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Abstract 

 

Near-infrared (NIR) emissive dyes are in high demand within the fields of 

biomedical science, military technology and materials science. Luminescent dyes 

invariably experience a precipitous drop in photoluminescence as their operational 

wavelengths extend to the red. This thesis describes the synthesis and functionalization 

of novel pyrrole and isoindole-based dyes with a focus on mitigating loss of NIR emissivity 

to non-radiative decay. Specifically, highly soluble platinum (II) 

tetraaryltetrabenzoporphyrins (PtAr4TBIP, Ar = Ph, Ph-d5) and π-extended benzo-annulated 

BODIPYs were prepared and characterized. Structure-property relationships were gleaned 

from their photophysical study. The effects of discrete structural differences in a 

photophysical context  are discussed for each class of dye. 
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Résumé 

 

Les colorants émissifs proche infrarouge (PIR) sont très demandés dans les 

domaines de la science biomédicale, la technologie militaire et la science des matériaux. 

Les colorants luminescents subissent invariablement une baisse abrupte de leur 

photoluminescence lorsque leurs longueurs d'onde opérationnelles s'étendent vers le 

rouge. Cette thèse détaille la synthèse et la modification de nouveaux matériaux à base 

de pyrrole et isoindole en mettant l'accent sur l'atténuation de la perte de l'émissivité PIR. 

Plus précisément, une famille de tétraaryltétrabenzoporphyrines de platine (II) de haute 

solubilité  (PtAr4TBIP, Ar = Ph, Ph-d5, C6F5) et de BODIPY benzo-annulées/π-étendues ont 

été préparées. Les relations structure-propriété ont été glanées à partir de leur études en 

photophysique. Les résultats de la modification structurelle discrète sont discutés dans 

un contexte photophysique pour chaque classe de matériel. 
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Preface 

 

Molecules that absorb and emit light are classified as luminescent dyes. In recent years, 

there has been a push to develop dyes capable of bright NIR emission. They are of strong 

interest to materials scientists for a number of applications such as organic light-emitting 

diodes (OLEDs), non-linear optics, telecommunications, solar energy conversion, photon 

upconversion/downconversion and security inks. Biomedical sciences have also come to 

rely on the benefits of working with NIR light. Chiefly, being able to operate in the biological 

window (650 nm – 1450 nm) has appreciably lowered limits of detection for analytical 

instrumentation. NIR dyes have enabled breakthroughs in fluorescence-guided surgery, 

cancer theranostics and biomedical imaging/sensing (i.e. contrast agents). 

While optical properties of dyes can be accurately predicted, there remain significant 

challenges to overcome before design of materials with precise photophysical properties 

becomes routine. As a dye’s HOMO-LUMO gap narrows, there is a concomitant and 

precipitous decline in photoluminescence quantum yield (PLQY), as predicted by the 

Energy Gap law. Bright emission is arguably a dye’s most important quality which is why a 

large number of spectroscopists and chemists have dedicated their efforts to the study of 

this problem. To this day, researchers rely on empirical guidelines such as increasing 

molecular rigidity, reducing aggregation in solution and eliminating strong IR-active 

vibrational modes to achieve high PLQY. The motivation for the work presented in this 

thesis is to explore and study the effects such strategies in novel NIR dyes and in doing so, 

contribute knowledge to the expanding field of NIR-luminescent materials. 

The chapters outlined below report the work done to prepare and characterize novel 

pyrrolic dyes. Particular emphasis was placed on correlating structure to photophysical 

properties. 

Chapter 1 introduces the necessary photophysical concepts for the study of emissive dyes 

in solution and surveys current literature involving NIR-emissive materials. Pyrrole is 

introduced as a heterocyclic building block for dipyrrins, BODIPYs and porphyrins, all of 

which are also introduced in terms of their structure, synthesis and optical properties. 

Chapter 2 details the synthesis, characterization and photophysical study of a series of 

tetraaryltetra-benz[c]annulated platinum (II) porphyrins (PtAr4TBIP). Specifically, the 
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identity of meso-aryl substituents is varied (Ph, Ph-d5 and C6F5) with the hopes of 

modulating photophysical properties. 

Chapter 3 explores benz[c]annulated BODIPY dyes as an organic extension of the work 

done for Chapter 2. These dyes exhibited unusually high fluorescence in the red (unity 

PLQY in a few cases) and remained emissive (ΦF > 0.1) in the NIR (λem = 780 nm) after 

functionalization at the 3,5-positions. 

Chapter 4 presents the concluding remarks from the thesis. 

Appendix contains work that was not completed due to time constraints. 
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DIPA    diisopropylamine 
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Chapter 1 

An Introduction to Near-Infrared 

Photoluminescent Dyes 

 

This chapter introduces photophysical concepts necessary for the study of fluorescent and 

phosphorescent materials in solution. A literature survey of cutting-edge organic and 

inorganic dyes, along with applications and challenges, is presented. Finally, pyrrole will be 

introduced as a heterocyclic building block for the synthesis of dipyrrins/BODIPYs and 

porphyrins, which constitute the foundation of the work described in this dissertation and 

will be used as a springboard into NIR-emissive materials. 

 

1.1   Introduction to Molecular Photophysics 

Molecular photophysics concerns itself with the study of molecular dynamics and 

structures resulting from interactions between molecules (physical matter) and light. Such 

interactions include diffraction, refraction, reflection, scattering, transmission and 

absorption of the incoming photon. The latter is of particular importance in the study of 

𝑀 + ℎ𝑣 →  𝑀 
∗   (1) 

𝑀(𝑆0) + ℎ𝑣 →  𝑀 
∗ (𝑆1) (1a) 

𝑀(𝑆0) + ℎ𝑣 →  𝑀(𝑇1) 
∗  (1b) 

𝑀 
∗ →  𝑀 + ℎ𝑣    (2) 

𝑀(𝑆1) 
∗ →  𝑀(𝑆0) + ℎ𝑣𝐹 

  (2a) 

𝑀(𝑇1) 
∗ →  𝑀(𝑆0) + ℎ𝑣𝑃 

   (2b) 

𝑀 
∗ →  𝑀 + ∆   (3) 

Scheme 1.1   Overview of basic photophysical processes: (1) absorption, (2) emission 

and (3) internal conversion/thermal emission. 
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photophysical processes occurring in solution. At the basest level (scheme 1.1), the 

absorption (1) of light (hv) by a molecule (M) produces an electronically excited state (*M) 

which can subsequently undergo a radiative (2) transition by emitting a photon or internal 

conversion (3) by releasing heat (Δ) into its surroundings. A more detailed account of these 

photophysical processes specifies the type of transition undergone upon absorption and 

the type of emission (fluorescence hvF shown in 2a and phosphorescence hvP shown in 

2b). Fluorescence is defined as the radiative transition between the lowest excited state 

S1 and the ground state S0 while phosphorescence undergoes the same transition but 

from the lowest excited triplet state T1. It should be noted that under normal 

circumstances, (1b) does not occur because it is a spin forbidden transition which violates 

the rule of conservation of angular momentum. The Jablonski diagram in Figure 1.1 

summarizes and illustrates these photophysical processes. It is also a very useful tool to  

visually represent different electronic states (S0, S1, S2, T1, T2, etc) with their vibrational 

sublevels and what role they play in internal conversion (IC), intersystem crossing (ISC) and 

internal vibrational relaxation (IVR).  

 

Figure 1.1   Jablonski energy diagram summarizing major photophysical processes and 

correlation of transitions to different vibrational sublevels to spectral shape. 
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 The tendency for a particular molecule to undergo radiative transition (also termed 

emission) instead of a non-radiative transition is a measure of how bright a luminescent 

molecule is. The efficiency of this process is an important experimental parameter called 

photoluminescence quantum yield (PLQY or Φ) and is defined in (4) as a ratio of emitted 

photons (ηe) versus absorbed photons (ηa). For instance, a material with a PQLY of 0.5 re-

emits exactly half of the photons it absorbs whereas a material that re-emits every photon 

it absorbs would have a PLQY of 1 (unity). It can also be defined as the ratio of radiative 

rate (kr) versus the sum of radiative and non-radiative (knr) or as the product of kr and 

experimentally determined emission lifetime (τe). 

It is important to keep in mind Kasha’s rule, which states that 

fluorescence/phosphorescence will only be observed experimentally from the lowest to 

the thermally equilibrated S1 and T1 states, respectively. In other words, if absorption of 

high energy light leads to a higher excited state (S0 → S2), the system will have had a 

chance to undergo IC/IVR to the lowest-vibrational state of S1 on a timescale orders of 

magnitude faster than before radiative transition occurs. Vavilov’s rule, a corollary to 

Kasha’s rule, states that fluorescence or phosphorescence PLQY is independent of initial 

excitation energy. The rate of ISC (kISC) for S1 → T1 is largely affected by molecular 

structure, particularly by the presence or absence of heavy atoms such as halogens, 

transition metals or heteroatoms. The effect is particularly pronounced when the 

chromophore already had inherently low knr and kISC prior to introduction of the heavy 

atom(s). 

The effect of molecular structure on photophysical properties (PLQY, lifetime) is 

discussed later on in this chapter, in particular how stretching and twisting of molecular 

structure leads to non-radiative decay of the excited state. Additionally, the concept of 

promoter and acceptor vibrational modes will be introduced with specific examples that 

relate structure and observed PLQY. Finally, the Energy Gap law for internal conversion (S0 

→ S1) and its particular relevance to low bandgap NIR-emitting materials will be presented 

along with a discussion of how deuteration can be used to improve photophysical 

properties in these dyes. 

 

 

Φ =  
η𝑒

η𝑎
=  

𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
= 𝑘𝑟𝜏𝑒   (4) 
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1.1.1   Experimental PLQY Measurement 

Accurate determination of relative PLQYs1 has always been an area of contention and 

controversy for spectroscopists and materials chemists alike. Accuracy of published values 

are affected by a multitude of factors2 including variations in equipment calibration, 

analyst technique, excitation wavelength, temperature, failure to correct emission 

spectra,3 and inadequate choice/purity of the photoluminescence standard.4 The 

increased availability of integrating spheres has enabled routine determination of absolute 

PLQY, which is not however without its own challenges5 (i.e. reabsorption effects, 

reproducibility of sample positioning, wavelength reflectivity on sphere walls). A detailed, 

comparative study of relative and absolute PLQY measurements using traceable 

equipment was carried out to quantify contributions from specific sources of uncertainty. 

Nevertheless, relative PLQY measurements remain the standard in most research labs. 

Literature PLQY values are commonly reported with a 10% error margin yet this number 

should be a conservative estimate at best. This is chiefly relevant to FR-NIR emitters, as 

spectral responsivity tails off non-linearly in this region (requiring careful calibration and 

correction) and reliability of PLQY values in emission standards (particularly 

phosphorescent ones) is inadequate, having been identified as the major contributor to 

systematic variation.6 Dye self-quenching and oxygen effects on phosphorescence 

measurements pose additional considerations for solution PLQY measurements. In cases 

where dissolved oxygen is suspected to interfere with accurate PLQY determination, 

samples should be thoroughly degassed and isolated from ambient atmosphere with 

sealed cuvettes. Viscosity of the measurement medium has also been shown to have an 

effect on ΦF measurements.7 Advances have been made with claims of improved 

measurement accuracy8,9 as well as using chain NIST-traceable transfer standard dyes 

(starting from quinine sulfate) to map out a series of red and NIR emission standards up 

to 1000 nm.10 While affected to a much lesser extent by experimental uncertainty, lifetime 

measurements of dilute dye solutions could also benefit from comparison to known 

lifetime standards, due to differences in excitation wavelength and fluorimeter setup.11  

1.2   NIR Emissive Materials 

NIR materials are defined as being materials whose optoelectronic properties 

operate in the region of 700 nm – 2500 nm. Since William Herschel discovered IR 

radiation in 1800,12 research into NIR-emitting materials has remained largely stagnant 
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until recent years with the advent of more available and sensitive spectroscopic equipment 

capable of NIR-detection. Infrared technology has benefited from the large bloom in 

applied research, being driven in large part by civilian and military needs. These include 

night vision, surveillance, remote temperature sensing, weather forecasting, wireless 

communication and spectroscopy. Such practical applications have emerged as a result 

of  fervent pursuit of NIR dyes and tailoring of their properties in different fields such as 

materials science, biomedical imaging and sensing,13 fluorescence guided surgery,12 

cancer theranostics,14 telecommunications, optical signal processing and solar energy 

conversion (Figure 1.2). For example, strides have been realized in biological and medical  

fields by taking advantage of the enhanced optical sensitivity in the biological window16 

(650 nm – 1450 nm) where light scattering and auto-fluorescent interference from 

endogenous biomolecules are minimized (Figure 1.3). Lower-energy nature of NIR light 

also minimizes  photodamage to biological samples. In the purview of materials science, 

there is great interest in developing NIR materials transparent to the visible region with 

applications in NIR-photon harvesting luminescent solar concentrators17 and high-

efficiency NIR OLEDs.15,18 

 

Figure 1.2   Non-exhaustive overview of applications for NIR materials. Reproduced with 

permission from [20] Copyright 2017 Elsevier.  
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 NIR-emitting materials can be divided into two distinct classes, each with their own 

distinct properties and challenges. Inorganics (i.e. QDs, Ln nanoparticles) have the 

advantage of being significantly more resistant to photo bleaching yet struggle with 

preparations at scale and reproducibility.19 Recent concerns over in vivo cytotoxicity of 

inorganic materials and their components is a primary reasons for the observed 

resurgence of NIR fluorophore research. Organics (i.e. cyanines, squaraines, 

phthalocyanines, porphyrins, BODIPY and perylene) benefit from more focused tuning of 

optical properties by virtue of a more versatile synthetic toolbox and potentially cheaper 

large-scale production of materials. Materials such as carbon nanotubes do not fall in 

either category, yet possess desirable photophysical properties. A thorough and 

comprehensive review20 of all known NIR emitting dyes (incl. commercial dyes) used in 

biological imaging recently analysed structure-property relationships within each class of 

material.  

 

1.2.1   Synopsis of Frontier Dyes 

Chemical literature is replete with examples of both organic and inorganic materials 

emitting in the NIR region. This section provides an overview of the leading, cutting-edge 

dyes (determined by factors such as solubility, photostability, brightness, etc.) along with 

brief description of their intended applications. Very thorough and comprehensive reviews 

 

Figure 1.3  Absorption (μa) and reduced scattering (μs′) coefficients of major tissue 

components/representative tissues with fluorescence spectra of major tissue 

components. Reproduced with permission from [14] Copyright 2017 Elsevier. 
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on NIR phosphorescent materials21, long-wavelength optical materials22 and a synopsis20 

of NIR dyes and their photophysical properties provide an exhaustive discussion of NIR 

materials if required. 

 

1.2.1.1    Organic Luminophores 

NIR-emissive dyes are often complex, extended structures which require multiple 

synthetic steps to prepare. Therefore, ease of preparation and synthetic accessibility are 

of primary importance when designing organic materials. Such qualities have been 

incorporated into the water-soluble seminaphthofluorones23 and photostable ECX dyes24 

which show true NIR properties (λmax = 880 nm, λem = 920 nm, ΦF = 0.133) while being 

essentially transparent to the visible region. Structural modification of traditional dyes has 

resulted in novel NIR-active cyanines25 and red-light indigo photoswitches.26 Nevertheless, 

facile preparation of the dye is not always possible when more specialized properties are 

required. For example, Pt(II) complexes of core-fused chlorins have proven themselves to 

be effective oxygen-sensing NIR phosphors.27 Their superior persistence and selective 

accumulation28 in cancerous tissue make porphyrins par excellence dyes for sensitization 

of singlet oxygen (i.e. PDT). These properties make them effective NIR agents in 

photoacoustic imaging.29 Additional examples include in vivo thiol and reactive oxygen 

 

Figure 1.4  Representative “state-of-the-art” NIR organic dyes. A) R33 from Ref. [29]. B) 

anti-9 from Ref. [31]. C) ex-TTF-BODIPY 12+ from Ref. [34]. D) IR-FE from Ref. [42].  
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sensing (ROS) by functionalized coumarin derivatives.30 More exotic substitution patterns 

are found in π-extended bis-fused,31 azaBODIPYs,32 thien[2,3-b]annulation33 as well as 

hybrid systems such as TTF-BODIPY34 which displays redox-switchable “on-off-on” 

emission that extends well into the NIR region (λem = 1185 nm, ΦF,estim. = 0.00048), making 

it the most red-emitting BODIPY known to date. 

Only a handful of organic dyes have crossed the 1000 nm barrier while remaining 

adequately emissive: IR-E135 (λem = 1071, ΦF = 0.007), SCH110036 (λem = 1100 nm, ΦF = 

0.002) and CH1055-PEG37 (λem = 1055 nm, ΦF = 0.003). The latter benefited from rapid 

systemic elimination (~90% excretion through the kidneys in 24 hours), making it superior 

to all other NIR developed so far in terms of in vivo biocompatibility. However, IR-FE and 

IR-FEP exhibit PLQYs of 0.31 (PhMe) and 0.02 in (H2O) in a similar emission range (λem ~ 

1100 nm) and hold the current record for brightest NIR-emission from an organic material 

reported to date.38 New supramolecular and photophysical strategies currently being 

explored are redefining expectations of what properties can be achieved inorganic 

materials. For example, organic small-molecule NPs39 and aggregation-induced FR-NIR 

emission from organic nanoprobes40 is being developed for imaging applications. 

 

1.2.1.2    Inorganic Luminophores 

An unfortunate consequence of photophysical interaction is inevitable 

photobleaching of the material. Inorganic materials have the advantage of greatly 

enhanced photostability over their organic counterparts, who are particularly susceptible 

due to their enhanced reactivity and extended π-electron systems. Recently, Martinić and 

co-workers developed highly photostable Zn2+/Ln3+ metallacrowns41 capable of 

differentiating the chronic cells from living cells in the first reported case of NIR-emission 

from a single Ln(III) cation being applied to bio-imaging. Photostable and ultra-bright Nd3+ 

doped BiVO4 nanocrystals showed great promise for use as deep-tissue contrast agents.42 

“Egyptian blue” (CaCuSi4O10) is known as the first synthetic pigment in human history and 

was ubiquitous in ancient Egypt, Mesopotamia and Greece. Its renowned photostability 

and NIR emission (λem = 910 nm, PLQY = 0.105) observed in the bulk material are retained 

when exfoliated to a 2D nanosheet. Its compatibility with inkjet printing makes it an 

attractive material for applications in IR telecommunications and security ink. Inorganics 

also lend themselves well to interdisciplinary study. For instance, DNA origami-directed 
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self-assembly of CdPb QDs displayed NIR-emission and remarkable stability in aqueous 

high-salt concentration conditions.45 

 

1.2.2   Challenges 

Despite to their advantageous applications in the red and NIR regions, these 

materials are still plagued with shortcomings that need to be addressed. They range from 

niche concerns such as low biocompatibility to more general deficiencies. Photostability 

and solubility are major issues of contention for NIR materials, given their extended π-

systems and often planar structures which lend themselves to aggregation, though this is 

not always an issue (i.e. in the solid state). However, such extended structures often lead 

to flexible substitution patterns and high rotational/vibrational degrees of freedom within 

the molecule. As a result of excessive functionalization, lowering of photoluminescence 

quantum yield (PLQY) could render these materials too inefficient and restrict real-world 

application. Therefore, a significant portion of NIR literature deals in PLQY improvement 

methods and strategies. 

 

1.2.2.1   Mitigating Photoluminescence Losses 

 Highly flexible dyes or dyes incorporating highly rotating substituents often end up 

with a very low ФF and ФP. These characteristics provide effective funnels to the ground 

state via non-radiative relaxation of the excited state to the ground state. Therefore, the 

fundamental hurdle in uncovering the full potential of any NIR-emissive material lies in 

suppression of non-radiative decay (knr) rates. By virtue of their narrow HOMO-LUMO gap, 

NIR dyes prove to be consistently weaker emitters compared to their UV-Vis counterparts. 

This relationship is expressed by a basic statement46-48 of the Energy Gap law: 

𝑘nr ∝  exp( − 𝛾∆E/𝑣M)     (5) 

where ΔE is the energy gap between potential minima of the states involved, νM is the 

dominant vibrational frequency in the system and 𝛾 is an empirically fitted constant. Red-

shifting of spectral properties is ultimately achieved at the expense of PLQY. Theoretical 

and spectroscopic study of underlying photophysical processes helped established 

general strategies49 to be applied towards preserving and improving PLQY in NIR materials. 

Empirically, these include increasing chromophore rigidity and planarity, reducing self-

aggregation via steric substitution as well as removing intrinsic contributors50 to knr 
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through isotopic substitution and fluorination.51,52 The latter has proven itself a powerful 

tool for PLQY enhancement, a result particularly well documented53 for Ln complexes. 

However, fluorine’s electronegative nature effects significant change in dipole/kr, often 

leading to unexpected modification of photophysical properties. Notably, p-fluorination of 

meso-Ph rings in PtTPTBP resulted in ~20% relative enhancement of ФP while further 

fluorination drastically reduces PLQY and lifetime.54 Conversely, isotopic substitution (i.e. 

deuteration) does not modulate electronic properties and is a very attractive option for 

tuning photophysics while preserving molecular geometry and spectral characteristics.  

Structural rigidity and molecular aggregation play a large role in determining how 

emissive a material can be. Conformational restriction of BODIPY dimers has been shown 

to dramatically enhance ΦF due to a more rigid structure.55 benzo[b]fused BODIPY 

monomer(λem = 690, ΦF < 0.01) and dimer (λem = 940, ΦF < 0.01) achieve an impressive 

red shifting of optical properties due to decreased LUMO levels, but at the cost of reduced 

PLQY.56 The authors cite restricted area while rotation on the BODIPY skeleton as one of 

the reasons for low emission. In contrast, the annulated aromatic ring in highly emissive 

benzo[c]fused BODIPYs is ideally positioned to provide steric bulk, which prevents free-

rotation of meso-aryl rings. Interestingly, a 15-fold enhancement in NIR emission (λem = 

748 nm) was observed when an emissive film of gel-immobilized π-extended BODIPY was 

mechanically sheared.57 The authors cite differences in chromophore packing introduced 

by mechanical stress of the film as the reason for amplified PLQY.  

 Because of their slow radiative rates, lanthanide complexes are particularly prone 

to excited state deactivation58 through vibronic coupling to X–H oscillators in proximity to 

the metal center. A longstanding strategy to minimize knr in such systems involves 

perdeuteration/fluorination59 of ligands. There is also something to be said for avoiding 

specific non-radiative relaxation pathways entirely. NIR to green light upconversion was 

achieved by doping a GaEr complex with long-lived Cr(III) to access new upconversion 

pathways, avoiding the efficient non-radiative relaxation pathways in the original 

material.60  

As mentioned previously, increasing the number of vibrational degrees of freedom 

in a material can have detrimental effects on PLQY. “Promoter” vibrational modes induce 

significant nuclear displacement, accessing geometries which facilitate conical 

intersections for non-radiative T1/S1 → S0 surface crossings.61 Low-energy (< 800 cm-1) 

aromatic C=C and C-H distortion modes (i.e. C=C twisting, C-H out-of-plane bending) have 

been identified as some of the most efficient promoters of non-radiative decay. 
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Comparable low-energy modes were shown to account for the majority (>50%) of 

reorganizational energy in model aromatic systems. Non-radiative decay is commonly 

ascribed to high-frequency vibrations (i.e. C-H stretching); however, these “acceptor” 

modes are not to blame as they involve minimal nuclear displacement and serve almost 

exclusively as spectating energy sinks for vibronic quanta.  

 

1.2.3   Red-shifting strategies  

Given the variety of chemical structures, each with their own set of properties and 

photophysical behaviour, it would be prudent not to ascribe the rigid set of guidelines in 

the design of NIR materials.  Therefore, compound-specific strategies will be discussed in 

the relevant experimental chapter while this section is meant to provide a brief, general 

overview of available methods. Bathochromic shifting of optical properties in organic 

molecules is achieved by a narrowing of the HOMO-LUMO gap, which can be done in a 

number of ways. Extending π-conjugation,62 including fusion of aromatic rings, red-shifts 

optical properties to an extent. There is a diminishing return effect upon every successive 

extension of the π-system. Nevertheless, literature is replete with examples of π-extension 

leading to red-shifted properties.21,24,38,66 Destabilizing the HOMO level by incorporation of 

heterocycles and heteroatoms into the structure has also been shown to achieve the same 

result. Transition metals68 have been shown to promote ISC and subsequent 

phosphorescence from the lower-lying triplet state in organic dyes. Donor-acceptor 

systems69-71 have been used to successfully shift optical properties but in the majority of 

cases led to a precipitous decline in PLQY, likely due to non-radiative charge transfer. There 

are exceptions however, as a push-pull system was recently used to achieve redder 

emission in a family of azaBODIPY dyes72 with only modest losses in PLQY. Substituent 

effects are usually not considered in the context of optoelectronics since the offer limited 

control over optical properties. Incorporating pyrrole in the design of NIR materials is a 

convenient way that takes advantage of all of the aforementioned strategies. As an 

aromatic heterocycle, it is effective at extending length of the π-system through 

conjugation and has a rich pool of organic chemistry to fine-tune optoelectronic properties. 

Additionally, several classes of pyrrolic compounds are known to form very stable and 

luminescent metal complexes. 
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1.3   Pyrrole: Nature’s Heterocycle 

Pyrrole was first detected as a component of coal tar distillate by Runge in 1834 

and named it from the Greek pyrrhos and elaion (meaning “red” and “oil”, respectively) 

likely due to the reddening of pyrrole-containing tar fractions upon treatment with acid. It 

is one of nature’s most abundant heterocycles by virtue of being the main building block 

in a myriad of natural products, coenzymes and pigments. A non-exhaustive list of 

examples (some are shown in Figure 1.4) include the heme family and its breakdown 

products biliverdin and bilirubin, chlorophyll, ageliferin, ryanodine, PQQ, prodigiosin, 

vitamin B12 and haemin, for which Hans Fisher received the Nobel Prize in 1930. The heme 

family of compounds is responsible for the color of our erythrocytes while chlorophyll is a 

key component in the photosynthetic chain to which all foliage ascribes its green colour. 

Prodigiosin exemplifies the tripyrrolic prodiginines, a class of red alkaloids receiving 

increased attention as potential antibacterial and anticancer agents. Interestingly, 

atorvastatin (brand name Lipitor) ranks as the top-selling pharmaceutical drug in history 

and is a fully-substituted pyrrole. 

 

1.3.1 Heterocycle Assembly and Reactivity  

 

Figure 1.5   Various chemical structures of pyrrole-containing natural products. 

 



Chapter 1 

Introduction to Red and Near-Infrared Photoluminescent Dyes 

 

 

  13 

 

The synthetic chemistry of pyrrole has been reviewed extensively.76-79 The most 

relevant and important methodologies (Scheme 1.1) are outlined below with 

accompanying examples. The widely-used Paal-Knorr synthesis80 generates the pyrrole 

heterocycle via acid-catalyzed condensation of 1,4-dicarbonyls and alkylamines. As an 

alternative to the classical procedures requiring prolonged heating, microwave-assisted 

reactions offer much higher yields and shorter reaction times.81 A variety of “masked” 1,4-

dicarbonyl starting materials may also be used such as 2,5-OMetetrahydrofuran82 and α-

nitroketones.83 The Knorr pyrrole synthesis84 involves the condensation of an α-amino-β-

ketoester or an α-aminoketone with an activated methylene compound. Higher selectivity 

in the reaction was achieved with achieved with sterically hindered β-ketones. 85 85 86 Pd-

catalyzed oxidation and cyclization of β-hydroxyenamines readily obtained from 

condensation of β-aminoalcohols and 1,3-diketones also yields substituted pyrrole in good 

yields. Ionic liquids have been used as reaction media for the Paal-Knorr synthesis. The 

Hantzsch pyrrole synthesis proceeds through β-ketoesters and α-haloketones in the 

presence of primary amines.88-91 The Barton-Zard condensation has found widespread 

application in the field of materials science, in particular for the preparation of 

optoelectronic materials precursors. Due to its versatility, it is also routinely employed in 

total syntheses of complex natural products. Barton and Zard demonstrated condensation 

of nitroolefins with α-isocyanoacetate esters, with resulting pyrrole substitution patterns 

being very fortuitous for fields of porphyrin and polypyrrole synthesis.   Alternatively, α,β-

unsaturated sulfones99 have successfully been used in place of nitroolefins. An elegant 

example of applied Barton-Zard chemistry is the preparation of 2-(SnMe3)pyrroles via 

Scheme 1.1 Generalized representations of the most widely applied pyrrole synthesis 

methodologies. 

 

 



Chapter 1 

Introduction to Red and Near-Infrared Photoluminescent Dyes 

 

 

  14 

 

condensation of in situ-stannylated isocyanide,100 which were cross-coupled with aryl 

bromides. Other miscellaneous methodologies include the Zav’yalov pyrrole 

synthesis,101,102 Dieckmann-type condensation of enamines and McMurry coupling of 

enaminones and masked 1,3-dicarbonyl compounds. Atom-economical multi-component 

and microwave-assisted78 syntheses of pyrrole are a current area of interest due to a push 

towards greener methods in modern heterocyclic chemistry. To that end, an incredibly 

expansive range of transition metal-mediated syntheses have been developed for 

pyrrole.76 Exemplifying this is the elegant example where sustainable iridium-catalyzed 

reaction of secondary alcohols and amino alcohols under mild conditions produces 

pyrroles with only hydrogen gas as a by-product.113 

Electrophiles generally react with pyrrole at the activated α-position (2,5-positions), 

unless these positions are already functionalized or the pyrrole is N-substituted. Pyrroles 

readily react with halogenating, nitrating, sulfonating and acylating agents. Formylation at 

the 2-position can be achieved through the Vilsmeier-Haack reaction. tert-Butyl 2-pyrrole 

carboxylate readily undergoes de-esterification/decarboxylation in one step in neat TFA or 

other strong acids. Given moderate acidity of the NH proton, it readily undergoes 

deprotonation when treated with strong bases (i.e. alkyllithiums, NaH) to produce the 

corresponding pyrrolide which acts as a strong nucleophile. The scope of pyrrole reactivity, 

much like its synthesis, has been reviewed extensively in literature.114,115 

 

1.3.2 Stability and Related Heterocycles 

While pyrrole itself readily undergoes oxidation upon exposure to air and light, pyrroles 

substituted at the 2,5-positions and the N-position with EWGs in particular show improved 

benchtop stability over their unsubstituted counterpart which usually need to be distilled 

before use. 2-Halopyrroles, while potentially very useful precursors, are notoriously 

unstable decomposing at room temperature within seconds.116 Isoindole, of particular 

interest in materials science, is too unstable117 to be handled by itself. Usually, “masked” 

isoindoles or tetrahydropyrrole precursors are employed instead of isoindole itself.  

 

1.4   BODIPY & Dipyrrin 

Near-infrared (NIR) radiation has taken on a more primary role in advanced 

materials and bio-medical research in recent years. The advent of more accessible71 NIR 
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sources and detectors has proven to be a considerable boon for experimental science and 

demand for more photostable and brighter NIR fluorophores has grown in tandem. 

Difluoro-boraindacene dyes (widely known as BODIPY dyes) have emerged in recent years 

as biological dyes par excellence and are one the most investigated organic 

chromophores. They are encountered everywhere from telecommunications118, organic 

photovoltaics119, ion sensors, and DSSCs121 to bio-medical imaging122 and photodynamic 

therapy123,124. First prepared in 1968125, BODIPY dyes have become prized for their 

intense absorption profile (ε > 90000 M-1cm-1) and high PLQY (Ф > 0.50) expressed via 

narrow Gaussian-shaped peaks. These spectroscopic features126 are largely insensitive to 

changes in solvent polarity and dyes themselves are highly soluble in most organic 

solvents. Facile synthesis and versatile substitution patterns of the BODIPY framework 

make them readily accessible and versatile tools for specialized applications.127 Their 

excellent photostability is enhanced by negligible excited triplet state formation in both 

solution and solid-state.128 These desirable features serve collectively as an ideal 

foundation for development of effective NIR fluorophores. Similar to fluorescein and 

rhodamine dyes, non-functionalized BODIPY dyes are limited in operation between 470-

530 nm. Recent efforts129 to red-shift spectral properties were aimed at efficient 

fluorescence in the biological window130 (650-900 nm).  

 

1.4.1 Nomenclature and Synthesis 

BODIPYs are simply –BF2 complexes of dipyrrins (Figure 1.5) and while their stability and 

optical properties may be dramatically different, their synthetic chemistry can be 

interchangeably applied to either of them with minor modifications. A more detailed 

ntroduction to dipyrrin-specific chemistry will be presented in chapter 4. Synthesis of the 

BODIPY core usually goes through acid-catalyzed oxidative condensation (Scheme 1.2) of 

 

Scheme 1.2  General representation of an acid-catalyzed oxidative condensation 

between substituted pyrrole and aldehyde.  
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pyrroles with an electrophilic carbonyl compound (i.e. aldehydes, acyl chlorides) followed 

by treatment with an excess of BF3OEt2 in the presence of a base. While some published 

syntheses will deviate in one aspect or another, oxidative condensation (see section 1.5.2) 

is ubiquitous in dipyrrin and BODIPY chemistry. Typically, R1
 is substituted to prevent 

unwanted polycondensation of the pyrrole during synthesis. If a 3,5-unsubstituted BODIPY 

is desired, a large excess of pyrrole in relation to the aldehyde must be used. In any case, 

the other R groups can take on the role of conceivably any substituent, the sheer number 

of which is a testament to the versatility of BODIPY chemistry (Figure 1.6). 

 

1.4.2   Post-synthetic modification 

 BODIPYs react with a variety of electrophilic reagents (i.e. NCS, NBS, Br2) in the 

following order: at the 2,6-positions, 1,7-positions and finally 3,5-position. The BODIPY 

chromophore can be chlorinated, brominated and iodinated and even a few instances 

where sulfonation and nitration was achieved at the 2,6-positons.132 Chloro- moieties can 

be incorporated into the least reactive positions (3,5-) by functionalization of the 

dipyrromethane precursor prior to complexation with BF2. All halogenated BODIPYs are 

known to participate in Pd-catalyzed C-C coupling reactions, which has enabled access to 

a vast library of derivatives. Addtionally, 3,5-halogenated derivatives undergo nucleophilic 

attack at the same positions by alkoxides, thioalkoxides and amines.132-134 For additional 

information on BODIPY syntheses and their post-synthetic functionalization, 

comprehensive and well-written reviews by Burgess126 and Bessette119 are recommended 

for further reading. 

 

 

 

Figure 1.6  structures and IUPAC-recommended numbering systems for (left) dipyrrins 

and (right) BODIPYs. 
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1.5   Porphyrins 

1.5.1   Structure and Nomenclature 

Porphyrins are the most abundantly occurring class of heterocyclic macrocycles, 

both in nature and in material sciences. Their name is derived from the Greek word 

“porphyra” , translated purple. Indeed, many porphyrins exhibit lavish purple and greenish-

blue colours in solution as well as solid-state due to their intense absorption bands in the 

visible region. A famous example is heme b, an iron-porphyrin complex (Figure 1.7) found 

in haemoglobin that facilitates oxygen transport in blood. Another important example is 

 

Figure 1.7   A representative sample of BODIPY dyes spanning the entire visible-NIR 

region. Reproduced with permission [124] Copyright 2014 Royal Society of Chemistry. 
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chlorophyll, the green pigment vital to photosynthesis found in most plants and 

cyanobacteria. Structurally, it is considered a chlorin which is a porphyrin with one reduced  

olefinic bond. Porphyrin macrocycles are comprised of four pyrrole units connected via 

methine (=CH-) bridges. Taking the simplest example, unsubstituted parent porphyrin 

(porphine) contains four nitrogen atoms and twenty carbon atoms. Obeying Hückel’s rule, 

(4n+2 π electrons, with n = 4) porphyrins are planar and highly conjugated systems with 

two delocalization pathways across the macrocycle shown in (Figure 1.7). Hans Fisher was 

the first to introduce nomenclature135 for the porphyrin system where every pyrrole was 

labelled A-D, carbons adjacent to the nitrogen were called “α-carbons” and the methine 

carbons were labelled with lower-case Greek letters α - δ. These methine carbons were 

also called meso-carbons, a naming convention that endured even after the systematic 

and more complete IUPAC nomenclature was introduced (Figure 1.8). 

 

1.5.2 Synthetic Methodology 

Many more 5,10,15,20-aryl substituted porphyrins have been prepared and 

studied than their meso-unsubstituted counterparts, due to their significantly improved 

solubility and synthetic versatility. Of these, tetraphenylporphyrin (TPP) has the most basic 

structure and is the most commonly encountered meso-aryl porphyrin dye. The first 

reported synthesis136 of TPP was by Rothemund more than 80 years ago where pyrrole 

and benzaldehyde were reacted in a sealed bomb with pyridine at 150° for 24 hours. 

These harsh conditions have resulted mostly in tarry mixtures in addition to limiting the 

scope of substituted benzaldehyde starting materials. Adler and Longo improved137 upon 

the low-yielding Rothemund conditions by refluxing the starting materials in propionic acid 

and using atmospheric oxygen as an oxidant. Crystalline TPPs were obtained in yields of 

up to 15% and this procedure was employed on a multigram preparative scale for a 

 

Figure 1.8   Structures of heme b (porphyrin) and chlorophyll a (chlorin). 
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number of porphyrins. Nevertheless, this methodology has been plagued with poor 

reproducibility, intolerance of sensitive functional groups and purification issues resulting 

from the tarry mixtures with porphyrins that do not easily crystallize out. Excluding special 

cases of exceedingly unreactive or sterically hindered aldehydes, the majority of modern 

porphyrin syntheses use an iteration of the Lindsey method.138 The desired pyrrole and 

 

Figure 1.9  (Top) Tautomerization of substituted porphyrin. (Bottom) Fischer and IUPAC 

nomenclature conventions of the porphyrin macrocycle. 

 

Scheme 1.3   Synthetic methodologies for (left) symmetrical porphyrins and (right) 

asymmetric and 5,15-unsubstituted porphyrins. 
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aldehyde are condensed in high dilution conditions with Lewis acid catalysis followed by 

oxidative aromatization with a hydrogen transfer reagent (i.e. DDQ, chloranil). Of all 

methods described so far, (Scheme 1.3) the Lindsey method is the mildest, highest 

yielding synthesis with the widest functional group tolerance available to this day. However, 

the Lindsey method struggles with oxidative condensation of sterically-hindered o-

substituted aldehydes (mesitaldehyde, o-alkoxyaldehyde); BF3OEt2-EtOH co-catalysis139 

was found to be necessary to achieve porphyrin yields. Access to meso-asymmetric 

porphyrins is achieved through the [2+2] Macdonald oxidative condensation with 

corresponding dipyrromethanes. In the case where 5,5’-diformyldipyrromethanes 

condensed with unsubstituted dipyrromethane, atmospheric oxygen can serve as the 

oxidant. With one notable exception, all porphyrins in this dissertation were prepared by 

the Lindsey method. While this short survey is by no means exhaustive, it is a general 

highlight of the most widely used methods and porphyrin chemistry. If more information is 

required, the reader is referred to recently-published exhaustive reviews of porphyrin 

chemistry their post-synthetic modification.141 

 

1.5.3 Properties and Applications 

Similar to BODIPYs, porphyrins show high chemical- and photostability and possess 

a highly conjugated, rigid and planar macrocyclic core. In fact, the latter imparts desirable 

crystallization properties onto porphyrins, in some cases allowing direct crystallization of 

bright purple porphyrin crystals out of complex tarry mixtures in acetic/propionic acid. They 

owe their exceptionally strong light absorption (ε > 150000 M-1 cm-1) and other 

optoelectronic properties to an extended π-electron system. This has led to widespread 

application142 of porphyrins as photonic and optoelectronic materials. This includes optical 

limiters, nonlinear optics and dye-sensitized solar cells146,147 (DSSCs) as well as 

bioimaging148,149 and photodynamic therapy150 with emerging applications in photon 

upconversion via triplet-triplet annihilation151 (TTA) and 2-photon absorption. Their optical, 

electric, and even magnetic properties can be widely tuned by modification of the pyrrole 

and aldehyde moieties and via coordination to different metals.153 Their group 4 metal 

complexes exhibit bright fluorescence (ΦF > 0.3) while group 5-6 metal complexes tend to 

phosphoresce. Noteworthy are Pd(II)/Pt(II) complexes which show efficient ISC rates and 

low triplet energies making them important phosphorescent dyes.154 In fact, platinum 
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octaethylporphyrin (PtOEP) was the first material used in phosphorescent light-emitting 

diodes.155,156 

 

1.6   Conclusion 

The ever-increasing sophistication of spectroscopic equipment and elegant 

synthetic methodologies being devised, preparation and study of FR-NIR dyes is bound to 

attract many researchers and inspire innovation in multiple fields. Porphyrins and BODIPYs 

benefit from a synergistic pool of synthetic methodology built up over the last century, 

which permits facile preparation and study of these dyes. Their attractive optoelectronic 

properties (sharp and intense absorption bands, high PLQY) as well as rigid and highly 

stable structures make them desirable springboards for accessing bright, π-extended FR-

NIR materials. 
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Chapter 2 
 

Tuning Photophysics via Modular Aryl Moiety 

in a Family of Novel PtAr4TBIP Dyes 
 

 

This chapter delves into the synthesis and electronic/photophysical properties for 

peripherally functionalized alkylimide Pt (II) complexes of Ar4TBP. Convenience in their 

preparation at scale and improved solubility/stability over prototypical PtPh4TBP directed 

efforts towards enhancement of photoluminescence as the overarching goal of the project.  

PtPh4TBIP along with its deuterated (PtPh4TBIP-d20) counterpart were prepared 

characterized spectroscopically. Structure-property relationships were extracted to glean 

insight into photophysics of a prominent, yet not fully explored class of dyes. Part of this 

work has been published.1 

 

2.1 Introduction to π-Extended Porphyrins 

 Symmetrically tetraannulated tetrabenzoporphyrins 1 (TBPs), tetranaphtho-

[2,3]porphyrins 2 (TNPs) and tetraanthra[2,3]porphyrins 3 (TAPs) are part of the class of π-

extended porphyrins, depicted in Figure 2.1 with IUPAC-recommended numbering.2 

Modification of optical properties by aromatic ring annulation to the porphyrin macrocycle 

to obtain materials like these is a growing field in modern synthetic and theoretical 

Figure 2.1   Core structures of π-extended porphyrins TBP 1, TNP 2 and TAP 3. 
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porphyrin chemistry. A condensed summary of Cheprakov’s insightful theoretical analysis3 

of π-extended porphyrins is presented in this section . The quantity and variety of π-extended 

porphyrins has exploded in the last 30 years, efforts which were in large part galvanized by 

the need to develop novel NIR chromophores. Yet, the bathochromic shifts observed in the 

myriad of novel benzo-annulated porphyrins prepared fell short of expectations; it seemed 

that the fused moieties were unable to effectively disrupt the basic porphyrin π-electron 

system. Under the formal rules of aromatic fusion (summation of π-electrons within the 

system), TBP would be considered a 34-electron aromatic system, which does not fall in line 

with experimentally-determined optoelectronic properties.5 Gouterman’s four orbital 

model6,7 describing main porphyrin transitions is simulated from a fully symmetrical [18]-

annulene. Indeed, the aromatic porphyrin system can be understood as a set of [18]-

annulenes traversing a robust framework of aromatic five-membered rings (Figure 2.2a). 

Clar’s theory of localized sextets8  states that polycyclic systems tend to localize aromaticity 

in smaller subsystems. Monoannulation (Figure 2.2b) will likely make monobenzoporphyrin 

(MBP) behave as a true benzene sextet isolated from [18]-annulene. Extending this idea to 

four annealed benzo rings (divided into the two inequivalent sets), [26]-annulene TBP could 

be viewed as a simple linear acene9 (Figure 2.2c). Indeed, “dilution of aromaticity”10 

encountered within linear acenes manifests also itself within TBP. The porphyrinic character 

 

Figure 2.2  a) Representation of the [18]-annulene system permeating the porphyrin 

ring. b) Localization of aromaticity in monoannulated porphyrin according to Clar’s 

theory. c) [26]-annulene TBP system and analogy to linear acene. 
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of the system maintained in part by the peripheral sextets by helping shift electron density 

onto benzene rings which act as weak π-electron withdrawing substituents. This would 

decrease basicity of nitrogen atoms and  concomitantly increase π-acidity of the TBP 

ligand.12 An interesting corollary to the progressively weakening aromaticity in porphyrins 

(upon successive linear annulation) is to the extent to which TNP and TAP are prone to 

degradation via endoperoxide formation. Interestingly, the same mechanism of 

endoperoxide formation is currently being exploited to develop very sensitive O2 molecular 

probes.15-17 Q-band enhancement epitomized in metalloporphyrins is one of the most 

meaningful and unique consequences of linear annelation. This effect is particularly 

prominent in the PhMe spectrum of PtPh4TBP (Figure 2.3). In some cases, Q-bands surpass 

Soret bands in intensity and reach well into the NIR region.15 It should be noted however, 

that Soret bands experience a far weaker disturbance with progressive annelation 

increasing the Soret/Q-band gap. Macrocycle distortion (i.e. ruffling, saddling) in non-

extended porphyrins hinders photophysical properties, namely inducing a large reduction in 

PLQY.18,19 This distortion of the core is a result of two competing11 forces: (a) the drive to 

planarize the macrocycle to regain aromatic stability and (b) relief of steric congestion 

between meso-rings and β,β’-substituents on the pyrrole. The annulated benzo rings do 

indeed contribute to steric congestion in TBP, yet it is generally found that distortion does 
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Figure 2.3   Absorption (black line)/emission (red line) spectra of PtPh4TBP in PhMe. 
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not significantly ruin emissivity. In fact, as the number of annulated rings increases (i.e. 

TNPs, TAPs) the detrimental effect that distortion exerts loses severity.20 In the context of 

π-extended porphyrins (as is the case for regular porphyrins), macrocycles bearing 

substituents at the 5,10,15,20-positions are more synthetically accessible due to improved 

solubility and ease of handle. Indeed, owing to relatively easier access,21 TBPs and their 

spectroscopic properties have been studied substantially more than any other extended 

porphyrin.  While the linear system TBP is the sole focus of this chapter, angularly-annulated 

systems (Figure 2.4) deserve short mention. Since the synthesis of these systems does not 

involve unstable isoindoles, most materials had been explored long before the increasing 

interest in linear systems. Sub-localization of aromaticity in such systems (Clar’s localized 

sextets) is always expected and they are therefore considered to be more aromatic and 

more stable than their linearly annulated counterparts. Unlike TBPs however, they do not 

form an extended π-electron system despite bearing highly conjugated subsystems, which 

largely restricts their optical properties to the visible region like regular porphyrins.23-25 

 

2.1.1 Applications 

Applications for porphyrins are as numerous and diverse as their published 

structures. In that sense, TBPs readily lend themselves to any application for which regular 

porphyrins are suitable for. For a detailed survey, the reader is referred back to subsection 

1.6.3. However, their unique optoelectronic properties allow them to bridge the gap in areas 

were regular porphyrins would otherwise prove inadequate. For example, efficient NIR 

emission with extremely low self-absorption demonstrated by PtPh4TBP was the key 

enabling a breakthrough in performance for luminescent light concentrators. Pt(II) and Pd(II) 

Figure 2.4 Examples of angularly annulated systems. Left to right: acenaphtoporphyrin, 

tetraphenanthro[9,10]porphyrin and tetranaphtho[1,2]-porphyrin. 
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complexes of TBP are widely considered to be the most useful NIR phosphors as they find 

application in light harvesting/emitting arrays, biometrics and have come into their own as 

quintessential photosensitizers in TTA photon-upconversion. 

 

2.1.2 Synthetic Methodology 

Since their earliest synthesis in 1938 by direct condensation of isoindoles, newer 

higher-yielding and cleaner synthetic approaches have been developed: retro-Diels-Alder, 

one-pot Heck/aromatization, one-pot cycloaddition/aromatization and oxidative 

aromatization. Of particular importance are the last two methods, variations of which are 

still currently being used in TBP synthesis. Each of these methods as outlined (Scheme 2.1) 

and discussed below, with a focus on Ar4TBPs. 

A brute force direct-condensation approach yielded trace amounts of TBP, complex 

and nearly inseparable side-products obscured the intended product. Additionally, low 

functional group tolerance and vanishingly small solubility of the resulting macrocycles 

made purification tedious. Ono and co-workers introduced the concept of using a “masked” 

isoindole synthon41,4241,4241,42 during assembly of the porphyrin macrocycle. This allowed 

them to overcome the inherent instability of the unsubstituted isoindole heterocycle. The 

resulting porphyrin and its metal complexes could be easily handled and dissolved in 

common organic solvents, overcoming previous challenges related to solubility. Heating the 

porphyrin at 200°C extrudes ethylene gas in a Retro-Diels-Alder type reaction resulting in 

quantitative conversion to tetrabenzoporphyrin. While an elegant improvement over the 

direct condensation of isoindole, availability of starting materials, reliance on hazardous 

compounds for synthesis of the pyrrole precursor and limited opportunity for 

functionalization left room for improvement.  

The oxidative aromatization pathway, primarily carved out by Vinogradov and co-

workers21,43,44 introduced a greater degree of freedom in terms of compatible substituents 

while starting from inexpensive, readily available materials. This method, much like Ono’s, 

relies on an isoindole precursor, namely 4,5,6,7,-tetrahydroisoindole which is ultimately 

aromatized by prolonged heating with DDQ. While this was once again in improvement over 

the previous method, yields of the final porphyrins suffered from harsh aromatization 

conditions. Synthesis from partially aromatized 4,7-dihydroisoindole was proposed by 

Cheprakov as a workaround for low yields, since aromatization could now be driven to 
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Scheme 2.1   Summary of most commonly used synthetic methodologies in TBP synthesis. 
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completion at much lower temperatures. The oxidative aromatization method is still used  

to this day and accounts for a significant majority of all TBP, TNP and TAP complexes 

synthesized. Dienophiles react readily with sulfolenopyrrole once the latter undergoes 

thermal extrusion of SO2.46 A convenient way to access sulfolenopyrroles is via Barton-Zard 

chemistry,47,48 alternatively via classical pyrrole synthesis starting from 3,4-

dimethylsulfolene.49 This method represents an attractive way to generate multiple 

derivatives using the same precursor, if low solubility of the tetra-sulfolene porphyrin 

derivatives can be overcome. In a recent development, β-octabromoporphyrin was reacted 

with 4-vinylpyridine in a concerted Heck reaction to generate Ar4TBP in one-step. Although 

not as widely applied as the Retro-Diels-Alder or the oxidative aromatization method, it is 

growing in popularity despite limitation in  substituent choice. This section outlined the most 

relevant synthetic pathways to TBPs, it is by no means exhaustive. Literature TBP syntheses 

use methods presented here (or iterations thereof).  It should be noted that all chemistry 

presented in section 1.6 is equally applicable to π-extended porphyrins discussed in this 

chapter. If required, the reader is referred to more comprehensive reviews3,52,53 dealing with 

the topic. 

 

2.2  Synthesis of meso-Aryl Tetrabenzoporphyrins 

2.2.1  Synthesis of 4,5,6,7-Tetrahydroisoindole Precursor 

Assembly of the pyrrole ring in the 4,5,6,7-tetrahydroisoindole precursor was 

achieved through a modified Barton-Zard condensation reaction.1  Subsequent de-

esterification/decarboxylation of the pyrrole afforded the unsubstituted 4,5,6,7-

tetrahydroisoindole precursor (Scheme 2.2).  

Condensation of two inexpensive and widely available compounds cis-1,2,3,6-

tetrahydrophthalic anhydride and 2-ethylhexylamine in dimethylformamide resulted in 

nearly quantitative conversion into imide 2.1 on a 300 g scale.  PhSH was treated with NCS 

to generate phenylsulfinyl chloride in-situ  for the chlorosulfanylation of 2.1 to yield 

phenylsulfane 2.2. Expedient oxidation of sulfanes to sulfones is typically accomplished 

with m-CPBA. However, this material is a health/safety hazard and the desire for a cost-

effective oxidation of 2.2 led to H2O2/AcOH as an alternate peroxycarboxylic acid source. 

When catalysed with Amberlyst-15, it provides a high yielding and greener alternative to 

halogenated solvents and expensive halogenated peroxycarboxylic acids (i.e. m-CPBA). Both 
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methods were tested and H2O2/AcOH proved to be an acceptable substitute to generate 

sulfone 2.3; while oxidation with m-CPBA provides a marginally greater yield and faster 

workup on a smaller scale,  m-CBA precipitate was found to hinder stirring at lower 

temperatures and complicate workups. Peroxyacetic acid/Amberlyst-15 was found to be 

more appropriate for  such preparative work. Rapid DBU-promoted dehydrochlorination at -

78°C afforded sulfonylcyclohexene 2.4 in quantitative yield. It should be noted that 

treatment of 2.3 with DBU at room temperature or even -40°C results in a complex mixture 

of several closely-eluting products. Similar results are obtained if DBU is added in a slow, 

dropwise fashion at -78°C. It is possible that competitive proton abstraction reactions are 

occurring when DBU is added above cryogenic temperatures. It was found that rapid 

addition (within fifteen seconds) was key in obtaining sufficiently pure quantities of 2.4.  

Initial synthetic efforts to assemble the pyrrole ring were focused on Barton-Zard 

condensation of 2.4 (Scheme 2.3) with the commercially available ethyl isocyanoacetate. 

However, it was unexpectedly found that ethyl 4,5,6,7-tetrahydroisoindole-2-carboxylate 

2.5a did not undergo clean de-esterification without concomitant hydrolysis of the imide 

moiety. tert-Butyl pyrrole 2-carboxylates have long been known to undergo facile 

decarboxylation in neat TFA. Unlike its ethyl counterpart, tert-butyl isocyanoacetate 2b is 

not readily commercially available. It was reproducibly synthesized54  (Scheme 2.4) on a 

250 g scale starting from tert-butyl bromoacetate and formamide. Barton-Zard 

 

Scheme 2.2   Large scale synthesis of 4,5,6,7-tetrahydroisoindole precursor 2.7. 
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condensation of 2.4 with tert-butyl isocyanoacetate afforded the tert-butyl 4,5,6,7-

tetrahydroisoindole-2-carboxylate 2.5 in high yields (86%) as an amorphous solid. 2.5 can 

be prepared in >100 g batches in 65% overall yield from cis-1,2,3,6-tetrahydrophthalic 

anhydride and is a convenient stable intermediate in the synthesis. Treatment of 2.5 with 

33% HBr in AcOH resulted in de-esterification and partial decarboxylation; 1H NMR of the 

crude mixture revealed a 9:1 of 2.6 and 2.7, respectively. Heating this mixture between 

130-150°C for 1h completed the decarboxylation and afforded 4,5,6,7-tetrahydroisoindole 

2.7 in good yield (93%). It should be noted that decarboxylation was also attempted with 

TFA, but failed to yield 2.7 in significant yield. It was found that the white, fluffy crystalline 

form of 2.7 (obtained by recrystallization from Et2O/pentane) displays benchtop stability for 

over days in contact with air/light and may be stored for months under N2 at -20°C. This is 

in contrast to significant instability encountered with unsubstituted 4,5,6,7-

tetrahydroisoindole, which begins to darken upon exposure to light and air.  

 

2.2.2 Synthesis of Pt(II)Ar4TBIPs 

Oxidative condensation of 4,5,6,7-tetrahydroisoindole 2.7 with the appropriate 

aromatic aldehyde (PhCHO, C6D5CDO and C6F5CHO) under modified Lindsey conditions55 

afforded their respective hexadecahydro- precursors H2Ar4TCIP 2.8, 2.10 (Scheme 2.5). 

 

Scheme 2.3   Barton-Zard condensation of 2.4 with ethyl isocyanoacetate. 

 

Scheme 2.4   Synthesis of tert-butyl isocyanoacetate 2b. 
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Due to overly complicated NMR spectra caused by stereogenic centers, non-planarity of the 

macrocycle and the diastereomeric nature of the 4,5,6,7-tetrahydroisoindole precursor, 

H2Ar4TCIPs were partially purified without extensive characterization (only UV-Vis and 

HRMS). Typically, this is accomplished by either short-path column chromatography with 

NEt3 as a co-eluent and/or slow crystallization of the   

bis(hydrochloride)/bis(trifluoroacetate) porphyrinium salts. Depending on the basicity of the 

H2TCIP ligand, Pt insertion was accomplished with PtCl2 in refluxing PhCN and Pt(OAc)2 in  

warm PhCN was used for difficult cases or where scarcity of the starting material made yield 

a top priority. Aromatization with excess DDQ in boiling 1,2,4-TCB afforded the intended 

Pt(II)Ar4TBIP (Ar = Ph and Ph-d5) dyes. In certain cases, metalation of the macrocycle and 

aromatization was achieved as a one-pot reaction. For example, PtPh4TBIP 2.9 was 

prepared on a multigram scale one-pot reaction in 36% yield (22% overall yield from 

inexpensive cis-1,2,3,6-tetrahydrophthalic anhydride starting material). It should be noted 

that due to excellent solubility of the pyrrole building block, laborious chromatographic 

purification of otherwise insoluble π-extended porphyrins is simplified. Often, exploitation of 

crystallization differences between porphyrins and oligomeric side-products removes the 

Scheme 2.5   Synthesis of Pt(II)Ar4TBIP derivatives via oxidative aromatization method 

under Lindsey conditions. 
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need for chromatographic separation. However, crude purification and isolation of 

PtAr4TBIPs 2.9 and 2.11 via crystallization is no longer viable when both product and 

impurities are functionalized extensively with aliphatic side-chains. As a result, PtAr4TBIPs 

will crystallize out of fractions more effectively if first purified with column chromatography. 

2.3  Solubility and Stability Studies 

 There is a discernible lack of solubility values for TBP dyes in the literature, either 

due to insufficient quantities of material prepared or excessive insolubility/aggregation of 

the dyes which prevents accurate determination of extinction coefficients and solution 

saturation points. The large scale synthesis of PtPh4TBIP provided an opportunity to probe 

spectroscopic and solubility parameters in multiple solvents, shown in Table 2.1. A key 

focus in the design of the PtPh4TBIP molecule was improving its solubility over the parent 

PtPh4TBP, which was thought could to be accomplished with peripheral aliphatic moieties. 

Indeed, a polarizable aromatic core and aliphatic chains make PtPh4TBIP most soluble in 

medium polarity solvents. The achieved exceptionally high solubility, up to 600 g/L in PhMe, 

can be attributed to the four branched 2-EH chains with stereogenic centers and reduced 

macrocyclic planarity via meso-Ph substituents. It is interesting that although 

dichloromethane is generally considered to be a better solvent for porphyrin dyes, PhMe is 

more effective in preventing PtPh4TBIP from forming aggregates. Photodegradation56 of 

organic/organometallic dyes is the major drawback to their application, particularly in 

harvesting solar energy. We hypothesized that the fused electron-withdrawing imide 

Table 2.1   Solution Saturation Points of PtPh4TBIP In Organic Solvents at Room 

Temperature with Corresponding Absorption Maxima 

  Solubility λmax/nm (log(ε)) 

Solvent ET(30) g/L mol/L Soret Q-band 

methanol 55.4 0.12 7.0×10-5 462 (5.11) 633 (4.89) 

CH3CN 45.6 0.65 3.8×10-4 461 (5.26) 631 (5.02) 

dichloromethane 40.7 400 0.23 464 (5.39) 634 (5.20) 

tetrahydrofuran 37.4 510 0.30 461 (5.35) 631 (5.14) 

PhMe 33.9 600 0.35 463 (5.37) 633 (5.19) 

Hexanes 31 2.2 1.3×103 457 (5.36) 628 (5.23) 
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Figure 2.5  Long-term stability study of PtPh4TBIP (spectrum in dichloromethane). 
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Figure 2.6 Accelerated photodegradation of representative porphyrins followed through 

decrease of Soret band intensity (500 W halogen lamp, 90°C, PhMe, 10-5 M).  
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substituents at the periphery of the Ph4TBP macrocycle would suppress the photo-oxidation   

by lowering the HOMO level of the molecule. Indeed, virtually no degradation was observed 

under ambient light for over 8 months, and either the solid-state or in PhMe solution (Figure 

2.4). To assess the limits of photostability for PtPh4TBIP, an accelerated photodegradation 

study (Figure 2.5) was carried out by illuminating its PhMe with a 500 W halogen/tungsten 

lamp at ~90°C (radiative heating). Almost57 no degradation was observed when PtPh4TBIP 

was subjected to these conditions under a N2 atmosphere. Even in an air-saturated solution 

<30% degradation was observed after 6 days of continuous irradiation. The parent 

PtPh4TBP showed a ~5 times faster degradation profile under identical conditions, while 

other common porphyrin dyes, PtOEP and ZnPh4P, showed ~20 and ~80 times faster 

degradation, respectively. The mechanism of the observed photooxidation is based on 

sensitized generation of singlet oxygen, and the observed stability of PtPh4TBIP under these 

conditions is remarkable. In fact, the above photodegradation experiment with PtPh4TBIP 

generates > 200 times as much solvent decomposition products compared to the loading 

of the dye (benzylic alcohol, benzaldehyde, benzoic acid, and uncharacterized oligomers). 

 

2.4  Crystal Structures 

  Remarkably, although PtPh4TBIP should exist as a statistical mixture of six 

stereoisomers, slow evaporation of its solution in a PhH/methanol/CHCl3 mixture produced 

 

Figure 2.7  (Left) Skeletal overlay of X-ray structures for PtPh4TBIP (orange) and its 

deuterated analogue 2.11 (green), 2-EH aliphatic chains committed for clarity. (Right) X-

ray skeletal structures overlaid with their respective predicted geometries (B3LYP/6-

31G*) in grey. 
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Figure 2.6  (Top) Axial view through Cm-Pt-Cm (Cm = meso-carbon) (Middle) X-ray 

structure of (R,S,R,S)- PtPh4TBIP. (Bottom) Axial view through N-Pt-N, displaying the 

prominent saddle shape of the macrocycle.  
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on a single crystal (Figure 2.6) of the pure (R,S,R,S)-2.9. Its X-ray analysis revealed a saddle-  

shape conformation, typical58 for related TPTBPs. Normal-coordinate structural 

decomposition (NSD) analysis59 revealed PtPh4TBIP to have a relatively low out-of-plane 

distortion (Doop = 2.27 Å compared to 2.83 Å for PtPh4TBP)28 almost completely described 

by the B2u mode (2.24 Å) associated with saddling. This could be a result of the depleted 

electron density on CH bonds of the isoindole moiety reducing repulsion with meso-Ph rings. 

Despite being grown under identical conditions, PtPh4TBIP-d20 2.11 (D2d point group), X-ray 

analysis failed to show any significant differences in macrocyclic distortion or orientation of 

Ph rings. Aside from slight orthogonal bending of the Ph rings (Figure 2.7, left), the crystal 

structures are essentially superimposable. 

NSD analysis of X-ray structures revealed a significantly smaller mean displacement 

Doop for 2.9/2.11 (2.27 Å) compared to PtPh4TBP (2.83 Å). Since oop distortion stems from 

the Ph ring/sp2 CH interaction, this difference can be explained by the depleted electron 

density of benzo CH bonds alleviating steric clashing. It is noteworthy that Doop is completely 

insensitive to isotopic substitution of Ph rings60 in 2.9/2.11, disproving the presence or 

involvement of peri-type interactions in the observed RTP-QY enhancement. Hypsochromic 

spectral shifting and increased PLQY from PtPh4TBP (773 nm, ФP = 0.35) to PtPh4TBIP 2.9 

(755 nm, ФP = 0.45) can be rationalized in terms of reduced Doop. Lessened HOMO 

destabilization in 2.9 brings the geometry closer to the planar TBP configuration 

characterized by higher PLQY, longer T1 lifetimes and blue-shifted spectra.58,61  

 

2.5  Electronic and Photophysical Properties 

As is the case for other π-extended porphyrin derivatives, PtPh4TBIP 2.9 is an 

exceptionally strong absorber in the blue (λmax = 465 nm, log (ε) = 5.39, Soret band) and 

red (λmax = 633 nm, log (ε) = 5.20, Q-band) regions of the spectrum (Table 2.2). Compared 

to PtPh4TBP, the Soret and Q-band are bathochromically shifted by 35 nm and 21 nm, 

respectively. However, emission is hypsochromically shifted by 25 nm, indicative a lowered 

HOMO level. Exciting at either Soret or Q-band leads to NIR phosphorescence (λmax = 755 

nm). A PLQY of 0.45 was obtained for PtPh4TBIP 2.9 using PtPh4TBP as a reference 

standard (ФP = 0.35) measured at room temperature in argon-degassed PhMe (Figure 2.8). 

Interestingly, 3τem for 2.9 (14 μs) in argon-saturated PhMe is considerably shorter, to our 

knowledge, than any known Pt porphyrin including the parent PtPh4TBP (29.9 μs). This 

corresponds to a ∼3 times faster radiative transition in the former (kr = 3.2 x 104 s-1 and 



Chapter 2 

Tuning Photophysics in a Series of PtAr4TBIP Dyes 

 

 

 

  45 

 

1.2 x 104 s-1 for 2.9 and PtPh4TBP, respectively), which minimizes quenching and 

photodegradation processes. The freebase form of 2.9 (H2Ph4TBIP), which was 

chromatographically recovered as a side-product in the synthesis of 2.9, displays an intense 

Soret band but opposing transition dipoles of the contributing transitions result in weak and 
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Figure 2.8  (Top) Overlay of normalized absorption spectra of 2.9 in dichloromethane 

and its  

free-base form H2Ph4TBIP. The inset shows the overlay of normalized emission spectra 

for both compounds. (Bottom) Overlay of absorption and emission spectra for PtPh4TBP 

and 2.9 in de-gassed PhMe at 298K. 
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fragmented Q-bands, which coalesce upon Pt insertion (Figure 2.8). Although the freebase 

shows fluorescence beyond 700 nm, it is quite weak (ФF < 3%).  

 

2.5.1  Effect of Deuteration 

Initial photophysical studies (Table 2.2) have revealed the deuterated isotopomer 

PtPh4TBIP-d20 2.11 to have a slightly longer-lived triplet state lifetime (τem ~ 16 µs) and an 

unusually high PLQY (an up to ~50% increase over 2.9) which prompted further 

investigation. Particularly, there was an interest in ascertaining reproducibility of this effect 

in the well-studied isoskeletal PtPh4TBP5. Given that this apparent effect was seldom seen 

in organic dyes and not well understood at the time, scientific literature was scoured for 

published examples of similar effects in an effort to explain why such an increase in PLQY 

was observed. It should be noted that photophysical properties (PLQY, τem) for these 

phosphorescent dyes are highly sensitive to residual oxygen, which affects reproducibility 

of measurements. In fact, this property is what makes these dyes such good O2 probes. 

 

2.5.1.1 Literature precedents 

The fundamental hurdle in uncovering the full potential of any NIR-emissive material 

lies in suppression of non-radiative decay (knr) rates. By virtue of their narrow HOMO-LUMO 

gap, NIR dyes prove to be consistently weaker emitters compared to their UV-Vis 

counterparts. This relationship is expressed by a basic statement63-65 of the Energy Gap law 

(eq. 5, Chapter 1). Theoretical and spectroscopic study of these underlying photophysical 

processes helped established general strategies to be applied towards preserving and 

improving PLQY in NIR materials. These include increasing chromophore rigidity and 

planarity, reducing self-aggregation via steric substitution as well as removing intrinsic 

contributors67 to knr through isotopic substitution and fluorination.68,69 The latter has proven 

itself a powerful tool for PLQY enhancement, a result particularly well documented70 for Ln 

complexes. However, fluorine’s electronegative nature effects significant change in 

dipole/kr, often leading to unexpected photophysical modification. Notably, p-fluorination of 

meso-Ph rings in PtPh4TBP resulted in ~20% relative PLQY enhancement while further 

fluorination drastically reduces PLQY and lifetime.71 Conversely, isotopic substitution (i.e. 

deuteration) does not modulate electronic properties and remains the sole viable option for 

tuning photophysics while preserving molecular geometry and spectral characteristics.  
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A longstanding strategy in systems prone to excited state deactivation72 through 

vibronic coupling to X–H oscillators (i.e. lanthanides) is to minimize knr by 

perdeuteration/fluorination73 of ligands. “Promoter” modes induce significant nuclear 

displacement to access geometries facilitating conical intersections for non-radiative T1/S1 

→ S0 surface crossings.74 Low-energy (< 800 cm-1) aromatic C=C and C-H distortion modes 

(i.e. C=C twisting, C-H out-of-plane bending) have been identified as some of the most 

efficient promoters of non-radiative decay.75 Comparable low-energy modes were shown to 

account for the majority (>50%) of reorganizational energy in model aromatic systems. Non-

radiative decay is commonly ascribed to high-frequency vibrations (i.e. C-H stretching); 

however, these “acceptor” modes show minimal nuclear displacement and serve almost 

exclusively as inert energy sinks for vibronic quanta. Non-radiative decay of triplet states in 

Pt(II) monomers and polymers  has been shown76 to quantitatively follow the energy gap 

law. Nevertheless, deuteration of a Pt(II) phenylene ethynylene derivative failed77 to improve 

lifetime (τem = 140 µs) or emission efficiencies.  An enhancement78 (ФP = 6.2 ± 0.5% from 

3.0 ± 0.3%) was reported for blue RTP in a purely aromatic molecule upon deuteration. This 

Table  2.2  Initial Photophysical Data with Calculated Rate Constants  for Pt(II)Ph4TBPs 

and their Deuterated Analogues in PhMe at 298K  

 

Compound 

λmax / nm  

(log εmax / E-

1cm-1)a 

λem  

nmb 

ФP
b, c 

(τem / µsb) 

Rel. 

Enh. 

 

kr / 104  s-1 

d 

 

knr / 104 s-1 

e 

PtPh4TBP  
430 (5.28), 612 

(5.13) 
770 

0.35 ± 0.05 

(29.5) 

1.00 1.2 ± 0.17 2.2 ± 0.17 

PtPh4TBP-

d20 (2.14) 

430 (5.29), 612 

(5.14) 
770 

0.35 ± 0.05 

(29.6) 

1.00 

± 

0.03 

1.2 ± 0.17 2.2 ± 0.17 

PtPh4TBIP 

(2.9) 

465 (5.39), 633 

(5.20) 
755 

0.45 ± 0.07 

(14.0) 

1.00 3.2 ± 0.50 3.9 ± 0.50 

PtPh4TBIP-

d20 (2.11) 

465 (5.39), 633 

(5.20) 
755 

0.65 ± 0.09 

(16.3) 

1.44 

± 0.01 

4.0 ± 0.55 2.1 ± 0.55 

a Absorbance data in PhMe solution for Soret/Q-band, respectively. b Measured in 

deoxygenated spectroscopy-grade PhMe. c PtPh4TBIP measured against PtPh4TBP (ФP = 

0.35 ± 0.05 in PhMe). d Calculated as kr = ФPk.  e Calculated as  knr = k - kr. 
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was attributed to an increase in kISC (S1→T1) rather than reduced knr. Fluorescence yields or 

lifetimes of the 2H isotopomer were left unchanged (ФF = 47 ± 4%, τem = 1.7 ± 0.1 ns). 

Similarly, perylene-d12 displayed a 45% increase in relative triplet-triplet annihilation 

upconversion efficiency (PtPh4TBP acting as triplet sensitizer) compared to its 1H 

isotopomer. Efficient and persistent red-green-blue RTP (ФP > 0.10, τem > 1s) in a purely 

organic host/guest amorphous material79 was observed upon deuteration of the guest, 

attenuating knr while the rigid β-estradiol host minimized quenching of long-lived triplet 

excitons. Despite these examples, there has not yet been a reported instance of PLQY 

enhancement upon deuteration of NIR-emissive organic dyes. 

 

2.5.1.2  Photophysical Effects of Deuteration 

In contrast to PtPh4TBIP-d20 2.11, presence of Ph-d5 moieties in PtPh4TBP-d20 2.14 

effected no change in ФP or τem (Table 2.2). This might be due to low-frequency skeletal 

modes of benzo moieties (i.e. C=C twisting/bending, C-H bending) enabling efficient non- 

 

Figure 2.9  Calculated orbitals coefficients for 2.9 at the B3LYP/Def2SVPP level.  
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radiative decay. Potential photophysical enhancements upon deuteration are therefore 

likely to be depreciated by these rate-dominating distortion modes. Contrastingly, the latent 

effects of  isotopic substitution on knr are revealed when these same modes are attenuated 

in 2.9/2.11 by fused imide moieties. Partial deuteration experiments80,81 performed on 

acenes have shown the  non-radiative decay to be influenced by C-H modes only when the 

π,π* excited state is at least partially localized on them. Intuitively, meso-Ph moieties and 

their isotopomers are expected to have a negligible influence on photophysical properties 

given their near-orthogonal orientation to the macrocycle. The minimal FMO density of 

meso-Ph moieties is confirmed by quantum mechanical calculations at the 

B3LYP/Def2SVPP level and their minimal  involvement in excited-states (Figure 2.9).  

Nevertheless, their presence imparts a prominent saddle-shaped distortion onto most  

metalloporphyrins, an effect which stems from a balance of conjugation between 

Ph/porphyrin core and steric effects. The identity of the meso-substituents (Ph/Ph-d5) 

obviously has negligible influence on sterics of 2.9/2.11 yet could serve a small but 

impactful role in the porphyrin’s vibronic scaffold as evidenced by the apparent increase in  
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Figure 2.10  Overlap of 2.9/2.11 FTIR spectra.  
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ФP. Liquid benzene was shown to undergo significant rearrangement of its vibrational tiers 

and relaxation dynamics upon deuteration.83 A change in the intramolecular vibrational 

redistribution (IVR) rate of the triplet excited state onto the meso-Ph acceptor modes is likely 

impeded in isotopomers PtPh4TBP-d20/PtPh4TBP, thereby removing a possible contributor 

to knr. Funnels along excited-state PES have been proposed as refinements of the energy 

gap law in non-planar porphyrins;61,86 distortion of the latter in the excited state may help 

access funnel geometries with greater Frank-Condon vibrational overlap integrals leading 

to increased knr.  Efficiently restricting access to these geometries relies on a number of 

factors of which decreased effective molecular motion towards funnel points is key. This is 

accomplished by modulating vibrational frequencies on Ph moieties, altering excited-state 

conformational dynamics87. Thus, a plausible explanation for the ФP enhancement could 

reside in the altered excited-state dynamics of 2.11 via low-energy  distortion modes; i.e. 

deuteration of PtPh4TBIP 2.9 reduces amplitude for out-of-plane Ph C-H bending (similarly 

0.01

0.03

0.05

0.07

0.09

0.11

300 350 400 450 500 550 600 650 700 750 800 850

0.01

0.03

0.05

0.07

0.09

0.11

 

 

 PtPh
4
TBIP 2.9

 PtPh
4
TBIP-d

20
 2.11


exc

 = 465 nm
A

b
s
o
rb

a
n

c
e

Wavelength / nm


exc

 = 633 nm

Figure 2.11 Overlap of absorption and emission spectra for PtPh4TBIP 2.9 (black) and 

PtPh4TBIP-d20 2.11 excited at the Soret band (top graph) and the Q-band (bottom graph) 

in degassed PhMe. Spectrum obtained from Meyer group at UNC Chapel Hill. 
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to α-deuterated stilbene75) and by extension, rates of non-emissive  surface crossings by 

restricting access to pivotal geometries. This view is supported by the juxtaposition of  

2.9/2.11 FTIR spectra (Figure 2.10) which reveals some attenuation of ~700 cm-1 vibration 

in 2.11, typically ascribed to out-of-plane aromatic C-H(D) bending.  

 

2.5.2  Excitation Wavelength Dependence of ФP 
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Figure 2.12   Steady-state UV-Vis absorption and emission spectra for PtPh4TBIP 2.9 

(top) and PtPh4TBIP-d20 2.11 (bottom). PL spectra were measured with 465 nm (solid 

lines) and 633 nm (dashed lines) excitation. The inset shows the monitored intensity of 

the indicated excitation wavelengths. Internal calibration of the data provided the 

relative ФP. Note: Internal calibration of the PL data was performed by normalizing the 

integrated PL by both the absorption at λex and the intensity of the light excitation. 

Spectrum obtained from Meyer group at UNC Chapel Hill. 
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Figure 2.13   (a) Single wavelength transient-absorption spectroscopy (TAS) kinetics and 

photoluminescence of PtPh4TBIP-d20 2.11 in argon-purged PhMe. A global analysis to 

the kinetic data resulted in monoexponential decays with 3τem = 7 µs (top, λex = 464 nm) 

and 3τem = 9.5 µs (bottom, λex = 630 nm). B) Power dependency of TAS kinetics 

measured at 460 nm and 520 nm enabled calculation of ISC QY and extinction 

coefficients through the partial saturation method. Spectra for Figures 2.13 and 2.14 

obtained from Meyer group at UNC Chapel Hill.  

 

 Figure 2.14  Transient absorption 

spectrum of PtPh4TBIP 2.9 in Ar-

purged PhMe after 464 nm-pulsed 

light excitation at the indicated time 

delays. 
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Initially, conditions for PLQY measurements of these dyes were modelled after literature 

procedures for similar compounds. Virtually all metalloporphyrins and π-extended 

metalloporphyrins were excited exclusively at the Q-band. This preference is 

understandable because persistent impurities in porphyrin samples tend to manifest 

optically in the blue/green region (i.e. chlorins) whereas porphyrin Q-bands tended to reside 

unaccompanied in the red region (excitation in the red region avoids these problems). 

Ordinarily, PLQY is assumed to be independent of excitation wavelength  (Vavilov’s rule); 

higher excited states undergo non-radiative decay to the lowest excited  state before any 

radiative processes may occur. However, lack of a red laser in the midst of photophysical 

characterization restricted excitation to the Soret band. PLQY and τem values obtained were 

inconsistent with those derived from Q-band excitation. Further investigation revealed that 

choice of excitation wavelength (Figure 2.11) produces a noticeable effect on ФP. 2.11 

shows a ~17% increase in measured PLQY over its non-deuterated counterpart 2.9 when 

excited at the Soret band (465 nm). This perceived increase in drops down to ~6% when 

comparing both dyes excited at the Q-band (633 nm).  

Interestingly, lifetimes determined through single-wavelength  transient absorption 

spectroscopy (Figure 2.13) show 2.9 has no dependence on excitation wavelength (3τem,460 

= 3τem,620 = 11 µs) whereas deuterated isotopomer 2.11 revealed (Figure 2.13) a marked 

dependence (3τem,460 = 7 µs, 3τem,630 = 9.5 µs). This suggests an increase in kr is required in 

order to account for the observed changes in photophysical properties. Theoretical models 

of so-called  “dark states”88 which can influence photophysical processes in porphyrins 

have been proposed  by spectroscopists working within the field. These dark states would 

potentially compete with the expected non-radiative decay to S1 of coupled S2 and S3 states. 

Perdeuteration of the meso-Ph moieties might alter the extent of coupling to dark states, 

which would manifest itself through QY differences of Soret-generated triplets. Further 

studies are required to elucidate the mechanism through which conflicting photophysical 

properties are observed within the same dye. 

 

2.6  Conclusions 

A couple of highly phosphorescent PtAr4TBIP dyes with varying aryl groups (Ph, C6D5) 

at the meso-positions were synthesized and characterized. Deuteration at the meso-

positions resulted in unusual photophysical properties: PLQY measurements for 2.11 
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revealed a ~17% increase over its non-deuterated counterpart 2.9 when excited at the Soret 

band. Transient absorption spectroscopy studies revealed that while excitation at the Q-

band leads to quantitative triplet formation, Soret band excitation results in a ~50% loss in 

triplet yield, presumably via coupling to “dark states” accessible from S2. Further studies 

are required to gain an understanding of the effects deuteration may have on the 

photophysical properties of these dyes. 

 

2.7  Experimental  

All reaction solvents were purified prior to use by passing them through a solvent 

column of activated A-1 alumina on the MBraun MB-SPS solvent purification system. Unless 

specified, all chemicals were used as purchased without further purification. All glassware 

was flame-dried under vacuum prior to use. NMR spectra were acquired in CDCl3 with a 

Bruker 300 MHz spectrometer for 13C NMR and with a Bruker 400 MHz spectrometer for 

1H NMR. Column chromatography was performed using 60-200µm irregular silica as 

stationary phase unless otherwise noted. Mass spectra were recorded on the Bruker Maxis 

UHR-TOF instrument. PtPh4TBP was purchased from Frontier Scientific and used as 

received. 

Single dark purple block-shaped crystals of (PtPh4TBIP-d20) were grown from a 

mixture of methanol and benzene by slow evaporation. A suitable crystal (0.53×0.29×0.23 

mm) was selected and mounted on a MITIGEN holder in Paratone oil on a Rigaku Oxford 

Diffraction SuperNova diffractometer. The crystal was kept at T = 120 K during data 

collection. Using Olex2 (Dolomanov et al., 2009), the structure was solved with the PLATON 

structure solution program, using the SQUEEZE methods solution method. The model was 

refined with version of ShelXL (Sheldrick, 2008) using Least Squares minimisation. 

 

N-Formyl-tert-butyl glycinate  (2a)  NaOMe (150 g, 2.78 mol) was added in portions to a 

4500 mL boiling flask equipped with a magnetic stir bar and methanol (800 mL) was added 

under N2 atmosphere. The flask was immersed into an ice bath, allowed to cool to 0°C 

before adding quickly adding formamide (400 mL, xs). After stirring at room temperature 

for 30 min, methanol was distilled away under reduced pressure and the contents of the 

flask were subjected to high vacuum for 48h. If the contents of the flask solidify, heat gently 

on a steam bath until the solids melt (around 70°C). tert-Butyl bromoacetate (500 g, 2.56 



Chapter 2 

Tuning Photophysics in a Series of PtAr4TBIP Dyes 

 

 

 

  55 

 

mol) was added dropwise over vigourous stirring at such a rate to keep the internal 

temperature of the flask around 60°C. After completing addition, the flask was kept at 

60°C for another 6 hours. The resulting clear, light-yellow solution was stirred with 

saturated Na2CO3 solution (4L) overnight. The biphasic mixture was passed through a short 

pad of Celite and the aqueous phase was extracted with dichloromethane (5 x 500 mL). The 

combined organic fractions were washed with brine (2 x 500 mL) and dried over Na2SO4 

before removing the solvent under reduced pressure to leave behind a light-yellow oil which 

was fractionally distilled to afford the title compound as a clear colourless oil (362.8, 89%). 

Spectral data matches published values. 1H NMR (300 MHz, CDCl3) δ 8.21 (s, 1H), 6.37 (br 

s, 1H), 3.95 (d, J = 4 Hz, 2H), 1.45 (s, 9H); 13C NMR (75 MHz, CDCl3) δ 168.58, 161.02, 

82.58, 40.56, 27.94. 

 

tert-Butyl Isocyanoacetate898989 (2b) N-formyl-tert-butyl glycinate (360 g, 2.26 mol) and 

trimethylamine (945 mL, 6.78 mol) were added to dichloromethane (3000 mL) in a 10 L 

boiling flask equipped with a magnetic stir bar. The flask was immersed into an ice bath 

and the contents were allowed to cool to 0°C before adding POCl3/phosphorus oxychloride 

(210g, 2.26 mol) dropwise such that the internal temperature of the flask did not exceed 

4°C. After complete addition, the contents of the flask were stirred for another 6h at 0°C 

before quenching with saturated Na2CO3 solution (5L). The organic fraction was isolated 

and the aqueous fractions were extracted with dichloromethane (3×1000 mL). The 

combined organic fractions were concentrated in vacuo down to ca. 2000 mL, washed with 

brine (1000 mL) and dried over Na2SO4. After removing the solvent under reduced pressure, 

the resulting orange oil was distilled under vacuum to afford 2b as a colorless, foul-smelling 

liquid (249 g, 78%). The compound was stored under N2 atmosphere at -20°C, where it 

crystallizes into a white solid. Spectral data matches published values. 1H NMR (300 MHz, 

CDCl3) δ 4.11 (s, 2H), 1.48 (s, 9H). 

 

2-(2-Ethylhexyl)-3a,4,7,7a-tetrahydro-1H-isoindole-1,3(2H)-dione (2.1) cis-1,2,3,6-

tetrahydrophthalic anhydride (140.0g, 0.92 mol) and 4A molecular sieves (200 g) were 

stirred in dimethylformamide (400 mL) until the anhydride is dissolved followed by addition 

of 2-ethylhexylamine (130.8g, 1.012 mol). The contents were refluxed for 24h under N2 

before acquiring a yellow color. dimethylformamide was removed under reduced pressure 

and the resulting yellow oil was distilled under reduced pressure (0.5 mmHg, 180°C) to 

afford 2-(2-ethylhexyl)-3a,4,7,7a-tetrahydro-1H-isoindole-1,3(2H)-dione 2.1 (242 g, 94.9%) 
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as a yellow oil with a carotenoid odor. 1H NMR (300 MHz, CDCl3) δ 5.89 (t, J = 3.2 Hz, 2H), 

3.35 (d, J = 7.4 Hz, 2H), 3.06 (t, J = 2.6 Hz, 2H), 2.61 (m, 2H), 2.19 (m, 2H), 1.67 (m, 1H), 

1.22 (m, 8H), [0.87 (t, J = 6.8 Hz), 0.85 (t, J = 7.2 Hz)] (6H); 13C NMR (75 MHz, CDCl3) δ 

180.5, 127.8, 42.8, 39.0, 37.3, 30.2, 28.4, 23.65, 23.62, 23.0, 14.0, 10.3; HRMS ESI, 

m/z for C16H25NO2+H calcd 264.1958, found 264.1961. 

 

5-Chloro-2-(2-ethylhexyl)-6-(phenylthio)hexahydro-1H-isoindole-1,3(2H)-dione (2.2) NCS 

(123 g, 0.904 mol) was completely dissolved in dichloromethane (400 mL) in a 2 L round-

bottom flask. The flask was immersed in an ice/water bath (0°C) and stirred under N2 

atmosphere for 30 min. PhSH/thiophenol (95.8 mL, 0.904 mol) was added dropwise (3 

mL/min, exothermic reaction) giving rise to an intense orange solution. The content was 

stirred for 10 min. at room temperature. The flask was immersed into a CH3CN/CO2 bath (–

41°C) followed by slow addition (20 mL/min) of imide 2.1 (224 g, 0.853 mol) as a solution 

in dichloromethane (500 mL). The mixture was brought to room temperature, stirred for 1h 

and subsequently filtered to remove succinimide by-product. The solvent was removed 

under reduced pressure and the resulting orange oil was purified on a column of silica 

(hexane/EtOAc, 6’’ ID, 2’ length). 2.2 was isolated as a yellow oil (292 g, 83.9%). 1H NMR 

(300 MHz, CDCl3) δ 7.45-7.41 (m, 2H), 7.37-7.30 (m, 3H), 4.25-4.17 (m, 1H), 3.57 (q, J = 

4.2 Hz, 1H), 3.40-3.38 (m, 2H), 3.19-3.05 (m, 1H), 2.90 (td, J = 4.0 Hz, 8.0 Hz, 1H), 2.66-

2.36 (m, 2H), 2.33-2.28 (dd, J = 3.7 Hz, 9 Hz, 1H), 2.22-2.09 (m, 1H), 1.83-1.71 (m, 1H), 

1.29-1.21 (br m, 8H), 0.92-0.84 (m, 6H); 13C NMR (75 MHz, CDCl3) δ 179.24, 179.22, 

178.4, 178.1, 132.8, 132.7, 132.4, 132.3, 129.4, 129.3, 128.1, 57.5, 57.1, 48.4, 42.3, 

37.4, 36.7, 36.2, 35.7, 30.3, 28.3, 26.7, 26.6, 25.4, 23.6, 22.9, 14.0, 10.3, 10.2; HRMS 

ESI, m/z for C22H 30ClNO2S+Na calcd 430.1578, found 430.1585. 

 

5-Chloro-2-(2-ethylhexyl)-6-(phenylsulfonyl)hexahydro-1H-isoindole-1,3(2H)-dione (2.3) 

Note: m-CPBA was received as a 77% mixture with H2O and m-CBA. It was purified before 

use by dissolving in dichloromethane (5 mL/g of mixture) and washing (3 x 600 mL) with 

pH 7.5 buffer (820 mL 0.1M NaOH, 500 mL 0.2M KH2PO4, diluted up to 2L). The organic 

layer was dried over Na2SO4 and evaporated at room temperature under reduced pressure 

to give pure m-CPBA/meta-chloroperoxybenzoic acid. Caution: as all peroxides, dry m-CPBA 

has a potential for spontaneous decomposition; this manipulation should be carried out 

behind explosion protection shield; contamination with heavy metals should be avoided (eg, 

no metallic spatulas). A solution of sulfide 2.2 (280 g, 0.686 mol) in 2000 mL of 



Chapter 2 

Tuning Photophysics in a Series of PtAr4TBIP Dyes 

 

 

 

  57 

 

dichloromethane was prepared in a 3 L round-bottom flask. The flask was immersed into 

an ice/water bath (0oC) and the contents were stirred for 30 min. m-CPBA (310 g, 1.79 mol) 

was added in portions (~10 g per 10s, exothermic reaction), resulting in a milky white 

opaque solution towards the end of the addition. The flask was brought to room 

temperature, stirred for 1h and subsequently filtered to remove m-CBA. The filtrate was 

washed with dichloromethane (200 mL x 3) and the combined organic solutions were 

concentrated under reduced pressure to ca. 1 L volume. The organic phase was washed 

with Na2CO3 solution (10%, 200 mL x 3), dried over Na2SO4 and the solvent was removed 

under reduced pressure to afford 2.3 as a yellow oil (286 g, 94.8%) used directly in the next 

reaction. 1H NMR (300 MHz, CDCl3) δ 7.87 (dd, 2H, J = 1.5 Hz, 7.2Hz), 7.70-7.65 (tt, J = 1.2 

Hz, 7.4 Hz, 1H), 7.60-7.54 (m, 2H), 4.63-4.57 (m, 1H), 3.48-3.42 (m, 1H), 3.34-3.27 (m, 

3H), 3.04-2.96 (m, 1H), 2.58-2.50 (m, 1H), 2.38-2.14 (m, 2H), 2.19-2.01 (m,1H), 1.72-1.58 

(br m, 1H), 1.26-1.12 (br m, 8H), 0.83-0.78 (m, 6H); 13C NMR (75 MHz, CDCl3) δ 178.4, 

177.9, 136.8, 134.4, 129.5, 128.5, 64.64, 64.61, 50.6, 42.5, 37.2, 36.2, 35.1, 30.27, 

30.22, 29.30, 29.26, 28.18, 28.15, 22.79, 22.77, 19.7, 19.6, 13.9, 10.2; HRMS ESI, m/z 

for C22H30ClNO4S+Na calcd 462.1476, found 462.1484. 

 

2-(2-Ethylhexyl)-5-(phenylsulfonyl)-3a,4,7,7a-tetrahydro-1H-isoindole-1,3(2H)-dione (2.4) 

Chlorosulfone 2.3 (68.5 g, 0.156 mol) was dissolved in dichloromethane (600 mL) in a 3 L 

round-bottom flask, immersed in a isopropyl alcohol/CO2 bath (-78oC) and stirred for 30 min 

under N2 atmosphere. 1,8-Diazabicycloundec-7-ene (30.0 g, 0.192 mol) was then added 

rapidly, producing a dark green colored solution which progressed to a dark brown color by 

the end of the addition. The flask was immersed into an ice/water bath (0oC) and was 

allowed to stir for 10 min. The mixture was washed with HCl (5%, 300 mL), dried over 

Na2SO4 and the solvent was subsequently removed under reduced pressure to afford 2.4 

as a yellow oil (62 g, >99%). 1H NMR (300 MHz, CDCl3) δ 7.82 (d, J = 8 Hz, 2H), 7.64 (t, J = 

7.6 Hz, 1H), 7.54 (t, J = 7.5 Hz, 2H), 7.16 (br t, J = 2.8 Hz, 1H), 3.22-3.02 (m, 4H), 2.91-

2.79 (m, 2H), 2.52-2.43 (m, 2H), 1.60-1.49 (m, 1H), 1.24-1.15 (br m, 8H), 0.89-0.79 (m, 

6H); 13C NMR (75 MHz, CDCl3) δ 178.6, 177.6, 141.2, 138.37, 138.36, 137.0, 133.6, 

129.2, 128.2, 42.80, 42.76, 38.5, 37.73, 37.71, 37.2, 37.1, 30.3, 30.2, 28.4, 28.1, 24.5, 

23.7, 23.5, 23.0, 22.87, 22.85, 14.0, 10.3, 10.0; HRMS ESI, m/z for C22H29NO4S+Na calcd 

426.1710, found 426.1724. 
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tert-Butyl 6-(2-ethylhexyl)5,7-dioxo-2,4,4a,5,6,7,7a,8-octahydropyrrolo[3,4-f]isoindole-1-

carboxylate  (2.5) KOtBu (33.5 g, 0.289 mol) was dissolved in dry tetrahydrofuran (3000 

mL) in a 10 L round-bottom flask through vigorous magnetic stirring, producing a bright 

yellow solution. The flask was thoroughly flushed with N2 gas and subsequently immersed 

in an ice/water bath for 30 min. t-Butyl 2-isocyanoacetate 2b (43.0 g, 0.306 mol) was added 

rapidly to the stirred solution, yielding a progressively darker orange transparent solution. 

The reaction mixture was stirred for an additional 45 min while immersed in the ice bath. 

Dipolarophile 2.4 (62.0 g, 0.154 mol) was added dropwise into the flask as a 

tetrahydrofuran solution (200 mL) with the aid of an addition funnel. The flask was brought 

to room temperature and was allowed to stir for 1h; the reaction was monitored by TLC 

(hexanes/EtOAc). The solvent was removed under reduced pressure, re-dissolved in 

dichloromethane (500 mL) and subsequently washed with brine (3 x 200 mL). The 

combined organic fractions were dried over Na2SO4 and dichloromethane was removed 

under reduced pressure to afford orange oil. The crude product was purified using flash 

chromatography (hexanes/EtOAc, 3’’ ID, 2’ length) to afford 2.5 as a yellow powder (54 g, 

87%). 1H NMR (300 MHz, CDCl3) δ 9.97 (br s, 1H), 6.60 (d, J = 2.6 Hz, 1H), 3.74 (dd, J = 

3.0 Hz, 15.5 Hz, 1H), 3.16-3.06 (m, 5H), 2.68-2.54 (m, 2H), 1.50 (s, 9H), 1.40-1.28 (br m, 

1H), 1.12-0.98 (m, 4H), 0.90-0.50 (m, 10H); 13C NMR (75 MHz, CDCl3) δ 180.1, 179.8, 

161.2, 123.6, 123.5, 119.21, 119.16, 118.94, 118.93, 117.89, 117.87, 80.7, 42.3, 42.2, 

40.14, 40.07, 39.8, 39.7, 36.9, 36.7, 29.61, 29.60, 28.4, 28.2, 28.1, 27.9, 22.8, 22.7, 

22.64, 22.57, 22.4, 22.3, 22.2, 21.7, 13.8, 10.2, 9.8; HRMS ESI, m/z for C23H34N2O4+Na 

calcd 425.2424, found 425.2411. 

 

6-(2-Ethylhexyl)5,7-dioxo-2,4,4a,5,6,7,7a,8-octahydropyrrolo[3,4-f]isoindole-1-carboxylic 

acid  (2.6)  To a 250 mL round-bottom flask was added t-butyl ester 2.6 (45.1 g, 0.112 mol) 

and thoroughly purged with N2 gas and covered with aluminium foil. 33% HBr in AcOH (100 

mL, excess) was added to the flask over vigorous stirring, dissolving 2.5 and turning the 

solution bright orange. The content was stirred for 30 min and subsequently poured onto a 

cold (0oC) KH2PO4 solution (10%, 500 mL). The aqueous phase was extracted with EtOAc (3 

x 200 mL) and the combined organic fractions were dried over Na2SO4. The solvent was 

removed under reduced pressure to afford brown semi-crystalline product (39 g, >99%) in 

a 100 mL round-bottom flask equipped with a magnetic stir bar. The product (carboxylic 

acid/pyrrole in a 4:1 ratio) is used in the next step without purification. A sample of the 

carboxylic acid 2.6 was isolated (liquid chromatography, silica, hexanes/EtOAc) and 
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characterized: 1H NMR (300 MHz, CDCl3) δ 9.32 (br s, 1H), 6.80 (br s, 1H), 3.82 (d, J = 15.4 

Hz, 1H), 3.34-3.18 (m, 5H), 2.81 (dd, J = 6.7 Hz, 15.4 Hz, 1H), 2.70 (dd, J = 6.2 Hz, 14.6 

Hz, 1H), 1.55-1.42 (br s, 1H), 1.22-1.10 (m, 4H), 1.02-0.74 (m, 7H), 0.74-0.65 (m, 3H); 13C 

NMR (75 MHz, CDCl3) δ 180.3, 180.1, 165.64, 165.61, 126.8, 120.0, 119.70, 119.65, 

117.35, 117.32, 42.7, 40.2, 40.1, 39.8, 39.7, 37.0, 30.0, 29.9, 28.3, 28.0, 23.1, 23.0, 

22.9, 22.20, 22.17, 21.78, 21.76, 14.0, 10.4, 10.2; HRMS ESI, m/z for C19H26N2O4+Na 

calcd 369.1789, found 369.1785. 

 

2-(2-Ethylhexyl)3a,4,8,8a-tetrahydropyrrolo[3,4-f]isoindole-1,3(2H,6H)-dione  (2.7)  The 

100 mL round-bottom flask containing 2.6 (39 g) from the previous step was placed in a 

preheated oil bath 130oC and subjected to vacuum for 30 seconds in order to remove trace 

amounts of solvent. The flask was refilled with N2 gas, covered with aluminium foil and was 

allowed to stir for 45 mins. The brown crystalline oil melted and eventually started to bubble 

(release of CO2 gas). The flask was cooled to room temperature and the contents were 

dissolved in eluent (2 parts hexanes/1 part EtOAc) and subsequently passed through a 

short pad of silica gel. All fractions were collected and the solvent was removed under 

reduced pressure yielding yellow flakes (31.5 g, 93%). The solid was dried in a 250 mL 

round-bottom flask under vacuum at room temperature, covered with aluminium foil (light-

sensitive). 1H NMR (300 MHz, CDCl3) δ 8.00 (br s, 1H), 6.50 (d, J = 2.4 Hz, 2H), 3.23-3.15 

(m, 6H), 2.76-2.70 (m, 2H), 1.50-1.41 (m, 1H), 1.25-1.09 (m, 5H), 0.86-0.82 (m, 6H), 0.71-

0.66 (m, 3H); 13C NMR (75 MHz, CDCl3) δ 180.68, 180.66, 116.9, 113.40, 113.31, 113.27, 

42.5, 40.7, 40.6, 37.0, 29.8, 28.2, 22.89, 22.86, 22.14, 22.11, 14.1, 10.3; HRMS ESI, 

m/z for C22H26N2O2+H calcd 303.2067, found 303.2070. 

 

Platinum (II) 5,10,15,20-tetraphenyl-tetrabenzoimido[b, g, l, q]porphyrin (2.9)  Note: 

dichloromethane used in this reaction was dried over 4A molecular sieves for 3 weeks prior 

to use. To a 2 L round-bottom flask was added freshly distilled PhCHO (1.60 g, 16.1 mmol) 

as a dichloromethane solution (100 mL). dichloromethane (1300 mL) and 4A molecular 

sieves (100 g) were added to the flask and argon gas was passed through the solution for 

1h while stirring. Pyrrole 2.7 (4.43 g, 14.9 mmol) was added to the flask as a solution in 

previously de-oxygenated dichloromethane (100 mL). The flask was shielded from light and 

the mixture was stirred under argon for 20 min. BF3OEt2 (0.49g, 3.50 mmol) was added to 

the flask dropwise, immediately producing a dark green color. The reaction is monitored 

through UV-Vis spectroscopy by the growth of a sharp Soret band at approximately 460 nm 
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(see Figure S1). Volumetric aliquots were withdrawn every 20 min; once the Soret band no 

longer showed a marked increase in intensity, the reaction was quenched. The contents 

were stirred for 60 min after which DDQ (4.00 g, 17.6 mmol) was added rapidly to the 

stirring mixture. The solution was allowed to stir at room temperature for an additional 3h. 

The solvent was removed under reduced pressure and the dark blue oil was dissolved in 

tetrahydrofuran (200 mL) and the sieves were filtered off. The sieves were extracted with 

tetrahydrofuran (3 x 200 mL). The fractions were combined, tetrahydrofuran removed in 

vacuo and the bluish solids re-dissolved in CHCl3 (50 mL). The solution was passed through 

a short pad of silica and eluted with CHCl3/tetrahydrofuran. The organic phase was washed 

with Na2CO3 (200mL, 10%), brine and was dried over Na2SO4. The solvent was removed 

under reduced pressure and the crude mixture was used in the next step without further 

purification. Purification and characterization by NMR of the complex porphyrin mixture is 

hampered by a large number of diastereomers. The identity of 2.8 is established through 

HRMS and UV-Vis spectroscopy. HRMS ESI, m/z for C100H115N8O8 [M+H]+ calcd 1555.8832, 

found 1555.8815. 

The crude mixture from the previous step containing 2.8 is dissolved in PhCN (150 

mL) and added to a 500 mL round-bottom flask. PtCl2 (0.400g, 1.47 mmol) is added to the 

flask over vigorous stirring under argon atmosphere. The reaction was monitored by UV-Vis 

spectroscopy; the appearance of a Soret band at approximately 418 nm indicated insertion 

of Pt into the porphyrin ring. The rise in the 418 nm band is accompanied by a concurrent 

decrease in the intensity of the free-base porphyrin Q-band at around 680 nm. The contents 

of the flask were refluxed for 4h at which point DBU (0.50 g, 3.3 mmol) was added in one 

portion and the mixture was refluxed for an additional hour. DDQ (4.00 g, 17.6 mmol) was 

added in small portions and the mixture was allowed to reflux for 5-10 min until no increase 

in Q-band at 633 nm was noticed. PhCN was distilled off under reduced pressure and the 

crude mixture was purified by column chromatography (silica, 43-60 µm) using hexane as 

eluent to wash away fast-moving colored impurities and residual PhCN, followed by a 

CHCl3/(iPr)2O gradient (0 to 2.5% (iPr)2O) to obtain 2.9 as a dark green fraction (2.35 g, 

36.4%). 1H NMR (300 MHz, CDCl3) δ 8.26 (d, J = 7.0 Hz, 8H), 8.19 (t, J = 7.6 Hz, 4H), 8.04 

(t, J = 7.7 Hz, 8H), 7.47 (s, 8H), 3.56-3.54 (d, J = 7.2 Hz, 8H), 1.85-1.75 (m, 4H), 1.62 (s, 

H2O) 1.37-1.20 (m, 37H), 0.91-0.86 (27H); 13C NMR (75 MHz, CDCl3) 168.2, 140.7, 139.4, 

137.0, 133.2, 131.1, 130.3, 128.9, 121.0, 119.7, 42.2, 38.4, 30.6, 28.6, 23.9, 23.0, 

14.1, 10.4; HRMS ESI, m/z for C100H96N8O8Pt calcd 1731.6993, found 1731.7004. Comb. 

Analysis Calc.: C 69.31%, H 5.58%, N 6.47%; found C 69.01%, H 5.59%, N 6.39%. 
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Platinum (II) 5,10,15,20-tetrakis(perdeuterophenyl)-tetrabenzoimido[b, g, l, q]porphyrin 

(2.11)  To a 3L round-bottom flask equipped with a magnetic stir bar (elliptical, 70 mm 

length) was added dichloromethane (2500 mL, previously dried over 4A molecular sieves 

at 10% v/v). Pyrrole 2.7 (540 mg, 1.78 mmol) was added to the flask and dry N2 gas was 

bubbled (18G needle) through the solution for 1h with stirring. The flask was shielded from 

light with aluminium foil and d6-benzaldehyde (200 mg, 1.78 mmol) was added in one 

portion. After an additional 15 min of bubbling N2 gas, the needle was retracted and BF3OEt2 

(0.28 mL, 2 mmol) was added to the flask in one portion, quickly darkening the solution. 

The contents were stirred for 2h at which point DDQ (0.568 g, 2.5 mmol) was added in one 

portion to the stirring mixture. The solution was allowed to stir at room temperature 

overnight and was subsequently concentrated under reduced pressure to ~500 mL and 

was washed with 10% Na2SO3 (500 mL), H2O (500 mL), 5% HCl (500 mL) and brine (500 

mL). The organic phase was dried over Na2SO4 (25 g) and the solvent was removed under 

reduced pressure to a metallic green paste which was dissolved in Et2O (15 mL), carefully 

layered with hexanes (60 mL) and left to slowly crystallize over the weekend. The black 

supernatant was filtered off to leave behind bright green metallic crystals (170 mg) which 

were rinsed with copious amounts of cold (-41°C) Et2O. The mother liquor was concentrated 

and left to crystallize overnight to yield a second crop of black/green crystals with a metallic 

lustre (35 mg). An overall yield of 205 mg of porphyrin bis(hydrochloride) salt was obtained 

and used without further purification.  

PtCl2 (30 mg, 113 µmol) was added to a flame-dried 50 mL round-bottom flask equipped 

with a magnetic stir bar. Dry PhCN (25 mL) was added before bringing the flask to 120°C 

and stirring overnight. The bis(hydrochloride) salt of the porphyrin (20 mg) was added to a 

100 mL round-bottom flask equipped with a magnetic stir bar and was dissolved in Ph2O 

(30 mL). N2 gas was bubbled through the solution (18G syringe) for 30 min before 

transferring the dissolved Pt/PhCN solution through a cannula. The temperature of the 

porphyrin solution was maintained at 100°C during the transfer. After complete addition of 

the platinum reagent, DBU (20 mg, 131 µmol) was added, the solution was brought to 

180°C and was stirred for an additional 2h. DDQ (200 mg, 881 µmol) was added in one 

portion and the solution was kept for 180°C for an additional hour (until no further change 

in the Q-band at 633 nm is detected). The solvent was distilled away under reduced 

pressure and crude mixture was purified by column chromatography using 

hexanes/dichloromethane to wash away fast-moving colored impurities and residual 
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PhCN/Ph2O, followed by elution with CHCl3/(iPr)2O, collecting the bright green fraction. The 

solvent was evaporated and the solids were crystallized by layering a concentrated solution 

of porphyrin in dichloromethane with a 10 fold excess of methanol to afford the title 

compound as bright green crystals with a metallic lustre (21 mg, 98%). 1H NMR (500 MHz, 

CDCl3) δ 7.46 (s, 8H), 3.55 (d, 7.2 Hz, 8H), 1.81 (m, 4H), 1.29 (m, 32 H), 0.89 (m, 24H); 13C 

NMR (125 MHz, CDCl3) δ 168.30, 140.91, 139.42, 137.14, 132.91, 130.73, 121.17, 

119.83, 42.33, 38.52, 30.75, 28.76, 27.44, 24.05, 23.12, 14.21, 10.57; HRMS ESI, m/z 

for C100H76D20N8O8 calcd 1751.8249, found 1751.8243.  

 

  

 

Solubility Measurements – The solubility of PtPh4TBIP 2.9 was determined 

spectroscopically from saturated solutions. 50 mg samples of the porphyrin were added to 

a 25 mL vial along with 2-3 mL of the appropriate solvent. If complete dissolution occurred 

at room temperature (298K), more porphyrin was added until a saturation point was 

reached (precipitate observable on the bottom and sides of the vials). The contents of the 

vial were subsequently refluxed for 10 min and cooled to room temperature. If no precipitate 

was observed, more porphyrin was added and the vial’s contents were once again brought 

to and kept at reflux for 10 min. If precipitate was visible after heating, solvent was 

incrementally added and heated to reach a point of minimal precipitate at room 

temperature. This was taken to be the saturation point of a given solvent at room 

temperature. The solution was filtered through a 0.45 μ PTFE syringe filter and an aliquot 

(~50 µL) was withdrawn with the aid of an analytical glass syringe and dispensed into a 100 

mL or 250 mL “Class A” volumetric flask. The volumetric solution was made up with the 

appropriate solvent and further diluted using “Class A” volumetric glassware until a 

satisfactory optical density was achieved to record the absorbance spectrum. To accurately 

calculate the saturation concentration, the extinction coefficients at the Soret band and the 

Q-band were determined for each solvent. The absorption at the Soret band was related to 

csat (saturation concentration) by using the Beer’s law (A = εcl) and the appropriate dilution 

factor. 
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1H NMR (top) and 13C NMR (bottom) spectra for 2a in CDCl3. 
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1H NMR spectrum for 2b in CDCl3. 
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1H NMR (top) and 13C NMR (bottom) spectra for 2.1 in CDCl3. 
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1H NMR (top) and 13C NMR (bottom) spectra for 2.2 in CDCl3. 
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1H NMR (top) and 13C NMR (bottom) spectra for 2.3 in CDCl3. 

 

ppm (t1)
5.010.0

0

1000

2000

3000

4000

5000

6000

7
.8

6
5

7
.6

7
7

7
.5

7
2

7
.2

6
0

4
.6

0
1

3
.4

5
9

3
.3

1
5

3
.0

1
0

2
.5

3
6

2
.3

5
5

2
.1

4
3

1
.6

6
6

1
.1

8
6

0
.8

0
2

2
.0

0

0
.9

8

0
.9

5
3
.0

4

1
.0

3

0
.9

9
2
.0

4
1
.0

4

1
.0

2

7
.9

8

5
.6

3

1
.0

1
1
.8

8

0
.0

4

N

O

O

PhO2S

Cl

ppm (t1)
050100150200

0

50000

100000

1
7

8
.4

0
0

1
7

7
.8

7
3

1
3

6
.8

1
3

1
3

4
.4

1
9

1
2

9
.5

1
0

1
2

8
.4

9
2

7
7

.4
2

5

7
7

.0
0

0

7
6

.5
7

5

6
4

.6
3

7
6

4
.6

1
1

5
0

.6
4

6
4

2
.5

1
5

3
7

.2
4

6

3
6

.1
9

6

3
5

.0
7

2

3
0

.2
7

1
3

0
.2

1
7

2
9

.3
0

1
2

9
.2

6
1

2
8

.1
8

4
2

8
.1

5
3

2
3

.6
6

4

2
3

.5
6

1

2
2

.7
8

6
2

2
.7

6
7

1
9

.6
6

6
1

9
.6

4
1

1
3

.8
9

2

1
0

.1
6

4

N

O

O

PhO2S

Cl



Chapter 2 

Tuning Photophysics in a Series of PtAr4TBIP Dyes 

 

 

 

  68 

 

 

 

1H NMR (top) and 13C NMR (bottom) spectra for 2.4 in CDCl3. 
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1H NMR (top) and 13C NMR (bottom) spectra for 2.5 in CDCl3. 
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1H NMR (top) and 13C NMR (bottom) spectra for 2.6 in CDCl3. 
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1H NMR (top) and 13C NMR (bottom) spectra for 2.7 in CDCl3. 
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1H NMR (top) and 13C NMR (bottom) spectra for 2.9 in CDCl3. 
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1H NMR spectrum of 2.11 in CDCl3. 

 

13C NMR spectrum of 2.11 in CDCl3. 
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HRMS spectrum of 2.1. 

 

   

 

HRMS spectrum of 2.2. 
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HRMS spectrum of 2.3. 

 

1H NMR spectrum of 2.4. 
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HRMS spectrum of 2.6. 

 

 

HRMS spectrum of 2.5. 
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HRMS spectrum of 2.7. 

 

 

HRMS spectrum of 2.8. 
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HRMS of 2.11. 

 

 

HRMS spectrum of 2.9. 
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Chapter 3 
 

 

Remarkably Bright NIR Emission in 

Novel π-extended BODIPYs  

 

 

This chapter describes the synthesis of highly soluble and stable red/NIR-luminescent 

BODIPY dyes exhibiting ФF up to unity in select cases. As is the case for materials described 

in Chapter 2, these BODIPY dyes are functionalized peripherally with 2-EH imide moieties. 

Often called “porphyrin’s little sister”, exploration of BODIPYs evolved organically from work 

done with the π-extended porphyrins. The goal of this poject was to see how far optical 

properties could be shifted into the NIR without sacrificing PLQY. To that end, a series of 

3,5-halogenated benzo-annulated BODIPY dyes 3,5-X2Bz2[c]BODIPY (X = Cl, Br) were 

prepared, characterized and used for Pd-catalyzed post-synthetic/nucleophilic modification 

of the BODIPY core. Influence of molecular structure on photophysical properties of these 

π-extended dyes are discussed within the context of bright NIR chromophore design.  

 

3.1  Introduction to π-Extended BODIPYs 

 Much like the π-extended porphyrins described in Chapter 2, research into BODIPYs 

with red-shifted optical properties has flourished in recent years, due to increased demand 

for bright NIR chromophores for numerous applications. Drawing on the generalized 

methods discussed in Chapter 1, BODIPY-specific red-shifting strategies17 can be divided 

into 5 different categories: (i) extending π-conjugation through unsaturated and aromatic 

moieties (ii) incorporation of heteroatoms18, (iii) fusion of aromatic rings to the BODIPY 

framework, (iv) incorporation of nitrogen at the meso-position19 (aza-BODIPY) (v) 

modification at/of the boron core. It should be noted however, that aryl/alkyne substitution 

of fluorine at the boron center exerts limited    effect on optical properties, as they are not 

brought into conjugation with the BODIPY core. Alternative methods include promoting 

phosophorescence21 via heavy atom effect  and multi-chromophore systems. The work in 
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this chapter explores the effect of linear benz[c]annulation with halogen/ene/yne 

substitution at the 3,5-positions. Scheme 3.1 depicts the most widely employed fusion 

patterns to generate π-extended BODIPY’s.  

Structural rigidity plays a large role in determining how emissive a given BODIPY 

structure could be. Functionalization of BODIPYs with freely-rotating substituents (especially 

at the meso- and 3,5-positions) tends to increase knr, thereby reducing PLQY. For example, 

while 3,5-arylated BODIPYs display red-shifting of optical properties compared with their 

3,5-alkylated counterparts, introduction of freely-rotating Ar rings drastically quenches 

emission.24,25 Fusion of aromatic moieties to the BODIPY core represents a sensible 

approach to red-shift spectral properties without compromising molecular rigidity and PLQY. 

Figure 3.1 shows representative examples of this class of compound.26 The most optimal 

properties were observed with [c]annulated BODIPY:  Bz2[c]BODIPY (Фf = 0.87, λem = 606 

nm) and phenanthro[c]BODIPY (not shown, ΦF = 0.94, λem = 647 nm). Empirically, 

[b]annulation results in lower quantum yields and loss of characteristic spectral BODIPY 

features (sharp and narrow peaks). The strategies discussed above (alkynation, styrylation 

and [c]annulation) have been applied systematically to BODIPY systems, albeit in a separate 

fashion, in order to extract clear structure-property relationships in this important class of 

dye. However, a combination of these approaches which pushes spectral features to the 

Scheme 3.1   Most commonly encountered ring-fusion modes in BODIPY systems.  
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NIR while retaining high PLQY (Ф > 0.75) has not yet been achieved. The few promising 

published examples describe asymmetrically substituted BODIPY dyes such as 3-styryl-

Bz[c]BODIPY (ФF = 0.24, λem = 741 nm) and 3-pyrrolo-5-styryl Bz[c]BODIPY (ФF = 0.75, λem 

= 705 nm). The more successful attempts at red-shifting spectral properties involved bis-

alkynation and bis-styrylation at the 3,5-positions (Figure 3.2). BODIPY B bearing 

phenylethynyl moieties at 3,5-positions is an excellent red-emitter27 (ΦF = 1.0, λem = 628 

nm), representing a bathochromic shift of 107 nm compared to the 3,5-unsubstituted 

BODIPY A while 2,6-substitution leads to a weaker-emitting and less red-shifted species C 

(ΦF = 0.60, λem = 594 nm). Styryl substituents have proven to be even more potent red-

shifters within the BODIPY framework. Mono-styrylated BODIPY D at the 3-position (ΦF = 

0.70, λem = 569 nm) exhibits a 60 nm bathochromic shift compared to the parent BODIPY 

while 3,5-distyryl BODIPY E4 (ΦF = 0.59, λem = 641 nm) boasts an impressive 129 nm shift. 

Once again, only a modest shift is observed in the nearly non-emissive (ΦF = 0.01, λem = 

633 nm) 2,6-distyryl F28 analogue.  

 

Figure 3.1  Representative examples of published BODIPY structures bearing fused 

aromatic moieties taken from (10). 
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3.2   Synthesis of Bz2-Annulated BODIPYs 

Investigation into π-extended BODIPYs was aimed at obtaining symmetrical 3,5-

(CCPh)2Bz2[c]BODIPY 3.5 and 3,5-(CCHPh)2Bz2[c]BODIPY 3.6 (Scheme 3.1). Four 

equivalents of 2.7 were titrated with one equivalent of PhCHO/benzaldehyde at -41°C to 

form BODIPY 3.1 after successive treatment with DDQ and BF3OEt2/NEt3. It was found that 

stoichiometric condensation (4:1 pyrrole/aldehyde) at reduced temperature in the 

presence of Bu4NCl was effective in achieving controlled condensation. Reaction yield also 

proved contingent upon oxidation with DDQ at the correct time determined by monitoring 

reaction progress (dipyrromethane formation) by UV-Vis spectroscopy.   

A higher yielding and reproducible route to 3.1 (Scheme 3.2) was developed 

beginning with tert-butyl 3,3’-dipyrromethane carboxylate 3.8, obtained from acid-catalyzed 

condensation of 2.5 with PhCHO/benzaldehyde in CH2Br2. This synthesis offers simplified 

purification by avoiding closely-eluting condensation products (tripyrrane and prodigiosin-

type dyes), along with greater economy of exotic starting material 2.7. Additive Bu4NCl 

increased yield of 3.8 driving the equilibrium forward.20 It is noteworthy that  use of typical 

 

Figure 3.2  Representation of photophysical properties after 3,5- and 2,6-substitition 

with phenylethynyl and styryl moieties. 
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halomethane solvents (i.e. dichloromethane, CHCl3) resulted in incomplete condensation; 

neat CH2Br2 was required for the reaction to proceed to completion. The presence of 

stereomeric 2-EH aliphatic chains and stereogenic annulated cyclohexano- moieties 

produces mesomeric compounds which exhibit different retention times on silica (verified 

by HRMS of each fraction). De-esterification of 3.8 was accomplished with neat TFA, 

followed by decarboxylation of the neat material at 130°C for 3 hours. The decarboxylated 

product 3.9 was obtained as a dense, light purple oil which is used immediately without 

 

Scheme 3.1   Synthesis of π-extended 3,5-X2Bz2[c]BODIPY (X = Cl, Br) and their Pd-

catalyzed functionalization leading to 3,5-(styryl)2Bz2[c]BODIPY 3.5 and 3,5-

(CCPh)2Bz2[c]BODIPY 3.6 and via Suzuki/Sonogashira coupling, respectively. 
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further purification or characterization. Subsequent oxidation with DDQ for 5 seconds 

followed by treatment with BF3OEt2/NEt3 results in 3.1 in 42% overall yield starting from 

2.5. It is imperative that that oxidation with DDQ be allowed to proceed only for 5 seconds 

(using vigorous stirring); extending oxidation with DDQ to only 60 seconds reduces the yield 

of BODIPY from 53% to 12% (half of which is an unwanted, closely-eluting BODIPY dye). 

Subsequent aromatization with DDQ in refluxing o-DCB yielded 3,5-H2Bz2[c]BODIPY 

3.2 which was treated with NXS (X= Cl, Br) in refluxing 1,2,4-TCB to generate highly 

fluorescent halogenated derivatives 3,5-Cl2Bz2[c]BODIPY 3.3 and 3,5-Br2Bz2[c]BODIPY 3.4. 

It should be noted that a one-pot aromatization/halogenation from 3.1 is possible if 1,2,4-

TCB is chosen as the aromatization solvent. 3.4 can also readily be prepared by room 

temperature treatment of 3.2 with Br2 in dry tetrahydrofuran. Selective halogenation of a 

BODIPY dye bearing fused aromatic moieties has not been reported. Of noteworthy 

significance is the inert nature of the benzo moieties in 3.2  towards electrophilic reagents 

Scheme 3.2   Synthesis of starting BODIPY 3.1 via controlled condensation of pyrrole 2-

carboxylate 2.5 and milder two-step synthesis of useful precursor 3.4. 
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(e.g. NCS, NBS, Br2). Indeed, the dye emerged unscathed from all but the most draconian 

conditions,  requiring 2 hours in 1,2,4-TCB/NCS at 210°C for complete chlorination at the 

3,5-positions. In contrast, NCS perchlorinates the BODIPY skeleton at room temperature.18 

Such behavior can be rationalized by the benzo moieties delocalizing an already electron-

deficient BODIPY core and by effective HOMO stabilization through the in-plane imide  

moieties. A superior route to 3.4 was developed (Scheme 3.2), generating a cleaner 

material through a two-step synthesis: room temperature bromination to afford 3.1a (no 

purification or characterization) followed by immediate aromatization generating 3.4 in 90% 

overall yield from 3.1. Numerous attempts at Pd-catalyzed functionalization of BODIPYs 3.3 

and 3.4 resulted in complex mixtures of dyes with no observable formation of intended 

products 3.5 and 3.6. The problem was traced back to the choice of base, which seemed 

to have a profound effect on the 3,5-halogenated starting materials. Despite exhibiting 

remarkable stability towards electrophiles, BODIPYs 3.3 and 3.4 seem to react easily with 

a variety of nucleophiles. Figure 3.3 shows quick, irreversible reaction of the blue starting 

material with many reagents and solvents, many of which are traditionally considered non-

nucleophilic nor problematic (i.e. dichloromethane, water & triethylamine). However, 

diisopropylamine did not react or cause decomposition even after prolonged (48 h) contact 

with the starting material. After these findings, diisopropylamine was the base of choice for 

all Pd-catalyzed reactions which were performed with 3.4 under modified29 Sonogashira 

and Suzuki conditions in attempts to produce 3,5-(CCHPh)2Bz2[c]BODIPY 3.5 and 3,5-

(CCPh)2Bz2[c]BODIPY 3.6. The former was never isolated nor was its formation confirmed 

(i.e. by HRMS) in the crude product; the Suzuki couplings resulted in bright green solids 

DCM Silica (Dark) NEt3 DIPEA PPh3 Pyridine *DMSO KH2PO3 DIPA 

         

t = 12h t = 0   t = 1h t = 2h t = 1h t = 5 min t = 30s t = 5s  t = 1s t = 48h 

Figure 3.3  Reactivity of the blue BODIPY 3.4 with various solvents and reagents at room 

temperature visually demonstrated by TLC after indicated time. *At 60°C. 
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which displayed red-shifted spectra yet were composed of complex mixtures of dyes. 

However, Sonogashira coupling appeared to be more successful: a major product was 

recovered which exhibited red-shifted spectral properties characteristic of a BODIPY dye 

corresponding to 3.6 on the basis of HRMS data. However, 1H NMR and 13C NMR  data 

suggest the formation of an asymmetric structure to which we propose the cyclized side 

product shown in Scheme 3.3.  Formation of such a structure would most likely proceeded 

 

Scheme 3.3  Unexpected formation of cyclized side product in the Sonogashira coupling. 
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Figure 3.4  Observation of hypothesized in-situ intermediate 3.6 before temperature-

mediated cyclization to 3.7. 



Chapter 3 

Remarkably Bright NIR Emission in Novel π-Extended BODIPYs 

 

 

  92 

 

through the symmetrically substituted intermediate 3.6. This view is supported by UV-Vis 

and TLC data collected during the Sonogashira coupling reaction, showing formation of an 

intermediate BODIPY band followed by its red-shift associated with a prolonged reaction 

time and/or heat (Figure 3.4). 

The reactive nature of the halogenated BODIPYs towards nucleophiles was exploited 

for aminolysis of 3,5-Cl2Bz2[c]BODIPY 3.3 by piperidine; reaction with the base occurs 

instantly upon at room temperature to generate dark green 3,5-(pip)2Bz2[c]BODIPY 3.10 

(Scheme 3.4). Its optical characterization revealed a >100 nm red-shift of the absorption 

Scheme 3.4  Piperidine-mediated aminolysis of 3.3 with piperidine to produce 3.10. 
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Figure 3.5  Overlap of normalized absorption (solid) and emission (dotted) spectra for  

3.2 (black) and 3,5-(pip)2Bz2[c]BODIPY 3.11 in PhMe. 
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band in PhMe compared to 3.2 (Figure 3.5). While nucleophilic attack at halogenated 3,5-

positions by primary and secondary amines is known,30 3.3 has also demonstrated unusual 

reactivity with alcohols at room temperature. Attempted recrystallization from 

dichloromethane/methanol by slow evaporation at room temperature resulted in a dramatic 

colour change (blue to  green) and noted spectral broadening. Although this green product 

was never isolated, its optical properties fall in line with other 3,5-alkoxide BODIPY 

derivatives.31 

 

3.3   Physical Properties 

 These compounds are exceptionally soluble in all organic solvents (3.3 and 3.4 react 

with alcohols) and exhibit remarkable bench-top stability in solid-state (no change detected 

by TLC). Given that 3,5-unsubstituted π-extended BODIPYs have been demonstrated to be 

more prone to oxidation than their substituted counterparts, it is surprising that 3.2 shows 

only minimal degradation if left exposed to air and ambient light for several days. 

Additionally, it should be noted that 3.3, 3.4, 3.7 and 3.10 are not indefinitely photostable 

when adsorbed onto silica and should be eluted off the stationary phase promptly or better 

yet purified in a dark environment. 

3.3.1   Crystal Structure 

 BODIPY compounds are known to crystallize easily into single-crystals routinely 

without any special precautions. While these materials are functionalized with 2-EH 

 

Figure 3.7   Red-blue optical dualism in 3.3 observed in solid-state (round-bottom flask). 
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aliphatic chains, a crystal structure was nevertheless obtained for 3.3 (Figure 3.6) and is in 

excellent agreement with published 3,5-haloBODIPY crystal structures. Minimal root-mean-

squared (RMS) deviation of the Bz2[c]BODIPY core reveals a high degree of planarity. The 

meso-Ph ring is essentially orthogonal to the core, which is consistent with similar aromatic 

benz[c]annulated BODIPYs where bulky β,β’ substituents on the pyrrole subunit restrict free 

rotation of the aryl ring.26 

3.3.2   Photophysical Properties 

Table  3.1  Photophysical Data for various Bz2[c]BODIPYs in Aerated Solution at 298K. 

BODIPY Solvent 
λmax / nm  

(εmax / E-1cm-1)a 

λem/ 

nmb 
ФF

  

3.2 PhMe 619 (140000) 623 1.00 ± 0.04a 

3.3 PhMe 640 (118000) 670 1.00 ± 0.03b 

3.4 PhMe 647 (109000) 672 0.43 ± 0.06b 

3.7 PhMe 767 (148000) 776 0.11 ± 0.04c 

3.10 PhMe 742 (133000) 773 0.12 ± 0.06d 

a Measured against cresyl violet (ΦF = 0.53 ± in methanol)  b Measured against Rhodamine-101 

(ΦF = 0.913 ± 0.046 in EtOH) c Measured against indocyanine green (ΦF = 0.106 ± 0.005 in DMF). 

c Measured against 1,1′,3,3,3′,3′-hexamethylindotricarbocyanine iodide (HITCI) (ΦF = 0.283 ± 

0.017 in EtOH). 

 

 

Figure 3.6   X-ray crystal structure for 3.3. 
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 Unmistakable during their synthesis, the Bz2[c]BODIPY compounds are deep blue in 

solution but fluoresce brightly with a vivid red color even under ambient light (Figure 3.7). 

Not surprisingly, both 3.2 and 3.3 showed unity quantum yield (ΦF = 1.00 ± 0.04 and ΦF = 

1.00 ± 0.03, respectively) for red emission in PhMe solution. Interestingly, although 3.4 

bears two heavy atoms affixed directly to the core (heavy-atom effect increasing kISC), it 

remains modestly fluorescent (ΦF = 0.43 ± 0.06). Halogenation at the 3,5-positions seems 

to have a small impact (21 nm) on absorption maxima when comparing 3.2 and 3.3 but a 

much more pronounced effect on fluorescence wavelength (47 nm). The red-shift observed 

for absorption bands is in line with similar published examples of 3,5-haloBODIPYs. Both 

3.7 and 3.10 are good absorbers (ε > 130000 M-1cm-1) and exhibit sizable red-shifts of their 

optical properties compared to 3.2. The biggest red-shifting of spectral properties is 

observed in 3.7 with the absorption at 767 nm and emission at 776 nm. However, due to 

the asymmetrical nature of the molecule and the likely bent conformation of the BODIPY 

core due to [b]-fusion, the PLQY is significantly lower (0.11 ± 0.04) compared to the starting 

material 3.4. Upon aromatization of 3.1 to 3.2, a marked sharpening of spectral features is 
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Figure 3.7   Overlap of absorption/emission spectra for 3.1 and 3.2 in dichloromethane. 
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observed (Figure 3.7) along with a reduction in the Stokes shift, indicative of enhanced 

molecular rigidity and lower reorganizational energy in the excited state. With the myriad of 

π-extended BODIPYs and libraries of 3,5-functionalized BODIPYs published and 

studied,12,17,33 it is puzzling to find a lack of examples where both ring-annulation and 

ene/yne substitution at the 3,5-positions is integrated into a single BODIPY material. This 

is perhaps indicative of the significant synthetic challenges involved in creating materials 

such as 3.5 and 3.6. Nevertheless, as is shown in Figure 3.4, there is a chance of isolating 

a yet unidentified species (likely 3.6) by adjusting the reaction conditions or terminating the 

reaction earlier. 

 

3.4  Conclusions 

 To summarize, a high-yielding approach to 3,5-halogenated dibenz[c]annulated 

BODIPYs 3.3 and 3.4 was developed which were then used as starting materials for Pd-

catalyzed and nucleophilic functionalization of the BODIPY core. Sonogashira coupling 

produced an unexpected [b]-cyclized BODIPY is the major product, possibly being formed 

through 3.6 as an intermediate. BODIPYs 3.2-3.3 were shown to have unity quantum yield 

in the red/far-red region. These spectral properties along, with excellent photostability make 

these π-extended BODIPYs an appealing choice for a myriad of practical applications, 

particularly bio-medical imaging.34   

3.5  Experimental 

Unless specified, all chemicals were used as purchased without further purification. 

All glassware was flame-dried under vacuum prior to use. NMR spectra were acquired in 

CDCl3 or CD2Cl2 (Cambridge Isotope Laboratories) with a Bruker Avance 500 MHz 

spectrometer equipped with a DCH cryoprobe. High resolution mass spectra were collected 

on a Bruker micrOTOF mass spectrometer. Thin-layer chromatography was performed using 

Millipore-Merck EMD silica gel TLC plates with F254 indicator. Column chromatography 

purification was performed on Geduran Si60 silica gel (40-63 µm). 

 

3,5-H2BODIPY  (3.1)  A 500 mL round-bottom flask was equipped with a stir bar and 

thoroughly flushed with argon gas. Pyrrole 2.7 (1.0g, 3.3 mmol) and PhCHO (0.175g, 0.168 

mL, 1.65 mmol) were added to the flask and dissolved in dichloromethane (400 mL). The 

solution was stirred and vigorously degassed with Ar gas for 30 min at room temperature. 
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The flask was immersed in a dry ice/isopropyl alcohol bath (-77°C) and degassed further 

for 30 additional min. The flask was covered with aluminum foil and BF3OEt2 (0.115g, 0.10 

mL, 0.8 mmol) was added to the flask, producing a yellowish solution. After degassing for 

an additional 30 min, the solution was allowed to slowly warm up in an CH3CN/CO2 bath (-

41°C). The reaction is monitored by TLC (hexanes/EtOAc) and is quenched with the addition 

of DDQ (0.400g, 1.75 mmol) when most of the aldehyde was consumed. The flask is 

brought to room temperature before subsequent addition of NEt3 (5 mL) and BF3OEt2 (5 

mL). The contents were stirred in the dark overnight before removing the solvent under 

reduced pressure to yield a dark brown residue which was purified using column 

chromatography (silica, hexanes/EtOAc). The title compound 3.1 was obtained as a copper-

red solid (0.412 g, 32%). 1H NMR (CD2Cl2) δ 7.63-7.52 (m, 5H), 7.20 (d, J=7.5 Hz, 2H), 3.13-

3.00 (m, 8H), 2.85 (t, J=7.5 Hz, 2H), 2.50 (dd, J=7.5 Hz, J=15.3 Hz, 2H), 2.12-1.88 (m, 4H), 

1.48-1.36 (m, 2H), 1.18-0.57 (m, 25H); 13C NMR (CD2Cl2) δ 178.56, 178.51, 177.89, 

144.59, 140.36, 139.70, 131.58, 130.59, 129.04, 128.04, 127.72, 127.69, 127.49, 

38.65, 36.23, 29.38, 27.58, 22.23, 22.19, 22.12, 13.03, 9.13, 9.04; 19FNMR (CD2Cl2) δ -

145.62 (m); HRMS ESI, m/z for C43H53BF2N4O4 + Na calcd 761.4028 found 761.4054. 

 

3,5-H2Bz2[c]BODIPY  (3.2)  A 50 mL round-bottom flask was equipped with a stir bar and 

flushed with nitrogen gas. BODIPY 3.1 (40 mg, 54.0 µmol) was dissolved in o-DCB (25 mL) 

and added to the flask. DDQ (57 mg, 250 µmol) was added to flask and the stirring solution 

was thoroughly degassed by bubbling argon gas through the solvent for 30 min. The flask 

was sealed with a Teflon-lined glass stopper, covered with aluminum foil and immersed in 

an oil bath preheated to 170°C. The solution was stirred for 1 hour at 170°C and brought 

back to room temperature. The solution was poured onto a short pad of silica and washed 

thoroughly with hexanes to elute o-DCB. The product was eluted with EtOAc and the solvent 

was removed under reduced pressure. The crude residue was purified using column 

chromatography (silica, hexanes/EtOAc) and recrystallized from pentane/ether to yield 3.2 

as greenish-blue flakes (25.5 mg, 63%). 1H NMR (300 MHz, CDCl3) δ 8.66 (s, 2H), 8.24 (s, 

2H), 7.88 (t, J = 7.8 Hz, 1H), 7.80 (t, J = 7.8 Hz, 2H), 7.58 (d, J = 7.6 Hz, 2H), 6.72 (s, 2H), 

3.54 (d, J = 3.6 Hz), 1.79 (m, 2H), 1.26 (m, 18 H), 0.88 (m, 12 H); 13C NMR (75 MHz, CDCl3) 

δ 167.68, 141.69, 141.43, 137.48, 132.94, 132.13, 131.72, 131.50, 130.51, 128.74, 

128.25, 128.01, 120.19, 117.86, 42.38, 38.40, 30.70, 28.69, 24.01, 23.09, 14.19, 

10.54; HRMS APCI, m/z for C43H46BF2N4O4 + H calcd 731.35747 found 731.35903. 
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3,5-Cl2Bz[c]BODIPY  (3.3)  A 200 mL round-bottom flask was equipped with a stir bar and 

flushed with N2 gas. BODIPY 3.2 (120 mg, 165 µmol) was dissolved in 1,2,4-TCB (80 mL) 

and added to the flask. DDQ (230 mg, 1.00 mmol) was added to flask and the stirring 

solution was thoroughly degassed by bubbling N2 gas through the solvent for 1h. A reflux 

condenser was fitted to the top of the flask (covered with aluminum foil) and the mixture 

was slowly brought to reflux (~210°C) by immersion into an oil bath. There was a 

progressive colour change from dark orange to deep blue as the temperature rose. The 

solution was stirred at reflux until only one visible sharp absorption band (λmax = 620 nm in 

dichloromethane) was visible. The flask was cooled down to ~120°C before adding NCS 

(400 mg, 3 mmol) in one portion. The flask was re-immersed into the oil bath and slowly 

heated up to reflux once more. After 2 hours, λmax moves to 640 nm and the flask was 

cooled. The solvent was removed via distillation under vacuum at low temperature (<40°C) 

and the blue residue was re-dissolved in dichloromethane (500 mL) followed by washing 

with Na2SO3 (10%, 500 mL), HCl (5%, 500 mL), brine (500 mL) and dried over Na2SO4. The 

crude residue was purified using column chromatography (silica, dichloromethane/(iPr)2O) 

and recrystallized from pentane/Et2O to yield 3.3 as crimson/blue flakes (89 mg, 71%). 1H 

NMR (300 MHz, CD2Cl2) δ 8.23 (s, 2H), 7.96 (t, J = 8 Hz, 1H), 7.84 (t, J = 8 Hz, 2H), 7.61 (d, 

J = 7.61 Hz, 2H), 6.56 (s, 2H), 3.52 (d, J = 3.5 Hz, 4H), 1.76 (m, 2H), 1.28 (m, 17H), 0.88 

(m, 12H); 13C NMR (75 MHz, CD2Cl2) δ 167.63, 167.59, 142.66, 138.72, 137.06, 133.03, 

132.52, 131.72, 131.47, 130.95, 129.20, 128.87, 127.86, 118.70, 117.99, 42.69, 

38.89, 31.09, 29.11, 24.39, 23.52, 14.37, 10.72. 

 

3,5-Br2Bz[c]BODIPY  (3.4)  BODIPY 3.1 (770 mg, 1042 µmol) was transferred to a 100 mL 

round bottom flask equipped with a magnetic stir bar and dissolved in dichloromethane (40 

mL). The vial was covered with aluminium foil and Br2/dichloromethane solution (12.8 mL 

of a 0.488M solution) was quickly added. The vial was capped and the reaction was 

monitored by UV-Vis spectroscopy every 15 minutes. After 30 minutes, the reaction was 

diluted with dichloromethane (100 mL) and washed with sodium thiosulfate (2 x 100 mL), 

followed by water (2 x 100 mL). The combined organic fractions were dried over magnesium 

sulfate and the solvent was removed under reduced pressure to leave behind bright 

pink/green solids. The solids were re-dissolved in dichloromethane (100 mL) and passed 

through a short pad of silica (very important step!). After removing the solvent, the pink 

solids were dissolved in 1,2,4-trichlorobenzene (15 mL) and transferred to a dry 125 mL 

round-bottom flask equipped with a magnetic stir bar and 2,3-dichloro-5,6-dicyano-1,4-
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benzoquinone (928 mg, 4088 µmol). The solvent was sparged with Ar for 10 minutes with 

stirring (18G needle) before fitting a reflux condenser to the flask. The flask was immersed 

into an oil bath and the temperature was slowly increased (50°C/20 minutes) until a 

temperature of 170°C was achieved. At 170°C, the see-through pink solution started 

darkening, taking on a dark pink/red colour. At 180°C (5 minutes later), the solution took 

on a deep purple colour. At 195-200°C (10 minutes later), the solution took on a 

characteristic deep blue colour associated with Bz2BODIPYs. An additional 10 minutes of 

stirring at 200°C no longer results in a red-shift of λmax. The reaction was brought back to 

room temperature when two consecutive aliquots revealed no discernable change by UV-

Vis spectroscopy. The reaction mixture was diluted with dichloromethane (50 mL) and 

hexanes (200 mL) before loading it on a short pad of silica. A i1:1 mixture of hexanes and 

dichloromethane was used to elute the trichlorobenzene and neat dichloromethane was 

used to elute and collect the first blue band. The solvent was removed under reduced 

pressure to leave behind blue/red flakes which were recrystallized from boiling acetonitrile, 

affording 3.4 as thin green needles with a metallic lustre (830 mg, 90%).1H NMR (500 MHz, 

CD2Cl2) δ 8.20 (s, 2H), 7.96 (t, J = 8 Hz, 1H), 7.85 (t, J = 7.9 Hz, 2H), 7.62 (d, J = 7.6 Hz, 

2H), 6.55 (s, 2H), 3.52 (d, J = 3.5 Hz, 4H), 1.76 (m, 2H), 1.28 (m, 18 H), 0.88 (m, 13 H); 13C 

NMR (125 MHz, CD2Cl2) δ 167.08, 136.60, 133.82, 132.38, 131.94, 131.68, 131.12, 

130.37, 129.29, 128.58, 128.54, 119.15, 118.16, 117.36, 42.12, 38.32, 30.53, 20.54, 

23.82, 22.94, 13.79, 10.15. 

 

Asymmetrically fused Bz[c]BODIPY  (3.7)   

• Diisopropylamine 4 was distilled from sodium hydroxide under Ar atmosphere and 

atmospheric pressure, collecting the middle fraction only. The colorless distillate was 

thoroughly sparged with Ar (18 G needle, 1h) before storage in a screw-cap (PTFE) 

glass test tube (oven dried). 

• Xylenes were dried over 4A molecular sieves. 

• Immediately before use, phenylacetylene was passed through basic alumina 

repeatedly (Brockmann 1) until it eluted as a colorless liquid. 

BODIPY 3.4 (100 mg, 112 µmol) was added to a 48 mL Schlenk tube equipped with a 

magnetic stir bar. Xylenes (2.0 mL) and diisopropylamine (200 µL, 1428 µmol) were added 

to the flask. The blue solution was sparged with Ar (18G needle) for 30 minutes before 

adding tetrakis(triphenylphosphine)palladium(0) (40 mg, 35 µmol) and copper (I) iodide 

(0.4 mg, 2.1 µmol) as quickly as possible. Sparging continued for an additional 15 minutes 
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before replacing the septum with the screw-thread cap over positive Ar pressure. The 

reaction started turning progressively greener over the next few hours and was left to stir at 

room temperature in the dark for 14 hours. The reaction was slowly heated (~10°C/30 

min.) to 40°C and stirred at that temperature for 2 hours before diluting with hexanes (100 

mL) and passing them through a short pad of silica with 95:5 dichloromethane/ethyl 

acetate, collecting the green fraction. The solvent was removed under reduced pressure 

and the resulting green solids were purified with column chromatography (hexanes/ethyl 

acetate), affording 3.7 as dark green solids (42 mg, 40%). 1H NMR (500 MHz, CD2Cl2) δ 

8.30 (s, 1H), 7.86 (t, J = 7.8 Hz, 1H), 7.76 (t, J = 7.8 Hz, 2H), 7.70 (d, J = 7.8 Hz, 2H), 7.59 

(m, 4H), 7.44 (m, 3H), 7.36 (m, 3H), 7.24 (s, 1H), 6.82 (s, 1H), 6.53 (s, 1H), 6.42 (s, 1H), 

3.50 (d, J = 3.5 Hz, 2H), 3.40 (d, J = 3.5 Hz, 2H), 1.78 (m, 2H), 1.28 (m, 22H), 0.87 (m, 

14H); 13C NMR (125 MHz, CD2Cl2) δ 168.82, 168.64, 167.95, 167.78, 163.07, 159.74, 

140.28, 137.26, 135.26, 134.82, 134.02, 132.81, 132.44, 132.09, 131.94, 131.82, 

131.45, 130.54, 130.39, 129.88, 129.35, 129.09, 128.49, 127.75, 126.51, 126.19, 

123.53, 121.93, 121.43, 118.71, 118.51, 117.67, 102.21, 98.64, 82.37, 42.35, 38.93, 

38.86, 31.16, 31.08, 29.19, 29.08, 24.43, 23.56, 23.53, 21.54, 14.40, 14.37 10.79; 

HRMS APCI, m/z for C59H53BF2N4O4 + C6H15N calcd 1032.54052 found 1032.53978. 

di-tert-Butyl 3,3'-(phenylmethylene)bis(6-(2-ethylhexyl)-5,7-dioxo-2,4,4a,5,6,7,7a,8-

octahydropyrrolo[3,4-f]isoindole-1-carboxylate) (3.8) Pyrrole 2.5 (10.0 g, 24.8 mmol), 

benzaldehyde (1.27 g, 12.4 mmol), para-toluenesulfonic acid (213 mg, 1.24 mmol) and 

tetrabutylammonium chloride (693 mg, 2.50 mmol) were added to a flame-dried 250 mL 

round-bottom flask equipped with a magnetic stir bar and dissolved in dibromomethane (80 

mL). The round-bottom flask was purged with nitrogen gas and sealed. After 24h stirring at 

room temperature, the solution took on a dark orange/burgundy color. The burgundy color 

disappears immediately upon spotting on TLC, leaving a light yellow spot. Heat gun 

treatment of the TLC plate (5-10 seconds, max heat) confirms the presence of 

dipyrromethane entities due to progressive darkening of the yellow spot into an orange one. 

Additionally, a previously invisible spot appears around Rf = 0.3 and quickly turns orange. 

The solution was poured into sat. NaHCO3 (300 mL), immediately turning light yellow. 

Washing with NaHCO3, brine, drying over Na2SO4 (10g) and removing the solvent under 

reduced pressure afforded an oily orange solid which was purified with column 

chromatography (hexanes/EtOAc) and dried under vacuum to give the title compound (8.98 

g, 81.0 %). Crunchy, light yellow solids. TLC: Rf = 0.45 (hexanes/EtOAc 3:1).  1H NMR (500 

MHz, CD2Cl2) δ 8.61 (t, 1H), 8.47 (d, J = 18.3 Hz, 1H), 7.38 – 7.22 (m, 3H), 7.16 – 7.06 (m, 
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2H), 5.51 (d, J = 11.5 Hz, 1H), 3.73 – 3.65 (m, 2H), 3.38 – 3.09 (m, 8H), 2.95 – 2.62 (m, 

4H), 2.39 – 2.21 (m, 2H), 1.53 (s, 9H), 1.51 (s, 9H), 1.48 – 0.17 (m, 32H). 13C NMR (125 

MHz, CD2Cl2) δ 180.52, 180.36, 180.31, 180.29, 180.24, 179.88, 179.86, 179.83, 

160.48, 160.44, 160.37, 160.34, 139.62, 139.54, 139.52, 139.43, 130.12, 130.04, 

130.02, 129.98, 129.88, 128.90, 128.84, 128.15, 128.12, 128.09, 127.33, 127.32, 

127.27, 127.26, 124.50, 124.46, 124.44, 124.42, 124.33, 119.10, 119.03, 118.99, 

118.97, 118.94, 118.88, 117.60, 117.58, 117.54, 117.51, 117.46, 117.42, 117.39, 

117.35, 80.65, 80.63, 80.61, 80.59, 80.57, 53.84, 53.62, 53.41, 53.19, 52.98, 42.80, 

42.68, 42.66, 42.48, 42.45, 42.43, 40.70, 40.41, 40.39, 40.27, 40.08, 40.04, 39.97, 

39.95, 39.91, 39.87, 39.79, 39.74, 37.16, 37.11, 37.09, 37.07, 36.96, 36.88, 36.86, 

36.83, 30.28, 30.18, 30.01, 29.99, 28.55, 28.52, 28.16, 28.13, 28.12, 28.10, 28.08, 

23.27, 23.24, 23.22, 23.19, 22.96, 22.93, 22.91, 22.88, 22.87, 22.82, 22.75, 22.69, 

22.63, 22.59, 22.56, 22.51, 20.55, 20.52, 20.50, 20.47, 20.45, 20.41, 13.84, 13.82, 

13.78, 10.19, 10.14, 10.09, 9.51, 9.48, 9.42, 9.36; HRMS (EI) for C53H72N4O8Na (M+Na)+: 

m/z calcd 915.5242 found 915.5230. 

 

3,5-(pip)2Bz[c]BODIPY  (3.10)  BODIPY 3.3 (30 mg, 37 µmol) was added to a flame-dried 50 

mL round-bottom flask. A magnetic stir bar and piperidine (10 mL) was added. The color 

changed immediately from blue to dark green. The solution was stirred for an additional 10 

min at room temperature. The reaction was quenched with 2% HCl (300 mL), and extracted 

with dichloromethane (2 x 100 mL). The combined organic fractions were washed with H2O 

(200 mL) and dried over sodium sulfate (25 g). The solvent was removed under reduced 

pressure and the crude solids were purified by column chromatography (hexanes/EtOAc, 

covered in aluminium foil) to afford green solids after recrystallization of its 

bis(hydrobromide) salt and conversion to freebase (23.6 mg, 71%). 1H NMR (500 MHz, 

CDCl3) δ 8.22 (s, 1H), 8.17 (s, 1H), 7.78 (t, J = 7.8 Hz, 1H), 7.69 (t, J = 7.8 Hz, 2H), 7.45 (d, 

J = 7.5 Hz, 2H), 6.73 (m, 1H), 6.53 (s, 1H), 6.41 (s, 1H), 3.87 (m, 2H), 3.71 (m, 4H), 3.50 

(t, J = 3.5 Hz, 4H), 1.89 (m, 6H), 1.77 (m, 4H), 1.25 (m, 28H), 0.87 (m,14H); 13C NMR (125 

MHz, CD2Cl2) δ 168.56, 168.22, 168.06, 167.64, 154.06, 153.50, 138.46, 134.22, 

133.77, 131.50, 130.46, 130.37, 129.59, 128.66, 128.47, 125.79, 124.85, 123.92, 

123.76, 123.60, 123.15, 120.69, 119.98, 118.29, 118.18, 114.21, 53.68, 45.44, 42.29, 

42.16, 38.42, 38.38, 32.08, 30.75, 29.88, 29.85, 29.82, 29.51, 28.91, 28.77, 28.73, 

26.65, 24.43, 24.04, 23.12, 23.11, 22.85, 22.43, 14.27, 14.20, 14.08, 10.59; HRMS 

APCI, m/z for C53H63BF2N6O4 calcd 866.94675 found 866.94912. 
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19F NMR spectrum of 3.1 in CDCl3. 

 

 

1H NMR spectrum of 3.1 in CDCl3. 
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13C NMR spectrum of 3.1 in CDCl3. 

 

19F NMR spectrum of 3.2 in CDCl3. 
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1H NMR spectrum of 3.2 in CDCl3. 

 

13C NMR spectrum of 3.2 in CDCl3. 
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1H NMR spectrum of 3.3 in CD2Cl2. 

 

13C NMR spectrum of 3.3 in CD2Cl3. 
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1H NMR spectrum of 3.4 in CD2Cl2. 

        

 

13C NMR spectrum of 3.4 in CD2Cl2. 
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1H NMR spectrum of 3.7 in CD2Cl2. 

   

 

13C NMR spectrum of 3.7 in CD2Cl2. 
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1H NMR spectrum of 3.8 in CD2Cl2. 

 

13C NMR spectrum of 3.8 in CD2Cl2. 
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1H NMR spectrum of 3.10 in CDCl3. 

 

13C NMR spectrum of 3.10 in CDCl3. 
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HRMS spectrum of 3.1. 

 

HRMS spectrum of 3.2. 
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HRMS spectrum of 3.7. 

 

HRMS spectrum of 3.8. 
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HRMS spectrum of 3.10. 
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Concluding Remarks 

 

A new useful building block (2.7) was developed1 from very inexpensive materials 

for pyrrole-based dyes with unique properties. Compared to similar 2,5-unsubstituted 

pyrroles, it exhibits remarkable stability at room temperature as a white crystalline solid. In 

addition to improving stability, the alkylimide moiety greatly enhances solubility of the 

building block which improved synthetic yield of target dyes (avoiding the “crashing-out” of 

in-situ polypyrromethane intermediates) and subsequent ease of chromatographic 

purification. Based on this new building block, a novel series of π-extended luminescent 

dyes were prepared for two popular and well-studied classes of dye: porphyrins in Chapter 

2 and BODIPYs in Chapter 3.  

Compared to parent dye PtTPTBP, PtPh4TBIP 2.9 was shown to be more stable, 

soluble as well as an exceptional absorber (ε ~ 250000 M-1cm-1) and phosphorescent 

emitter. Similar properties were observed in deuterated analogue 2.11,  along with some 

unusual photophysical properties such as increased PLQY.1 Compared to other porphyrins, 

2.9 showed a significantly reduced rate of the photodegradation in stability experiments (up 

to 80 times slower compared to popular ZnTPP). This is an important property for materials 

science applications, where prolonged interaction with photons would lead to premature 

degradation of photoactive dyes. In addition, exceptionally high solubilities are achieved (up 

to 600 g/L) which are attributed to the four branched 2-ethylhexyl chains with stereogenic 

centers and saddle-shapped porphyrin core preventing π-stacking. Such a strong solubility 

would be considered an asset for incorporation into polymers (i.e. PMMA) for application in 

materials research. The preparation of this material was achieved on a multi-gram scale, 

which facilitates access to sufficient quantities of this type of material for practical 

applications. Efficient luminescence at 755 nm (Ф = 0.45) and negligable self-absorption 

make PtTPTBIP 2.9 a highly desirable material for further photophysical study and practical 

applications. Seeking improvement of the photophysical properties seen in 2.9, deuteration 

of the meso-Ph moities in the PtAr4TBIP family of dyes led to a modest (~17%) increase in 

PLQY when excited at the Soret band but a much smaller increase (~6%) when excited at 
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the Q-band. Such wavelength-dependant behaviour in ФP is not consistent with 

Kasha/Vavilov’s rule and is thought to occur due to ultrafast funneling of the S2 state to 

dark states with high kISC, potentially avoiding non-radiative relaxation in S1. Although 

further photophysical studies are required to gain a complete understanding of these 

unusual phenomena in these phosphorescent dyes, there highly emissive nature makes 

them attractive options for concurrent application in materials science (i.e. photovoltaics, 

photon upconversion). 

The BODIPYs prepared in Chapter 3 exhibited unity PLQY (ΦF  = 1.0) in the red region 

and remained emissive even in the NIR. Such was the case for the  asymmetrically [b]-fused 

3.7 product (λem = 776 nm) formed during the Sonogashira coupling of 3,5-halogenated 

BODIPY. 3,5-Piperidyl substituted BODIPY 3.10 was prepared and also displayed emission 

in the NIR (λem = 773 nm) but a much lower quantum yield (ΦF = 0.12 ± 0.06) than its red-

emitting counterparts, presumably lost due to the free-rotor effect of the N-pip moieties. 

Overall, this thesis takes a look at how discrete structural modification within a given 

family of NIR dyes leads to observable changes in photophysical properties. Modifications  

applied to BODIPYs and porphyrins for potential enhancement of PLQY include linear 

benz[c]annulation, isotopic substitution and rigidifying the molecular structure of the dye 

via annulation of imide moieties. Deuteration showed some enhancement of PLQY in the 

porphyrin series, whose interesting deviation from Kasha/Vavilov’s rule merits further 

photophysical study and the BODIPY series displayed a consistently brighter emission than 

published BODIPYs emitting at similar wavelengths, making them attractive NIR 

fluorophores for a number of applications. 

 

(1)  Zems, Y.; Moiseev, A. G.; Perepichka, D. F. Convenient Synthesis of a Highly Soluble 

and Stable Phosphorescent Platinum Porphyrin Dye Org. Lett. 2013, 15, 5330. 
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A1 Synthesis of Carboxylated Ar4TBPs and their 

Application to Molecular Tectonics 

 

A2 Inducing Severe Distortion of the 

Porphyrin Core via Quadruple meso,β-Fusion  
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A1 

 

Synthesis of Carboxylated Ar4TBPs and their 

Application to Molecular Tectonics 

 

 

 This chapter describes preparation and characterization of two different peripherally 

carboxylated TBP ligands PtPh4TBC8P and H2(p-CO2HPh)4TBIP. These materials were 

designed to be used as tectons in an effort to create extended crystalline, Ln(III)-based 

MOFs. Additionally, discrete Ln(III)-porphyrin structures would be prepared starting from 

appropriately end-capped Ln(II)hfac complexes. The photophysical properties of the 

extended and discrete materials will be examined in solution and solid-state to gain insight 

into the photosensitizing/luminescent properties of the porphyrin tecton in the context of 

metal-organic materials (MOMs). 

 

A1.1   Introduction to Molecular Tectonics 

Although crystallization is a common phenomenon, it is still not fully understood. 

Crystal engineers and materials scientists are still not able to fully and accurately predict 

the way a certain material will interact with itself or others in the solid-state. Numerous 

focused studies are lending insight into the trends and structure-property relationships of 

rational crystal design within specific systems, while application to generalized cases 

remains somewhat unpredictable.1 The primary aspiration within the field of molecular 

tectonics2 is the rational, bottom-up design of extended multidimensional networks from 

individual building blocks (tectons), relying on intermolecular recognition and self-assembly 

properties. Reversibility is of utmost importance when choosing to act on for specific 

application since irreversible intermolecular interactions will lead to deformed/faulty 

molecular networks without the possibility of self-correction. Of particular relevance to the 

molecular recognition properties of tectons are van der Waals, electrostatic, halogen-
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halogen, π-π and hydrogen bonding interactions as well as and metal coordination (Figure 

A1.1). Permutations of these interactions and their combinations give rise to a variety of 

recognition patterns (Figure A1.2). In particular, aromatic carboxylates such as 

naphthalenedicarboxylate (NSC) ligands, have proven to be robust building blocks for 

extended MOM structures.  

A1.1.1   Carboxylated Porphyrins as Tectons 

Among the wide variety of tectons available, carboxylated porphyrins have proven 

themselves to be valuable additions to the chemist’s toolbox. Their excellent chemical and 

           

 

 

 

Figure A1.1 (Left) Schematic representation of 1-D (a), 2-D (b) and 3-D (c) networks 

formed upon molecular recognition processes between complementary tectons leading 

to assembling nodes (yellow circle). (Right) Toolbox of reversible intermolecular 

interactions and their energies. Reproduced from [1] with permission from The Royal 

Society of Chemistry. 
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thermal stability, modular synthetic chemistry, rigid/planar shape and attractive optical 

properties make them desirable choices for a number of supramolecular applications, 

including guest adsorption/separation, catalysis (oxidative, Lewis acid, biomimetic13,14 and 

electrocatalysis), nano-thin MOF films and light harvesting. Of particular interest to 

materials scientists is the possibility of achieving panchromatic absorption through highly 

ordered metalloporphyrin frameworks for applications in photovoltaic devices and solar 

energy conversion. Carboxylated porphyrins have also been applied as an integral part of 

synthetic strategy to crystal engineering,22,23 formation of metal-metalloporphyrin 

frameworks (MMPFs), metal-organic polyhedron cages8,25,26  (MOPs), pillared MOFs27 and 

post-synthetic metal exchange28 within MOFs (Figure 3.3)   including single-crystal to single-

 

 

Figure A1.2   Non-exhaustive representation of 1D (left)  and 2D (right) molecular 

networks based on self-assembly of complementary tectons (Ti and Ai represent 

tectons and assembling nodes, respectively). Reproduced with permission from [1]       

© 2013 Royal Society of Chemistry. 

 

 

 

 

Ti and Ai represent tectons and assembling nodes. R 

 

 Reproduced from [1] with permission from The Royal Society of Chemistry. 
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crystal transformation. For example, reversible  photochromism has been achieved in a 

carboxylated porphyrin-based single-crystal29 MOF  (Figure A1.4) while retaining single-

crystallinity. A noteworthy counterpart to carboxylated porphyrins are meso-

 

Figure A1.4  Reversible photochromic reaction in single-crystalline PC-PCN upon 

irradiation with UV-visible light. Reprinted with permission from [29] © 2017 Wiley & 

Sons 

 

 

Figure A1.3 Post-synthetic metal exchange within metal-organic materials (MOMs). 

Reprinted with permission from [28] © 2017 American Chemical Society 
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tetrapyridylporphyrins, which have also been used in systematic assemblies30 of similar 

porphyrinic networks. 

A1.1.2   Lanthanide Complexes 

Bright emission from lanthanides is usually achieved by sensitization with an organic 

chromophore in order to overcome the forbidden f-f transitions of Ln(III) cations. 

Carboxylated porphyrins ligands are prime candidates for such sensitization due to their  

well-matched excited-state energy levels, strong absorption in the UV and visible regions as 

well as universal coordination to nearly all Ln(III) cations. Ln(III)/porphyrin complexes 

deserve special mention due to their varied coordination modes (Figure A1.5) and storied 

history, evident from the number of publications dedicated to the synthesis and study of Ln 

porphyrin/phthalocyanine single-molecule complexes (i.e. double/triple-decker 

sandwiches). Comparatively fewer publications use Ln(III) and porphyrin tectons in tandem 

to generate extended, organized structures.32-34 An interesting example is efficient 

photosensitization of 1O2 by a Eu(III)/porphyrin35 MOF.  

 

A1.2   Synthesis of π-Extended Carboxylated Porphyrins 

A1.2.1    Core-Carboxylated PtPh4TBC8P 

During the large scale synthesis of PtPh4TBIP (see Chapter 2), a large amount of 

carbonaceous tar was formed during the one pot metalation/aromatization that proved to 

be soluble only in refluxing benzonitrile. In order to remove the tar, the glassware was 

immersed in a base bath (iPrOH/KOH/H2O) over several days. Upon returning to the base 

bath, it had unexpectedly acquired a vivid green colour which was thought to be due to be 

a platinum porphyrinoid species. After recovery from the caustic bath, it became apparent 

 

Figure A1.5  Different coordination modes for Ln/porphyrin complexes: (from left to right) 

core-coordinated (multi/mono-ligated) and peripheral mono/multi-coordination. 

Reprinted with permission from [31] © Elsevier 2017. 
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that the π-extended porphyrin had survived prolonged treatment with the base bath. This 

unresolved mixture of porphyrinoids did not retain the characteristics of high solubility in 

organic  solvents (comparable to those observed for PtPh4TBIP) and became readily soluble 

in water upon treatment with base. Additionally, the absorption spectrum for the porphyrin 

mixture revealed Soret/Q-band shape and maxima nearly identical to those of 2.9. For these 

reasons, it was hypothesized that trapped dye in the insoluble tar leeched into the base 

bath and hydrolyzed into a π-extended Pt (II) porphyrin species bearing multiple pre-

carboxylated moieties (A1.1). Since the porphyrin mixture from the base bath proved 

difficult to purify, de novo sequential basic/acidic hydrolysis of clean PtPh4TBIP yielded 

PtPh4TBC8P A1.1 in excellent yield (Scheme 3.1). Recrystallization of A1.1 from alcohols 

should be avoided in order to prevent unwanted esterification of the peripheral carboxylate 

moieties since traces of unwanted acid may remain. 

 A1.2.2   meso-Carboxylated H2(4-CO2HPh)4TBIP 

Since a vicinal arrangement of carboxylate moieties does not possess favourable geometry 

for coordination to Ln(III), an alternative to A1.1 was thought up, where the carboxylate 

ligands were located on the peripheral meso-Ph rings. Having a single binding site in the 

same vicinity (instead of two in A1.1) as well as being located further away from the bulky 

core should decrease the likelihood of unwanted and non-ordered material formation. As it 

stands, one of the most widely adopted arrangements36 of chelating ligands on porphyrins 

has been tetratopic aryl p-carboxylates. Typically, a short-chain alkyl ester protects the 

carboxylic group during porphyrin synthesis and his later deep protected with aqueous acid 

or base. After facile hydrolysis of imide 2.7 was observed in base, it was immediately 

 

Scheme A1.1   Sequential basic and acidic hydrolysis of PtPh4TBIP into PtPh4TBC8P A1.1. 
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apparent that methodology relying on aqueous de-protection of an the ester moiety would 

not compatible with the imide starting material. Benzyl tetraester porphyrin A1.3 was 

prepared under standard Lindsey conditions from aldehyde A1.2 (prepared according to a 

previously published37 procedure). The condensation is unfortunately low-yielding (10%), 

which is uncharacteristically compared to the similar published preparations (25-35%). 

Platinum insertion occurs with greater yield with platinum (II) acetate as opposed to 

platinum chloride, the latter seemingly causing decomposition of the macrocycle upon 

prolonged heating. Aromatization of the intermediate platinum porphyrin yields A1.5 in 

modest yield (59%). De-protection of the benzyl esters with H2/Pd produces insoluble 

 

Scheme A1.2   Synthesis of tetratopic p-carboxylated H2(4-CO2HPh)4TBIP A1.6  starting 

from pyrrole 2.7.  
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porphyrin-like material, possibly affecting the imide moieties and cleaving the alkyl chains. 

It was found that a water/tetrahydrofuran system along with a weak base (i.e. K2CO3) is able 

to cleave the benzyl esters at 60°C while leaving the alkyl chains intact. However, a pure 

sample of A1.6 was never completely characterized. 

 

A1.3   Co-crystallization with Ln(III) 

Two separate strategies are employed to generate new extended structures  

(Scheme 3.3). Exploratory co-crystallization by slow evaporation of A1.6 with Ln(III) salts (Yb, 

Nd) at room temperature provided preliminary indication of interaction between the two 

species but not in a reproducible nor well-defined manner. Varying the counterion (halides, 

acetylacetone, nitrates) does not seem to have an effect on solution properties or 

crystallization success rates.  

 

 

 

Scheme A1.3  Outline of general strategies for co-crystallization of Ln(III) with A1.6. 
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A1.4  Conclusions 

Octatopic (A1.1) and tetratopic (A1.6) porphyrins were prepared and are currently being 

characterized for their use in extended lanthanide-based MOMs. Pt(II) porphyrin A1.5 was 

prepared and its photophysical properties are currently being characterized. Preliminary 

crystallization with halide salts of Ln(III) has resulted in mixed results, indicating that the 

Ln(III) species interacts sporadically with the carboxylated tecton A1.6 but requires a change 

in crystallization conditions in order to achieve more extended coordination networks. It is 

possible that the saddle-shaped porphyrin core and abundant aliphatic side chains 

preclude required symmetry to drive crystallization. 

 

A1.5  Experimental  

 

Platinum (II) acetate  PtCl2 (4.41 g, 19.5 mmol) and silver (II) acetate (6.84 g, 41 mmol) 

were added to a 250 mL round-bottom flask equipped with a magnetic stir bar. Glacial AcOH 

(150 mL) was added and a reflux condenser was attached to the flask. The headspace was 

flushed with N2, the flask was covered with aluminium foil and the mixture was refluxed for 

1 h. The flask was cooled to room temperature and stirred overnight in the dark. The 

precipitated AgCl was filtered off and the solvent was removed under reduced pressure. The 

residue was re-dissolved in dichloromethane (100 mL) and passed through a short pad of 

Celite (2") to remove residual metallic Pt and AgCl. Upon addition of Et2O (200 mL), the dark 

blue solids that precipitated out of solution were filtered out yielding Pt(OAc)2 as a dark blue 

powder (2.65 g, 43.4%). 

 

Benzyl 4-formylbenzoate  (A1.2)  4-Formylbenzoic acid (75.0 g, 0.333 mol) was added to a 

1000 L round-bottom flask equipped with a magnetic stir bar and dissolved in dry 

dimethylformamide (500 mL) and anhydrous Cs2CO3 (114 g, 0.350 mol) was added. With 

vigorous magnetic stirring, benzyl bromide (58.2 g, 0.340 mol) was added in one portion. 

The mixture was vigorously stirred for 3 h at room temperature before pouring the contents 

of the flask into H2O (5000 mL) and extracting with Et2O (3 x 500 mL per 1500 mL H2O). 

The combined organic fractions were concentrated down to 1200 mL and were washed with 

H2O (500 x 3 mL), saturated sodium bicarbonate (500 mL) and brine (500 mL) followed by 
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drying over MgSO4 (20 g). The solvent was removed under reduced pressure, yielding a 

white solid which was distilled over as a clear oil (155°C @ 63 µ) which crystallized upon 

standing overnight yielding 3.2 as an opaque crystalline solid (62.1 g, 78%). 1H NMR (500 

MHz, CDCl3) δ 10.10 (s, 1H), 8.23 (d, J = 8.5 Hz, 2H), 7.95 (d, J = 8.5 Hz, 2H), 7.41 (m, 5H), 

5.40 (s, 2H); 13C NMR (125 MHz, CDCl3) δ 191.70, 165.52, 139.36, 135.68, 135.24, 

130.47, 130.44, 129.64, 128.83, 128.64, 128.51, 128.48, 67.46. Spectral data matches 

published values. 

 

Pt(4-(CO2Bn)Ph)4TBIP  (A1.5)  Pyrrole 2.7 (6.4 g, 24 mmol) and aldehyde A1.2 (5.1 g, 24 

mmol) were added to a 4500 mL boiling flask equipped with a magnetic stir bar. Dry 

dichloromethane (2400 mL) was added and sparged thoroughly with N2 for 45 min over 

vigorous stirring. The flask was covered with aluminium foil  and BF3∙OEt2 (0.75 mL) was 

added in one portion. The contents were stirred for 6 h before adding a booster aliquot of 

BF3∙OEt2 (0.3 mL) and after an additional 15 min of stirring, DDQ (5.9 g, 26 mmol) was 

added. The solution was stirred overnight in the dark before adding NEt3 (3 mL) and 

removing the solvent under reduced pressure. The black residue was re-dissolved in PhMe 

and passed through a short pad of silica (6") (liquid-loading)  with a PhMe/NEt3 gradient 

mobile phase. The fast eluting fractions were collected and the solvent was removed under 

reduced pressure. The brown residue was re-dissolved in dichloromethane (500 mL) and 

washed vigorously with HCl (5%, 500 mL). The organic fraction was then washed with brine 

(500 mL) and dried over Na2SO4 (30 g). The solvent was concentrated down to ~25 mL and 

the solution was transferred to a  tall-form 250 mL beaker. The solution was then very slowly 

layered with a large excess of hexanes/ Et2O (1:1 v/v, up to the 200 mL mark on the 

beaker). The beaker was covered with a watch glass under a larger 1L beaker to minimize 

disturbances and left alone for several days. Once the layers were fully mixed, the contents 

were filtered and the solids were washed with cold hexanes/Et2O (1:1, 2 x 100 mL). The 

free-base form of the porphyrin A1.3 was obtained by washing with saturated Na2CO3 

solution and isolated as deep purple crystals (1.16 g, 10.2%) by slow evaporation-induced 

crystallization out of a 1:1 v/v methanol/dichloromethane solution. Porphyrin A1.3 (75 mg, 

33.5 µmol) and Pt(OAc)2 (15 mg, 50 µmol) were added to a 200 mL round-bottom flask 

equipped with a magnetic stir bar and dissolved in PhCN. After thorough degassing, the 

flask was covered with aluminium foil and brought to 120°C. After stirring for 6 h, the flask 

was cooled to room temperature and the solvent was distilled under reduced pressure. The 

contents of the flask were re-dissolved in 1,2,4-TCB (80 mL) and DDQ (0.88 g, 390 µmol). 
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After degassing the solution once again, a reflux condenser was attached to the flask. The 

contents of the flask were slowly (30°C/15 min.) brought to reflux and stirred at 200°C for 

1 h. The flask was equipped with a short-path distillation apparatus and the solvent was 

removed under reduced pressure, leaving behind a metallic green/red residue which was 

dissolved in dichloromethane (300 mL) and passed through a short pad of silica (2”). The 

bright green fraction was collected in the solvent was once removed. The residue was 

purified with column chromatography (PhMe/EtOAc) and recrystallized from 

dichloromethane/methanol to afford A1.5 as purple/green solids with a metallic lustre (45 

mg, 59%). 1H NMR (500 MHz, CDCl3) δ 8.73 (d, J = 8.0 Hz, 8H), 8.42 (d, J = 8.0 Hz, 8H), 

7.66 (d, J = 7.5 Hz, 8H), 7.52 (t, J = 8.0 Hz, 8H), 7.42 (m, 4H), 7.41 (s, 8H), 5.67 (s, 8H), 

3.44 (d, J = 7.0 Hz, 8H), 1.76 (m, 4H), 1.26 (m, 38H), 0.87 (m, 29H); 13C NMR (125 MHz, 

CDCl3) δ 168.24, 166.34, 144.54, 141.06, 137.30, 136.70, 134.41, 132.79, 131.76, 

129.78, 129.30, 128.83, 128.61, 120.73, 119.75, 67.91, 42.61, 38.93, 31.12, 29.17, 

24.41, 23.53, 14.39, 10.74; HRMS APCI, m/z for C132H119O16N8Pt calcd 2266.83973, 

found 2266.83994. 
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1H NMR spectrum of A1.2 in CDCl3. 

        

 

13C NMR spectrum of A1.2 in CDCl3. 
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1H NMR spectrum of A1.5 in CD2Cl2. 

 

13C NMR spectrum of A1.5 in CD2Cl2. 
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A2 

 

Inducing Severe Distortion of the Porphyrin 

Core via Quadruple meso,β-Fusion  

 

 

Whereas previous chapters described syntheses, properties and applications of materials 

synthesized from a specialty pyrrole precursor, this chapter explores the consequences of 

non-planarity in a novel symmetrically-fused porphyrin prepared from less exotic starting 

materials. The interest in this work was achieving DR-NIR porphyrinoids by putting to better 

use the aromatic moieties already present (i.e. the nearly-orthogonal meso-Ph rings). By 

forcing them into a co-planar arrangement with the pyrrole moieties, a more extended π-

system and more soluble/less aggregating core could be achieved simultaneously. 

Calculations are used to gauge the extent of macrocyclic distortion, which in turn is used to 

rationalize the observed photophysical properties in solution for the tetra-fused porphyrin 

and its Pt complex. Applications of such materials fall under the purview of previous 

chapters (DR-NIR luminescent materials). 

 

A2.1 Introduction to Fused Porphyrins 

The origin and effects of non-planarity in porphyrin systems has always been a highly 

studied and debated facet of porphyrin science. In the context of biological systems1,2 (i.e. 

cytochromes, chlorophyll), macrocycle non-planarity is a major driving force for assembly of 

larger biological systems such as folded protein structures and photosynthetic chains. 

Under the umbrella of materials science, non-planarity greatly influences a material’s 

photophysical properties, solubility/aggregation properties and in some cases, 

supramolecular π-π recognition.  It is well-known to researchers within the field that non-

planarity in a porphyrin macrocycle core results in bathochromic shifting of optical 
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properties.3 Senge and Kalisch have observed progressively red-shifted absorption bands 

in solution by systematically introducing β-ethyl substituents4 to tetraphenylporphyrin 

H2TPP. Crystal structures support this observation by showing a stepwise increase in 

distortion of the macrocycle with increasing peripheral crowding in the series H2TPP, 

H2DETPP, H2TETPP, H2OHTPP and H2OETPP. While the shift in optical properties is often 

considerable, distorted porphyrins tend to have lower PLQY than their planar counterparts. 

Porphyrins exhibiting out-of-plane distortion show an enhancement of non-radiative decay 

rates of the 1(π,π*) excited state and increased ISC rates arising from increased spin-orbit 

coupling of the nonplanar macrocycle.5  

While many options are available to achieve redder emission in porphyrin 

compounds, exploiting non-planarity comes with the added benefit of making the dyes less 

prone to aggregation/more soluble. While there has been a lot of discourse and 

controversy6 as to the precise source of the red-shifting in nonplanar systems, it is now 

evident that meso-aryl substituents contribute to extension of the π-system by partially 

rotating out of their orthogonal orientation with the porphyrin core. In turn, the porphyrin 

core distorts (saddling, ruffling) somewhat to accommodate the steric bulk of the aryl 

moieties. Hence, the degree of actual distortion in the porphyrin macrocycle results from a 

balancing act between the in-plane π-conjugation of the aryl rings and retention of 

planarity/aromaticity of the porphyrin core. However, the functionalization of the meso-

positions with freely-rotating aryl rings introduces additional degrees of freedom which can  

 

Figure A2.1   Representative examples of inter- and intramolecular meso/β fusion 

patterns. Fusion sites are marked in red for clarity. 
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enhance non-radiative decay rates for S1 →S0 transitions. What kind of properties could we 

see in porphyrin systems7 where the meso-aryl substituents are forcibly locked into a co-

planar arrangement while retaining a fraction of their original non-planarity? 

The most straightforward way to accomplish this would be through either 

intermolecular or intramolecular ring fusion (Figure A2.18-10). Most synthetic methods11 for 

exocyclic ring formation rely on metal-mediated (meso-(2-iodophenyl)/Pd12, β-

halopyrrole/Pd13, activated Zn14 and HgCl/Pd8) acid/base-catalyzed intramolecular 

cyclization15 or oxidative C-C coupling16 (FeCl3, DDQ-Sc(OTf)3). Less common methods 

include Diels-Alder and cycloaddition reactions as well as Bergman cyclization of diyne-

functionalized porphyrins.17 Intermolecular cyclization has been widely employed to 

produce interesting NIR materials such as dimer/trimer porphyrin arrays, of which porphyrin 

tapes9,18 are a famous example. Possible fusion modes are divided between β,β- , meso,β- 

and meso,meso-fusion, demonstrated within one all-inclusive material in Figure A2.1. In 

addition to fusion modes, the type of linker used has a profound effect on the photophysical 

characteristics of the final materials. Anderson and co-workers10 compared the effects of 

different meso,β linkers in para-phenylene bridged porphyrin tapes. Cross-conjugated keto 

linkers extended fluorescence further into the NIR (λem = 960 nm, ΦF = 0.013) while non-

conjugated CPh2 linkers preserved NIR PLQY (λem = 736 nm, ΦF = 0.10) and resulted in a 

material with strikingly similar absorption behaviour to meso-meso ethynyl-bridged 

porphyrin dimers. In contrast to conventional porphyrin tapes (fully planar and severely 

aggregated) bearing meso-meso β-β-β triple linkages, arch-tapes prepared by Osuka and 

co-workers contaning non-conjugated methine linkers exhibited enhanced conformational 

flexibility and remarkably contorted structures.19 They possess significantly improved 

solubility while avoiding the severe aggregation issues plaguing this important class of 

materials. A recent report used the same meso-meso β-β-β triple linkage in a novel bowl-

shaped subporphyrin dimer20 (λmax = 942 nm).  Recently, synthesis of 7,8-dehydropurpurin 

by Pd-catalysed [3+2] annulation of meso-bromoporphyrin with 1,4-diphenylbutadiyne was 

reported.21 Subsequent treatment with NBS produced highly fluorescent (ΦF = 0.17)  β-to-β 

vinylene-bridged porphyrin dimers which exhibited panchromatic absorption spectra up to 

~650 nm. Even beyond porphyrin tapes,completely fused tetrameric porphyrin sheets22 

have been prepared. Intramolecular fusion however, has only recently come to the forefront 

of fused porphyrinoid research. Its simplest iteration is the incorporation of an olefin23 or 

phenyl12 moiety across the meso,β positions. While such compounds show enhanced 

absorption properties in the red, optical properties can be pushed to the limit24 of the NIR 
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region like the quadruply azulene-fused porphyrin25 that exhibits intense panchromatic 

absorption up to 1200 nm or the porphyrin meso,β-fused to four anthracenes26 with λmax = 

1417 (ε = 1.2 x 105 M-1 cm-1). In the case of N-annulated perylene fused porphyrins, NIR 

photoluminescence can still be detected27 at 800 nm (ΦF = 0.056) and 982 nm (ΦF = 

0.008) which is impressive considering their porphyrin tape counterparts are essentially 

non-emissive at the same wavelengths. Novel fused porphyrinoids are also shedding light 

on the aromatic/anti-aromatic character of such systems as meso, β 

dibenzo[a,g]corannulene-fused16 thieno-bridged28 porphyrins. Not surprisingly, complete 

meso,β-fusion results in extreme porphyrin core distortion. So much so that enough doming 

distortion was induced in the bowl-shaped quadruply-fused porphyrin (ZnQFP)29,30 to form 

stable and strongly-interacting complexes with C60 and C70. 

 While direct C-C intramolecular aromatic coupling produces interesting materials 

such as indenoporphyrins31 (represented in Figure A2.1), these materials achieve redder 

optical properties mainly via extended π-conjugation as they tend to retain their relatively 

planar structures. The aim of this project was to synthesize a material that would achieve 

comparable photophysical performance with reduced self-aggregation in solution. 

 

A2.2 Synthesis of Quadruply meso, β-fused Porphyrin 

Since condensation of pyrrole and sterically hindered o-aldehydes is known to be a generally 

low-yielding32 reaction for porphyrin synthesis, large quantities of o-cyanobenzaldehyde 

were required for multi-gram preparation of the precursor porphyrin. Given its surprisingly  

 

Figure A2.2   ORTEP rendering of bowl shaped (left) (ZnQFP-py)2∙C70 and (right) ZnQFP-

py∙C70 crystal structures. Reprinted with permission from [29] © 2017 RSC. 
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Scheme A2.1  Synthesis of quadruply CAr2 meso, β-fused porphyrin A2.7 starting from o-tolunitrile. 
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low commercial availability, it was prepared in three steps according to a literature  

procedure33 from more readily available starting materials. Benzoyl peroxide-initiated 

radical bromination of o-tolunitrile with NBS in CCl4 produced benzal bromide A2.1 in large  

quantities (~200 g). It should be noted that even after rigorous purification, A2.1 

corrodes/rusts any nearby metal (including disposable needles) within days, even without 

direct contact. This material should be handled inside a fumehood and care should be taken 

to avoid cross contamination with surroundings as it is a potent skin and respiratory tract 

irritant. Treatment of A2.1 with sodium methoxide in anhydrous methanol afforded acetal 

A2.2 which was deprotected into o-cyanobenzaldehyde A2.3 with aqueous HCl. Subsequent 

condensation with pyrrole under modified Adler-Longo conditions34 (3:1 AcOH/pyr) and 

oxidation with DDQ after thorough removal of solvent generated H2(o-CNPh)P A2.4 in poor 

yield (9%) as a mixture of atropisomers. Hydrolysis of the cyano moieties in refluxing 

H2SO4/aqueous acetic acid, treatment of the resulting tetracarboxylic acid with an excess 

of oxalyl chloride produced  the tetraacyl derivative which was used immediately without 

characterization. Overnight reaction of this intermediate with anhydrous ethanol in 

dichloromethane afforded tetraester A2.5  in 84% yield (for 3 reactions). Metalation with 

Zn(OAc)2 afforded precursor Zn (II) porphyrin A2.6 as a mixture of atropisomers which was 

reacted with excess PhLi/tetrahydrofuran at -84°C followed by workup with anhydrous 

ethereal HCl to generate the CPh2OH carbinol intermediate (not shown in Scheme A2.1) It 

is important to use a metalloporphyrin for this reaction because alkyllithium reagents are 

known to effect substitution35,36 at the meso-position and in order to avoid generation of 

porphyrinyllithiums. The intermediate was used immediately in the subsequent low 

temperature TFA/dichloromethane condensation, spawning a mixture of closely-related 

porphyrinoid products. Chromatographic separation of side products was attempted on 

basic Al2O3 (Brockmann 1) and silica. Although separate fractions were collected, no 

unambiguous identification was made possible by HRMS and NMR spectroscopy. 

 

A2.3   Physical and Electronic Properties 

A2.3.1   Theoretical Calculations 

An initial geometry optimization was performed at the B3LYP/6-31G(d) level of theory, 

followed by re-optimization with B3LYP/Def2SVPP. The results reveal an exceedingly 

distorted structure, characterized by a rotating propeller-like arrangement of the pyrrole 
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subunits (Figure A2.3). This pseudo-saddle shape can be described as a mix of twist/saddle 

distortions; analogous to a corkscrew. It is an unusual distortion, because straddling usually 

occurs along the axes bisecting opposing pyrroles; in this case, the pyrrole subunits are 

seemingly experiencing a lot of twisting while the brunt of the saddling is occurring along 

the [b] face of the pyrrole. In the calculated structure, the meso-Ph rings are only ~22° from 

complete co-planarity with the pyrrole subunits. Comparing that to the usual tetrakis-meso-

arylated porphyrins (~70-75° from co-planarity), a much larger contribution to the π-

electron system would be expected to manifest in the photophysical properties, most likely 

with red-shifting and broadening optical maxima. 

 

A2.4   Conclusions 

To summarize, synthesis of a quadruply meso, β-fused porphyrin (H2QFPh8P) bridged by –

CPh2 linkers was attempted via acid-catalyzed condensation of a tetracarbinol intermediate. 

The resulting complex mixtures were not sufficiently purified to make an unambiguous 

identification of intended product A2.7. The predicted structure for free-base A2.7 

 

Figure  A2.3   B3LYP/Def2SVPP calculated geometries for free-base A2.7. Hydrogens 

and  methine Ph rings removed for clarity. 
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undergoes severe distortion characterized by a mix of twisting and settling. The latter occurs 

almost exclusively35,37 along the pyrrolic axes; quantum mechanical calculations 

unexpectedly found that nearly all the saddling occurs along the meso-axes, resulting in a 

dual-bowl porphyrin shape delimited by multiple π-electron rich moieties. Such dualistic 

architecture could prove useful for supramolecular applications in molecular 

recognition/sensing  or as a tecton for extended structures such as 1D columnar stacks 

and MOFs. 

 

 

A2.5  Experimental  

2-(Dibromomethyl)benzonitrile (A2.1)   N-bromosuccinimide (455.5g, 2.55 mol) and benzoyl 

peroxide (20.7g, 0.085 mol) were added in succession to a solution of o-tolunitrile (100g, 

0.85 mol) and CCl4 (1000 mL) in a 3L round-bottom flask. The mixture was brought to reflux 

and stirred vigorously for 48h in the dark under argon atmosphere. The contents of the flask 

were brought to room temperature and filtered to removed succinimide and unreacted NBS. 

The solids were washed with Et2O (300 mL x 3), the organic fractions were combined, 

washed with H2O (5 x 500 mL) and dried over Na2SO4 (40 g). The solvent was removed 

under reduced pressure yielding a dark orange oil.  Crystallization was induced by dissolving 

the oil in dichloromethane (200 mL) and adding hexanes (100 mL). The mixture was cooled 

(ice bath) for 30 min before filtering the yellow crystals and re-crystallizing twice from 

Et2O/hexanes and once from PhMe/hexanes to yield benzal bromide A2.1 as transparent, 

inch-long crystals (191.7g, 82%) after drying under vacuum. Note: A2.1 causes severe skin 

and respiratory irritation, even after indirect contact. Disposable metal needles used during 

purification were rusted shut without direct contact with A2.1. Exercise caution with this 

material and do not handle outside fumehood. 1H NMR (300 MHz, CDCl3) δ 8.03 (d, J = 8 

Hz, 1H), 7.70 (t, J = 7.6 Hz, 1H), 7.62 (t, J = 7.6 Hz, 1H), 7.45 (t, J = 7.6 Hz, 1H); 13C NMR 

(75 MHz, CD2Cl2) δ 144.38, 133.92, 132.46, 130.23, 129.99, 116.02, 108.61, 35.88. 

 

2-(Dimethoxymethyl)benzonitrile (A2.2)   Sodium methoxide (62.0 g, 1.148 mol) was 

dissolved in dry methanol (400 mL) in a 1L round-bottom flask. The solution was brought to 

reflux over magnetic stirring while a solution of benzal bromide A2.1 (154 g, 0.560 mol) in 

dry methanol (300 mL) was added dropwise over 1h. The solution was refluxed for 2 days 

and subsequently cooled to room temperature. The solvent was removed under reduced 
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pressure to yield a yellow oil which was fractionally distilled under reduced pressure (104 

microns, 71°C), affording acetal A2.2 as a light yellow oil (91.1 g, 91.8%) which crystallized 

partially upon standing overnight into 1-2 cm long transparent rectangular crystals (M.P. = 

78-79°C, see Figure 5.5). The acetal was used in its entirety for the next reaction without 

further manipulation. 

 

2-Formylbenzonitrile (A2.3)   Acetal A2.2 (91.0 g, 0.513 mol) was added to a 1L round-

bottom flask equipped with a magnetic stir bar. Deionized H2O (300 mL) was added to the 

flask before immersing it into an ice/water slurry. Taking care to keep temperature of the 

mixture between 0-2°C, HCl (35%, 200 mL) was added dropwise over 2 h with vigorous 

stirring. Upon complete addition, stirring was resumed for another 6 h at 0°C before pouring 

the contents of the flask onto dichloromethane (500 mL). The aqueous layer was extracted 

with dichloromethane (3 x 200 mL) and the combined organic fractions were washed with 

H2O (500 mL) followed by brine (500 mL). The organic layer was dried over Na2SO4 (25g) 

and the solvent was removed under reduced pressure to yield off-white solids. The crude 

solids were recrystallized (see note below) from dichloromethane/MTBE and dried under 

vacuum overnight to yield A2.3 as white glassy (1-2 inch) needles (63.8 g, 94.8%). Note: 

Needle growth easily disturbed; vibration/movement of the crystallization vessel 

immediately induces precipitation of cotton-like pads of amorphous string. The crystalline 

needle form can be obtained by keeping the solution slightly below boiling point (30°C) 

         

Figure A2.5   Partial crystallization out of freshly distilled A2.2. 
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during crystal growth. 1H NMR (500 MHz, CDCl3) δ 10.33 (s, 1H), 8.03 

(d, J = 8 Hz, 1H), 7.79 (m, 3H); 13C NMR (125 MHz, CD2Cl2) δ 188.66, 

136.86, 134.35, 134.22, 133.34, 129.80, 116.09, 113.82. 

 

 

2,2',2'',2'''-(Porphyrin-5,10,15,20-tetrayl)tetrabenzonitrile (A2.4)   

Note: pyrrole was freshly distilled from NaH before use. Glacial AcOH 

(1250 mL) and 2-formylbenzonitrile A2.3 (39.16 g, 0.299 mol) were 

added to a 4L boiling flask equipped with a magnetic stir bar. 

Subsequent addition of pyridine (315 mL) dissolved the remaining 

aldehyde and the flask was loosely wrapped in a sheet of aluminium 

foil to prevent heat losses and shield the solution from ambient light. 

A reflux condenser was fitted to the top of the flask and the solution 

was brought to reflux (115-120°C). Freshly distilled pyrrole (20.06 g. 

0.299 mol) was diluted with glacial AcOH (20 mL) and loaded into a 

50 mL pressure-equalizing dropping funnel fitted to the top of the 

reflux condenser. The pyrrole solution was added dropwise over 30 

min with subsequent to rinsing of the dropping funnel with AcOH (2 x 

20 mL). The solution was kept at reflux for 90 min and subsequently 

cooled to room temperature. The solvent was distilled off under 

reduced pressure and PhMe was used (3 x 300 mL) to solvent chase any remaining acetic 

acid/pyridine via azeotrope (~20% with toluene at 110 °C) before re-dissolving/suspending 

the remaining solids in dichloromethane (1000 mL) and passing the solution through a pad 

of silica (6" length, 2" ID). The atropisomers of A2.4 and associated chlorins were eluted 

with dichloromethane/Et2O (3:1) as a dark ruby fraction. A large amount of black insoluble 

polymer was left sitting on top of the silica pad, which was discarded. After complete 

removal of the solvent, the solids were once again re-dissolved in dry dichloromethane 

(1000 mL) and DDQ (7.00g, 30.8 mmol) was added in one portion and the solution was 

stirred overnight in the dark under N2 atmosphere. The solution was washed with Na2SO3 

(10%, 2 x 1000 mL), K2CO3 (1000 mL) and brine (500 mL) before drying the combined 

organic fractions over Na2SO4  (50 g). The crude solids obtained after removal of solvent 

were purified via column chromatography (dichloromethane/NEt3) and recrystallization 

from 1:1 dichloromethane /hexanes to afforded H2(o-CNPh)4PA2.4 presenting as bright 

purple solids (4.81 g, 9.1%). Note: A2.4 exists as a mixture of atropisomers34,38 (α,β,α,β-

           

Figure A2.6   TLC 

(dichloromethane/t

etrahydrofuran/NEt

3) of crude solids 

showing red 

atropisomers and 

blue/green 

chlorins. 
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A2.4, α,β,β,β-A2.4, α,α,β,β-A2.4 and α,α,α,α-A2.4). Within a stationary frame of reference, 

an upward-facing CN group is denoted by α, while β indicates a downward-facing CN group. 

All elute as one continuous band except α,α,α,α-A2.4 which has a lower RF due to 

omnidirectional orientation of the CN moieties (making it more polar and distorted). This 

atropisomer is significantly more insoluble than all others. Hot tetrahydrofuran or CHCl3 is 

needed for complete dissolution. Therefore, if recrystallization of the mixed material, there 

will always be quantities of insoluble α,α,α,α- A2.4 which could be filtered out for separate 

recrystallization. Similarly, a solution of the mixed material in deuterated solvent should be 

passed through cotton or glass wool in order to avoid gritty solids in the NMR tube. 1H NMR 

(500 MHz, CD2Cl2) δ 8.77 (br s, 8H), 8.45 (d, J = 8 Hz, 3H), 8.36 (d, J = 8 Hz, 1H), 8.12 (d, 

J = 8 Hz, 4H), 8.03 (t, J = 8 Hz, 4H), 7.95 (t, J = 8 Hz, 4H), -2.74 (s, 2H); 13C NMR (125 MHz, 

CD2Cl2) δ 145.51, 135.61, 132.32, 131.66, 129.64, 118.50, 117.94, 116.99. 

 

Tetraethyl 2,2',2'',2'''-(porphyrin-5,10,15,20-tetrayl)tetrabenzoate (A2.5)    H2(o-CNPh)4P 

A2.4 (1.87g, 2.62 mmol) was added to a 500 mL round-bottom flask equipped with a 

magnetic stir bar and a reflux condenser. A pre-mixed 1:1:1 solution of H2SO4/H2O/AcOH 

was added to the flask, immediately producing a dark but vivid green colour. The headspace 

was flushed with N2 gas and the contents were refluxed for 48h with adequate stirring. The 

flask was brought back to room temperature, TFA (3 mL) was added and to the contents 

were poured onto cold H2O (900 mL), which was extracted with EtOAc (4 x 400 mL). The 

combined organic fractions were washed with brine (600 mL), dried over Na2SO4 (40 g) and 

the solvent removed under reduced pressure to leave behind greenish-blue solids which 

were used in the subsequent step without further purification. After drying under vacuum 

(100 microns) for 2 h, a magnetic stir bar was added and the solids were re-dissolved in dry 

dichloromethane (300 mL). Oxalyl chloride (30 mL, xs) was added and the solution was 

stirred under N2 atmosphere for 8 h. The solvent and excess oxalyl chloride were distilled 

away under reduced pressure to once again leave behind green solids. After re-dissolving 

in dry dichloromethane (300 mL), anhydrous EtOH (60 mL) was added to the flask and the 

mixture was allowed to stir overnight in the dark. Removal of the solvent followed by 

dissolution in dichloromethane (500 mL), washing with H2O (600 mL), saturated NaHCO3 

(600 mL), drying over Na2SO4 (30 g) and removal of solvent under reduced pressure 

afforded crude H2(o-(CO2Et)Ph)4P A2.5 as brownish-purple solids. Recrystallization by slow 

evaporation over several days from a 1:1 dichloromethane/hexanes solution refined 5.5 

into dark purple crystalline powder (1.83 g, 78%). 



Appendix A2 

Meso, β Fused Porphyrin 

 

  145 

 

 

Zinc (II) Tetraethyl 2,2',2'',2'''-(porphyrin-5,10,15,20-tetrayl)tetrabenzoate (A2.6)   H2(o-

(CO2Et)Ph)4P 5.5 (1.80 g, 2.03 mmol) was dissolved in tetrahydrofuran (200 mL) and added 

to a 500 mL Erlenmeyer flask equipped with a magnetic stir bar. Zinc (II) acetate dihydrate 

(5 g, 23 mmol) was added to the flask and the heterogeneous mixture was refluxed for 15 

min. The solvent was removed under reduced pressure, the crude pink solids were re-

dissolved in dichloromethane (200 mL) and passed through a short pad of silica (2” length, 

2” ID). Recrystallization from dichloromethane/hexanes afforded A2.6 as bright pink/purple 

crystals (1.92 g, 1.99 mmol). 
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Meso, β Fused Porphyrin 

 

  148 

 

 

        

 

1H NMR spectrum of A2.1 in CDCl3. 

        

 

1H NMR spectrum of A2.1 in CDCl3. 
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13C NMR spectrum of A2.3 in CD2Cl2. 

 

1H NMR spectrum of A2.3 in CDCl3.  
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1H NMR spectrum of A2.4 in CD2Cl2.  

 

13C NMR spectrum of A2.4 in CD2Cl2



 


