385(2) Å   γ = 81.2000(10)° 

Volume     2085.36(5) Å
3 

Z, Calculated density    2,   1.343 Mg/m
3 

Absorption coefficient              1.772 mm
-1 

F(000)      888.0 

Crystal size     0.179 × 0.082 × 0.042 mm 

Theta range for data collection     11.378 to 135.462° 

Limiting indices                     -13 ≤ h ≤ 13, -15 ≤ k ≤ 15, -18 ≤ l ≤ 18 

Reflections collected / unique   33182 / 7549 [R(int) = 0.0371] 

Refinement method                   Full-matrix least-squares on F
2 

Data/restraints/parameters   7549/0/743 

Goodness-of-fit on F
2    

1.063 

Final R indexes [I>=2σ (I)]   R1 = 0.0417, wR2 = 0.1117 

Final R indexes (all data)   R1 = 0.0469, wR2 = 0.1154 

Extinction coefficient    n/a 

Largest diff. peak/hole   0.85 and -0.79 e Å
-3
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Data for B2OF2(OEPz) 

 

Identification code                  at1a. 

Empirical formula                    C32 H40 B2 F2 N8 O 

Formula weight                       612.34 

Temperature                          372(2) K 

Wavelength                           0.71073 Å 

Crystal system     Monoclinic  

Space group           P 21/c 

Unit cell dimensions                 a = 14.1590(12) Å   α = 90° 

                                           b = 23.2372(19) Å    β = 95.446(7)° 

                                           c = 9.8864(9) Å   γ = 90° 

Volume                               3238.1(5) Å
3
 

Z, Calculated density                4,  1.256 Mg/m
3
 

Absorption coefficient              0.086 mm
-1

 

F(000)                               1296 

Crystal size                         0.400 x 0.100 x 0.050 mm 

Theta range for data collection     1.690 to 27.996° 

Limiting indices                     -18<=h<=18, -30<=k<=30, -12<=l<=13 

Reflections collected / unique      37920 / 7700 [R(int) = 0.2210] 

Completeness to theta = 25.242      99.9 % 

Refinement method                   Full-matrix least-squares on F
2
 

Data / restraints / parameters      7700 / 0 / 415 

Goodness-of-fit on F
2
               0.970 

Final R indices [I>2σ(I)]        R1 = 0.0861, wR2 = 0.1817 

R indices (all data)                 R1 = 0.2487, wR2 = 0.2485 

Extinction coefficient               0.0074(11) 

Largest diff. peak and hole         0.599 and -0.341 e Å
-3
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Data for PhBOBPh(OEPz) (cisoid) 

 

Identification code                 atph_0m 

Empirical formula                    C44 H50 B2 N8 O 

Formula weight                       728.54 

Temperature                          99(2) K 

Wavelength                           0.71073 Å 

Crystal system     Triclinic   

Space group           P -1 

Unit cell dimensions                 a = 14.5615(9) Å   α = 85.819(6)° 

                                          b = 15.1400(12) Å    β = 75.656(5)° 

                                          c = 19.2261(13) Å   γ = 83.422(5)° 

Volume                              4075.1(5) Å
3
 

Z, Calculated density                4,  1.187 Mg/m
3
 

Absorption coefficient              0.073 mm
-1

 

F(000)                               1552 

Crystal size                         0.160 x 0.100 x 0.050 mm 

Theta range for data collection     1.355 to 28.039° 

Limiting indices                     -19<=h<=19, -19<=k<=19, -25<=l<=25 

Reflections collected / unique      88898 / 19527 [R(int) = 0.4965] 

Completeness to theta = 25.242      99.9 % 

Refinement method                   Full-matrix least-squares on F
2
 

Data / restraints / parameters      19527 / 0 / 1007 

Goodness-of-fit on F
2
               0.914 

Final R indices [I>2σ(I)]        R1 = 0.1008, wR2 = 0.1664 

R indices (all data)                R1 = 0.3691, wR2 = 0.2627 

Extinction coefficient              n/a 

Largest diff. peak and hole         0.322 and -0.358 e Å
-3
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Data for PhBOBPh(OEPz) (transoid) 

 

Identification code                  phbobphpztrans 

Empirical formula                    C44 H50 B2 N8 O 

Formula weight                       728.54 

Temperature                          373(2) K 

Wavelength                           1.54184 Å 

Crystal system     Triclinic   

Space group           P -1 

Unit cell dimensions                 a = 12.3886(5) Å   α = 82.989(3)° 

                                           b = 12.4126(5) Å    β = 75.716(4)° 

                                           c = 14.2207(6) Å   γ = 64.531(4)° 

Volume                               1912.92(15) Å
3
 

Z, Calculated density                2,  1.265 Mg/m
3
 

Absorption coefficient              0.602 mm
-1

 

F(000)                               776 

Crystal size                         0.260 x 0.260 x 0.260 mm 

Theta range for data collection     5.689 to 67.736 deg. 

Limiting indices                     -14<=h<=13, -14<=k<=14, -17<=l<=16 

Reflections collected / unique      28564 / 6900 [R(int) = 0.0247] 

Completeness to theta = 67.684      99.8 % 

Refinement method                   Full-matrix least-squares on F
2
 

Data / restraints / parameters      6900 / 0 / 504 

Goodness-of-fit on F
2
               1.070 

Final R indices [I>2σ(I)]        R1 = 0.0376, wR2 = 0.1006 

R indices (all data)                 R1 = 0.0409, wR2 = 0.1025 

Extinction coefficient              n/a 

Largest diff. peak and hole         0.304 and -0.360 e Å
-3 
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